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Abstract 
 

Inflammation is a key pathological feature of sporadic and hereditary neurodegenerative 

disorders mediated by resident activated glial cells; namely of microglia and astrocytes. 

These cells represent the innate immunity of the central nervous system by constantly 

inspecting the extracellular milieu and induce the inflammatory cascade in response to 

injury and infection in a very rapid manner. Hence, the activation of both cell types is 

necessary to maintain homeostasis required for neuronal function and host defense 

mechanisms. However, under chronic inflammatory conditions activated glial cells lose 

their protective nature and secrete excessive inflammatory cytokines and neurotoxic 

factors which have a deleterious burden on neuronal viability and may greatly contribute 

to the pathogenesis of neurodegenerative diseases. Iron accumulation is often jointly 

present with inflammation in brain areas where neuronal cell death is evident. Thus, the 

inflammatory cascade is strongly linked to iron homeostatic dysregulation. However, it 

is not clear how inflammation affects the iron metabolism of microglia, astrocytes and 

neurons. This thesis investigates the impact of the innate inflammatory response induced 

by (1); bacterial endotoxin; lipopolysaccharide and (2); purified recombinant human α-

synuclein on iron metabolism of microglia, astroglia and the effect of these activated glial 

cells have on neuronal iron regulation in an in vitro co–culture system. Changes 

associated with iron metabolism and the inflammatory response was evaluated by 

measuring expression of genes, proteins and iron transport within activated glia and 

neurons exposed to pro-inflammatory glia. Results revealed that lipopolysaccharide and 

α-synuclein not only induce the inflammatory response in glia with the production of 

diverse pro-inflammatory species but also changes the gene expression profile of iron 

importer, storage and exporter proteins. Neuronal and glial co-culture studies further 

support the effect of inflammation on iron regulating proteins that show increased influx 
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of iron in both neurons and glial cells. These results highlight that the inflammatory 

process can influence the iron content of brain cells and provide further grounds for 

investigating the role of iron in neurodegeneration. 
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Impact statement 
 
 
Brain iron homeostasis represents a growing interest for various disease modifying 

therapies as a potential target to slow down or even halt the progression of aging-related 

maladies. Dysregulation of iron metabolism and the presence of inflammation are often 

associated with several neurodegenerative disorders, such as Alzheimer’s, Parkinson’s 

and Huntington’s disease. Iron homeostasis involves a multifactorial co-ordination of 

systemic and cellular circuitry for the absorption, internal distribution and utilization of 

iron. Dysregulation of these circuits on any level could lead to abnormal iron 

redistribution resulting in deleterious developments, either by localised iron accumulation 

and/or inadequately low levels in cellular compartments or tissues. Excessive 

accumulation of iron is often observed in brain areas with comprehensive neuronal cell 

death, implying that high iron concentrations are resulting in oxidative stress and 

neurodegeneration. Iron is interlinked with other key pathological contributors to 

neurodegenerative pathology, such as the inflammation elicited by microglia and 

astrocytes and α-synuclein protein aggregation, which constitutes the main contents of 

Lewy body inclusions in dying dopaminergic neurons. Iron has been shown to promote 

α-synuclein aggregation, accumulate within Lewy body inclusions and enhance the 

inflammatory process by glial cells. These diverse engagements of iron with multiple 

factors which contribute to neurodegenerative pathology highlight the need to firmly 

establish its regulatory mechanisms within the central nervous system. The elucidation of 

key iron homeostatic mechanisms in individual cell types and on a systemic level in the 

brain is of prime importance and would greatly improve our understanding of how and 

where to intervene in order to attain effective treatments against the progression of 

neurodegenerative pathways. This research endeavour has identified basic iron regulatory 

mechanisms in microglia, astrocytes and in neurons under inflammatory pathology often 
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seen in a number of neurodegenerative states. The contribution of this research effort to 

the collective understanding of iron homeostasis in the central nervous system is no doubt 

informative and valuable. Certainly, the observed outcomes of this study would add new 

information to the existing brain iron research landscape which one hopes will initiate 

new ideas for future research and enhance the progression of effective therapeutic 

strategies in order to reduce the debilitating impact of neurodegenerative diseases on 

quality of life.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 7 

Acknowledgements 
 
 
This research experience and the completion of this PhD project would not have been 

possible without Professor Surjit Kaila Singh Srai, who has coached me through the 

challenges in my life journey in order to reach this stage. Thank you.  

 

I would like to thank Dr Vernon Skinner for the tremendous technical expertise provided 

on many aspects of this project in particular to radioactivity studies. 

 

A very memorable thank you to Dr Mina Edwards for her indispensable collaboration 

and specialist advice on cell culture techniques. 

 

I am grateful to Dr Henry Bayele for his scientific expertise and much valued 

encouragement. 

 

I am immensely privileged to have received a veritable cornucopia of support, patience 

and love from my partner and family. Thank you. 

 

 

 

 

 
 
 

 
 
 
 
 



 

 8 

Results presented in this thesis were published in or presented at the following 

journals and meetings: 

 

Kallo, V., Skinner, V., Dexter, D., Srai, K. S. S,. (2017): Exogenous a-synuclein induces 

inflammation and alters non-transferrin bound iron uptake genes and proteins in cells of 

the central nervous system. Seventh Congress of the International Bioiron Society, Luskin 

Conference Center, Los Angeles, CA, May 7 – 11, 2017. Poster presentation. 

 

Srai SK, Kallo V, Ward R, Dexter D,. (2016): The effect of neuroinflammation on iron 

regulation in cells of the central nervous system, American Journal of Hematology, Vol: 

91, Pages: E165-E165, ISSN: 0361-8609  

 

Kallo, V., Ward, R., Dexter, D., Srai, K. S. S,. (2015): The effect of neuroinflammation 

on iron regulation in cells of the central nervous system. Sixth Congress of the 

International Bioiron Society, Zijingang Campus of Zhejiang University, Hangzhou, 

China, September 6 – 10, 2015. Poster. 

 

London Iron Metabolism Group, Seminar Series, Postgraduate and Postdoctoral 

Presentations, Franklin Wilkins Building, King’s College London, Wednesday 22nd July 

2015, 2:00-5:00PM. ‘The effect of neuroinflammation on iron regulation in cells of  

the central nervous system’  

 

 



 

 9 

Kallo, V., Ward, R., Dexter, D., Srai, K. S. S,. (2014): The effect of neuroinflammation 

on iron homeostatic mechanisms in cells of the central nervous system. The European 

Iron Club Congress, Verona, Italy, September 11-14, 2014. Poster. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 10 

Table of contents 

Declaration……………………………...……………………………………………….2 

Abstract………………………………………………………………………………….3 

Impact statement………………………………………………………………….……..5 

Acknowledgments……………………………………………………………………….7 

Publications and conferences attended……..……………………………………………8 

Table of contents……………………………………………………………………….10 

Table of figures…………………………………………………………………………19 

Table of tables………………………………………………………………………….23 

List of abbreviations……………………………………………………………..……..24 

Chapter 1: General introduction 

   1.1 General overview……………………………………………………………........27 

   1.2 Biological significance of iron……………………………………………………28 

   1.3 Distribution of iron in vivo………………………………………………………..31 

   1.4 Dietary iron absorption by enterocytes…………………………………………...34 

   1.5 Cellular iron homeostasis………………………………………………………....37 

       1.5.1 Two major routes of cellular iron uptake………………………………….…37 

       1.5.2 Cellular iron storage and utilization………………………………………….38 

       1.5.3 Cellular iron export………………………………………………………..…39 

       1.5.4 Control of cellular iron homeostasis………………………………………....42 

   1.6 Systemic iron regulation…………………………………………………………..45 

       1.6.1 Hepcidin’s role as the primary controller of systemic iron  

                metabolism…………………………………………………………………..45 

       1.6.2 Additional regulatory mechanisms on hepcidin expression and 

                iron homeostatic proteins…………………………………………………....48 



 

 11 

   1.7 Brain iron homeostasis…………………………………………………………...56 

       1.7.1 Proteins involved in iron homeostasis within the periphery 

                and in the brain………………………………………………………………57 

              1.7.1.2 Transferrin, transferrin receptor 1 and 2 (Tf, TfR1, TfR2)……….......57 

              1.7.1.3 Divalent metal transporter 1 (DMT1)………………………………...60 

              1.7.1.4 Zrt- and Irt-like protein-14 (ZIP14)…………………………………..62 

              1.7.1.5 Ferrireductases; duodenal cytochrome b (Dcytb), six-transmembrane 

                          epithelial antigen of prostate 3 (STEAP3) and a-synuclein………..…65 

              1.7.1.6 Ferritin………………………………………………………………...68 

              1.7.1.7 Ferroportin (FPN)…………………………………………………..…70 

              1.7.1.8 Multicopper ferroxidases; ceruloplasmin (Cp), hephaestin (Heph)  

                         and zyklopen (Zp) ……...……………………………………………...74 

              1.7.1.9 Hepcidin……………………………………………………………....76 

       1.7.2 The regulation of iron at the blood brain barrier…………………………….78 

       1.7.3 Glia and neuronal iron homeostasis……………………………………........84 

             1.7.3.1 Astrocytes…………………………………………………………. ….84 

             1.7.3.2 Microglia………………………………………………………………87 

             1.7.3.3 Neurons………………………………………………………………..90 

       1.7.4 Iron distribution and content in the aging brain …………………………….93 

   1.8 Iron, inflammation and neurodegeneration………………………………………95 

       1.8.1 Alzheimer’s disease (AD)…………………………………………………...95 

       1.8.2 Parkinson’s disease (PD)………………………………………………….…99 

       1.8.3 a-Synuclein structure, function and role in PD…………………………….104 

       1.8.4 Glia and a-synuclein……………………………………………………….107 

       1.8.5 Iron and a-synuclein……………………………………………………….109 



 

 12 

       1.8.6 Toll like receptor 4 (TLR4) signalling and neuroinflammation………..…..110 

       1.8.7 The interplay between iron, inflammation and a-synuclein……………….114 

   1.9 Hypothesis………………………………………………………………………115 

       1.9.1 Aims and objectives of study………………………………………………116 

Chapter 2: Materials and methods 

    2.1 Chemicals and standards……………………………………………………….119 

    2.2 Cell culture………………………………………………….………………….121 

       2.2.1 N9 microglia……………………………………………………………..…121 

            2.2.1.1 N9 microglia treatments………………………………………………122 

        2.2.2 C6 astrocytes………………………………………………………………122 

           2.2.2.1 C6 astrocyte treatments…….……………………………………….…123 

        2.2.3 N27 dopaminergic neurons………………………………………………..124 

           2.2.3.1 N27 dopaminergic neuron treatments………………………………....125 

        2.2.4 N2a neuroblastoma cells…………………………………………………..126 

           2.2.4.1 N2a neuroblastoma cell treatments……………………………………127 

    2.3 Iron loading cells with ferric ammonium citrate (FAC)……………………….129 

    2.4 Determination of Total Nitric Oxide (NOx-) by Griess Reagent  

          Reaction and Nitrate Reductase………………………………………………..130 

    2.5 MTS cell proliferation assay…………………………………………………...131 

    2.6 Quantitative gene expression by Real-Time Polymerase Chain  

          Reaction (RT-PCR) ……………………………………………………………131 

       2.6.1 Total RNA extraction by (TRIzol® reagent) …………………………...…131 

       2.6.2 RNA integrity check……………………………………………………… .133 

      2.6.3 RNA quantification and purity……………………………………………...134 

      2.6.4 Complementary DNA (cDNA) synthesis…………………………………...134 



 

 13 

      2.6.5 Real-Time PCR amplification………………………………………………135 

    2.7 In vitro iron uptake……………………………………………………………..138 

       2.7.1 NTB -55Fe uptake…………………………………………………………..138 

       2.7.2 TB-55Fe uptake……………………………………………………………..139 

          2.7.2.1 55Fe loading of human apo-transferrin…………………………………139 

          2.7.2.2.  55Fe-Tf uptake………………………………………………………...139 

    2.8 Enzyme-linked immunosorbent assay (ELISA)……………………………......141 

       2.8.1 Ferritin ELISA……………………………………………………………...141 

       2.8.2 IL-6 ELISA…………………………………………………………………142 

       2.8.3 TNF-a ELISA……………………………………………………………...143 

    2.9 Protein quantification……………………………………………………..……145 

    2.10 Statistical analysis…………………………………………………………….145 

Chapter 3: Effects of LPS induced inflammation on iron homeostasis in 

                    microglia and astrocytes 

    3.1 Introduction……………………………………………………………………146 

    3.2 Methods…………………………………………………………………….….150 

    3.3 Results………………………………………………………………………....151 

       3.3.1 LPS induced the release of key pro-inflammatory markers; IL-6, 

           TNF-a and hepcidin from N9 microglial cells………………………….…151 

  3.3.2 LPS treatment alters N9 microglial iron related transporter genes and  

           ferritin iron storage protein expression……………………………………154 

       3.3.3 LPS increases N9 microglial iron uptake via NTB-55Fe and has no effect  

                on TB-55Fe influx………………….……………….……………………...157 

  3.3.4 Ferric ammonium citrate (FAC) enhances the effect of LPS  

           on N9 microglial pro-inflammatory marker production; IL-6 and 



 

 14 

             TNF-a but not nitric oxide………………….……….…………………....159 

  3.3.5 FAC loading and LPS treatment alters N9 microglial iron transporter gene 

           expression and ferritin iron storage protein levels………………...……......162 

  3.3.6 FAC loading and LPS treatment enhances NTB-55Fe influx in N9 

           microglia……………………………………………………………………167 

  3.3.7 LPS induces gene expression of the pro-inflammatory cytokine; IL-6  

           and systemic iron regulator hormone; hepcidin in C6 astrocytes…………..168 

  3.3.8 LPS treatment alters iron transporter gene expression in C6 astrocytes.…..170 

  3.3.9 LPS treatment increases NTB-55Fe and TB-55Fe influx in C6 astrocytes …172 

3.4 Discussion………………………………………………………………….......173 

       3.4.1 The effect of LPS on the release of key pro-inflammatory markers from 

                N9 microglia; nitrite, IL-6, TNF-a and hepcidin ……….………………....174 

  3.4.2 The effect of LPS on N9 microglial iron transporter genes, ferritin iron 

            storage protein expression, NTB-55Fe and TB-55Fe uptake…….……….....176 

  3.4.3 Effect of FAC loading and LPS treatment on N9 microglial  

           pro-inflammatory markers, iron transporter genes, ferritin iron  

          storage protein expression and NTB-55Fe influx……………………….…...179 

  3.4.4 The effects of LPS treatment on IL-6, hepcidin and iron related  

           transporter gene expression and TB-55Fe /NTB-55Fe influx in  

           C6 astrocytes……………………………………………………...…….…......187 

   3.5 Conclusion……………………………………………………………….……...189 

Chapter 4: Effects of inflammation induced by LPS activated microglia 

                    and astrocytes on iron homeostasis in neuronal cells 

   4.1 Introduction…………………………………………………………………......191 

   4.2 Methods…………………………………………………………………………195 



 

 15 

   4.3 Results…………………………………………………………………………..196 

   4.3.1 LPS activated N9 microglia alters iron related transporter genes and 

       systemic iron regulator hormone; hepcidin in N27 neuronal cells……….……....196 

   4.3.2 LPS activated N9 microglia increases iron uptake via NTB-55Fe and has no 

           effect on TB-55Fe influx in N27 neurons…………………………….………...199 

   4.3.3 FAC loading and inflammation alters iron transporter gene expression in 

             N27 neurons………...……………...…………………….……………….…..200 

   4.3.4 FAC loading and inflammation increased NTB-55Fe uptake in N27 neurons 

            and had no effect on TB-55Fe influx ..………..………………….……….…...204 

    4.3.5 LPS activated N9 microglia alters iron transporter genes and ferritin 

             iron storage protein expression in N2a neurons……………………….……..206 

   4.3.6 LPS activated N9 microglia increase NTB-55Fe uptake in N2a neurons…......209 

   4.3.7 LPS activated C6 astrocytes alter iron transporter gene expression in  

            N27 neurons…………………………………………………………………...210 

   4.3.8 LPS activated C6 astrocytes increase NTB-55Fe uptake in N27 neurons……..211 

4.4 Discussion………………………………………………………………………....212 

   4.4.1 The effect of pro-inflammatory microglia on neuronal iron homeostasis…….213 

   4.4.2 The effect of iron loading and inflammation on neuronal iron homeostasis….223 

   4.4.3 The effect of LPS activated astrocytes on neuronal iron homeostasis………..227 

4.5 Conclusion………………………………………………………………………...229 

Chapter 5: Effects of wild-type exogenous a-synuclein induced inflammation  

                   on iron homeostasis in astrocytes, microglia and neurons 

5.1 Introduction…………………………………………………………….…………231 

5.2 Methods………………………………………….…………………….………….236 

5.3 Results…………………………………………………………………….………238 



 

 16 

   5.3.1 WT exogenous  a-synuclein induced the release of key pro-inflammatory   

             markers; nitrite, IL-6 and TNF-a from N9 microglia……………………..…238 

   5.3.2 WT exogenous a-synuclein treatment alters N9 microglial iron related 

            transporter genes and ferritin iron storage protein expression………………..241 

   5.3.3 WT exogenous  a-synuclein increases N9 microglial NTB-55Fe uptake……..244 

   5.3.4 WT exogenous a-synuclein induces gene expression of pro-inflammatory 

            cytokine; IL-6 and the systemic iron regulator hormone; hepcidin  

            in C6 astrocytes…………………………..………….…….………………….245 

   5.3.5 WT exogenous a-synuclein alters iron transporter genes in C6 astrocytes…..246 

   5.3.6 WT exogenous a-synuclein induced an increase in C6 astrocytic NTB-55Fe 

            uptake……………………………………………………………………..…..249 

   5.3.7 WT exogenous a-synuclein activated N9 microglia alters iron related  

             transporter genes and systemic iron regulator hormone; hepcidin 

             in N27 neurons…………………..…………………………….……………..250 

   5.3.8 WT exogenous a-synuclein activated N9 microglia increases NTB-55Fe uptake 

            in N27 neurons…………………………..……………………………………252 

   5.3.9 WT exogenous a-synuclein activated C6 astrocytes alter iron transporter 

            gene expression in N27 neurons…………..…………………………………..253 

5.4 Discussion…………………………………….…………………………………...254 

   5.4.1 The effect of WT exogenous a-synuclein on N9 microglial release 

            of key pro-inflammatory markers; nitrite, IL-6 and TNF-a……………….…256 

   5.4.2 The effect of WT exogenous a-synuclein on N9 microglial iron transporter 

            genes, ferritin iron storage protein expression and NTB-55Fe uptake…….…..259 

   5.4.3 The effect of WT exogenous  a-synuclein on C6 astroglial gene expression  



 

 17 

           of pro-inflammatory markers; IL-6 and hepcidin……..….………………..…..261 

   5.4.4 The effect of WT exogenous a-synuclein on C6 astroglial iron transporter  

            gene expression and NTB-55Fe uptake…………………….………………….263 

   5.4.5 Effect of WT exogenous a-synuclein activated N9 microglia on iron 

            transporter genes, systemic iron regulator hormone; hepcidin and  

            NTB-55Fe uptake in N27 neurons………………………………..……………265 

   5.4.6 Effect of WT exogenous a-synuclein activated C6 astrocytes on iron 

            transporter genes in N27 neurons………………….………………………….267 

5.5 Conclusion……………..………………………………………………………….268 

Chapter 6: General discussion 

6.1 Overview of the studies conducted during the course of my PhD scholarship …..270 

6.2 Key findings………………………………………………………………………271 

   6.2.1 LPS induced inflammation differently alters iron regulation in microglia 

            and in astrocytes………………………………………………………………271 

   6.2.2 Iron loading amplified the LPS based inflammatory response and increased 

            iron transport and storage mechanisms in microglia……………………….…274 

   6.2.3 LPS activated microglia altered neuronal iron transport mechanisms 

            which may result in neuronal iron accumulation……….…………………….275 

   6.2.4 LPS activated astrocytes may have a less deregulatory effect on  

            neuronal iron regulation compared to LPS activated microglia………….…...276 

   6.2.5 Iron loaded neurons display increased NTBI influx and iron efflux through 

            the upregulation of FPN exporter…….……………………………………….277 

   6.2.6 a-Synuclein induced inflammation differently alters iron regulation 

              in microglia and astrocytes………………….……………………………….277 

   6.2.7 a-Synuclein activated microglia had a less deregulatory effect on neuronal 



 

 18 

            iron transport mechanisms compared to LPS activated microglia….………...278 

6.3 Hypothetical effects of inflammation on iron regulation in microglia, astrocytes 

      and neurons……………………………………………………………………….279 

6.4 Future investigations……………………….……………………………………..282 

Chapter 7: References.................................................................................................285 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 19 

Table of figures 

Figure 1-1 Distribution of iron in vivo………………………………………...….....…33 

Figure 1-2 Iron transport across the enterocyte…………………………………….… .36 

Figure 1-3 Cellular iron uptake, storage and export……………………………….…...41 

Figure 1-4 Iron dependent modulation of the IRE/IRP system………………………...44 

Figure 1-5 Discrepancies between IRP1 and IRP2…………………………….............45 

Figure 1-6 Regulation of systemic iron homeostasis by hepcidin………………….…..47 

Figure 1-7 Positive and negative regulation of hepcidin expression…………………...55 

Figure 1-8 Brain iron metabolism……………………………………………………...83 

Figure 1-9 Schematic representation of  a-synuclein or LPS induced signalling in 

            glial cells and their cytokine release in response to TLR4 downstream  

            signalling……………………………………………………….…………...…113 

Figure 2-1 Time line of performed treatments and experiments conducted……….….128 

Figure 2-2 The transwell co-culture model of glia and neurons……………………...129 

Figure 2-3 Time line of 55Fe uptake experiment………………………………….…..140 

Figure 2-4 Schematic diagram showing the assay summary of the Sandwich 

                  Enzyme-Linked Immunosorbent Assay (ELISA)……………………..….144 

Figure 3-1 Experimental design of in vitro studies…………………………………...151 

Figure 3-2 Nitrite production by N9 microglial cells treated with LPS……………....152 

Figure 3-3 IL-6 production by N9 microglial cells treated with LPS…………….…..153 

Figure 3-4 TNF-α production by N9 microglial cells treated with LPS……………...153 

Figure 3-5 Effect of LPS on N9 microglial mRNA expression of hepcidin……….…154 

Figure 3-6 Effect of LPS on N9 microglial iron transporter gene expression…….…..156 

Figure 3-7 Effect of LPS on N9 microglial ferritin protein levels………..…………..157 

Figure 3-8 Effect of LPS on NTB-55Fe uptake in N9 microglial cells………………..158 



 

 20 

Figure 3-9 Effect of LPS on TB-55Fe uptake in N9 microglial cells……………….…158 

Figure 3-10 Nitrite production by N9 microglial cells treated with LPS  

                   and FAC……………………………………………………………..……160 

Figure 3-11 IL-6 production by N9 microglial cells treated with LPS 

                   and FAC…………………………………………………………….….…161 

Figure 3-12 TNF-α production by N9 microglial cells treated with  

                    LPS and FAC……………………………………………………...……..162 

Figure 3-13 Effect of LPS and FAC treatment on N9 microglial iron  

                   transporter gene expression…………………………………………...….165 

Figure 3-14 Effect of LPS and FAC treatment on N9 microglial ferritin  

                   protein expression.……………………………………………………......166 

Figure 3-15 Effect of LPS and FAC on NTB-55Fe uptake in N9  

                    microglial cells…………………………………………………………..168 

Figure 3-16 Effect of LPS on C6 astrocyte IL-6 mRNA expression ...………………169 

Figure 3-17 Effect of LPS on C6 astrocyte hepcidin mRNA expression………….….170 

Figure 3-18 Effect of LPS on C6 astrocyte iron transporter gene expression……..….171  

Figure 3-19 Effect of LPS on NTB-55Fe uptake in C6 astrocytes…………………….172 

Figure 3-20 Effect of LPS on TB-55Fe uptake in C6 astrocytes………………………173 

Figure 4-1 Experimental design of in vitro studies………………..………………….196 

Figure 4-2 Effect of LPS activated N9 microglia on N27 neuronal hepcidin and iron  

                transporter genes…………………………….……………………………..198 

Figure 4-3 Effect of LPS activated N9 microglia on N27 neuronal 

                 NTB-55Fe uptake…………………………………………………………..199 

Figure 4-4 Effect of LPS activated N9 microglia on N27 neuronal TB-55Fe uptake…200 

Figure 4-5 Effect of FAC loading and inflammation on N27 neuronal iron transporter 



 

 21 

                 genes……………………………………………………………...………..203 

Figure 4-6 Effect of FAC loading and inflammation on N27 neuronal  

                  NTB-55Fe uptake……………………………………………………...…..205 

Figure 4-7 Effect of FAC loading and inflammation on N27 neuronal  

                  TB-55Fe uptake……………………………………………………..……..206 

Figure 4-8 Effect of activated N9 microglia on N2a neuronal iron transporter genes..208 

Figure 4-9 Effect of activated N9 microglia on N2a neuronal ferritin protein levels...209 

Figure 4-10 Effect of activated N9 microglia on N2a neuronal NTB-55Fe uptake…...210 

Figure 4-11 Effect of activated C6 astrocytes on N27 neuronal iron transporter 

                   genes……………………………………..……………………………….211 

Figure 4-12 Effect of activated C6 astrocytes on N27 neuronal NTB-55Fe uptake…...212 

Figure 5-1 Cell treatments and experiments conducted………………………………238 

Figure 5-2 Nitrite production by N9 microglial cells treated with WT exogenous  

                 a-synuclein………………..……………………………………………….239 

Figure 5-3 TNF-α production by N9 microglial cells treated with WT exogenous  

                 a-synuclein………………………………………………….……………..240 

Figure 5-4 Effect of WT exogenous a-synuclein on N9 microglial  

                  IL-6 mRNA expression…………………………………….……………..241 

Figure 5-5 Effect of WT exogenous a-synuclein on N9 microglial iron  

                  transporter gene expression………….……………………………………243 

Figure 5-6 Effect of WT exogenous a-synuclein on N9 microglial ferritin  

                 protein levels………………….…………………….……………………..244 

Figure 5-7 Effect of WT exogenous a-synuclein on NTB-55Fe uptake in  

                  N9 microglial cells……………………..…………………………………245 

Figure 5-8 Effect of WT exogenous a-synuclein on C6 astrocyte IL-6  



 

 22 

                 and hepcidin gene expression…...…………………………………………246 

Figure 5-9 Effect of WT exogenous a-synuclein on C6 astrocyte iron  

                related transporter gene expression………………...………………………248 

Figure 5-10 Effect of WT exogenous a-synuclein on NTB-55Fe uptake in  

                  C6 astrocytes……………………………………………………………...249 

Figure 5-11 Effect of WT exogenous α-synuclein activated N9 microglia on 

                   N27 neuronal hepcidin and iron transporter genes…………………….…251 

Figure 5-12 Effect of WT exogenous α-synuclein activated N9 microglia on  

                  N27 neuronal NTB-55Fe uptake………….………………..………………253 

Figure 5-13 Effect of WT exogenous α-synuclein activated C6 astrocytes on  

                   N27 neuronal iron transporter genes….………………………………….254 

Figure 6-1 Hypothetical iron regulation by microglia, astrocytes and  

                 neurons under inflammation………………………………………………281 

 

 

 

 

 

 

 

 

 

 

 

 



 

 23 

Table of tables 

Table 2-1 RNA integrity check sample preparation for gel loading……………133 

Table 2-2 PCR programme design…………………………………………..….136 

Table 2-3 Primer nucleotide sequences used for Real-Time PCR  

                amplification…………………………………………………………137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 24 

Abbreviations 

a-syn                                 alpha-synuclein 

AD                                     Alzheimer’s Disease 

ANOVA                            Analysis Of Variance 

apo-Tf                               apo-Transferrin                                  

BBB                                   Blood Brain Barrier 

BCECs                              Blood Capillary Endothelial Cells 

cDNA                                 complementary Deoxyribonucleic Acid 

CNS                                   Central Nervous System 

Cp                                      Ceruloplasmin 

CSF                                   Cerebrospinal fluid 

C6                                      Astroglial rat cell line 

Ct                                      Cycle threshold 

Dcytb                                Duodenal cytochrome b 

DEPC water                     Diethylpyrocarbonate water 

DLB                                  Dementia with Lewy Bodies 

DMEM                             Dulbecco’s Minimal Essential Medium 

DMT1                               Divalent Metal Transporter 1 

ELISA                              Enzyme-linked Immunosorbent Assay 

FAC                                  Ferric Ammonium Citrate 

FBS                                   Foetal Bovine Serum 

FPN                                  Ferroportin 

GAPDH                           Glyceraldehyde 3-Phosphate Dehydrogenase 

HAMP                              gene encoding hepcidin 

Heph                                Hephaestin 



 

 25 

HO-1                                Haem Oxygenase 1 

holo-Tf                             holo-Transferrin 

HD                                    Huntington’s Disease 

IL                                     Interleukin 

iNOS                                inducible Nitric Oxide Synthase 

IRE                                  Iron Responsive Element 

IRP                                  Iron Regulatory Protein 

KO                                   Knock Out 

LRRK2                            Leucine-Rich Repeat Kinase 2 

LPS                                   Lipopolysaccharide 

MD-2                               Myeloid Differentiation protein 2  

MPTP                              1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine 

MTS                                (3-(4,5-dimethylthiazol-2-yl) 

                          -5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  

mRNA                             messenger Ribonucleic Acid 

MSA                                Multiple System Atrophy 

MyD88                            Myeloid Differentiation primary response protein 88 

N9                                    Microglial mouse cell line 

N27                                   Dopaminergic neuronal rat cell line 

NADH                              Nicotinamide Adenine Dinucleotide (Reduced form) 

NADPH                           Nicotinamide Adenine Dinucleotide Phosphate 

NO                                    Nitric Oxide 

NFκB                   Nuclear Factor kappa-light-chain-enhancer of activated B cells 

Nrf2                                 Nuclear factor erythroid 2-related factor 

NTBI                               Non-Transferrin Bound Iron 
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PBS                                  Phosphate Buffered Saline 

PD                                    Parkinson’s Disease 

ROS                                 Reactive Oxygen Species 

RNase                              Ribonuclease 

RNS                                 Reactive Nitrogen Species 

RT-PCR                          Real Time-Polymerase Chain Reaction 

SEM                                Standard Error of Mean 

6-OHDA                          6-hidroxydopamine 

siRNA                             small interfering Ribonucleic Acid 

SN                                    Substantia Nigra 

SNCA                              gene encoding alpha-synuclein 

SNpc                                Substantia Nigra pars compacta 

STAT                              Signal Transducer and Activator of Transcription  

STEAP3                          Six-Transmembrane Epithelial Antigen of the Prostate 3    

Tf                                     Transferrin 

TNF-α                              Tumor Necrosis Factor Alpha 

TfBI                                 Transferrin Bound Iron 

TfR                                  Transferrin Receptor 

TfR1                                Transferrin Receptor 1 

TLR4                               Toll-like Receptor 4 

UTR                                 Untranslated Region 

VOCCs                            Voltage-Operated Calcium Channels 

WT                                   Wild Type 

ZIP14                               Zrt- and Irt-like protein-14 

ZP                                    Zyklopen       
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1. Introduction 

 
1.1 General overview 
 
 
Iron is a trace metal that plays a crucial role in maintaining optimal physiological function 

within the cellular environment. A vast array of biological enzymes depend on iron as 

their primary cofactor to grant the progression of pertinent cellular reaction pathways 

(Boldt, 1999). Therefore, intra and extracellular iron distribution is regulated on a 

multifold of planes as inappropriate levels would have calamitous impact on biological 

systems (McLean, Cogswell, Egli, Wojdyla, & de Benoist, 2009; R. J. Ward, Zucca, 

Duyn, Crichton, & Zecca, 2014). Mounting evidence signifies the fundamental role of 

iron in a multitude of neurodegenerative pathologies, owed to its proficiency in 

intensifying the formulation of destructive reactive radicals (D. T. Dexter et al., 1994; 

Sian et al., 1994). A key pathological hallmark of several sporadic neurodegenerative 

disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s 

disease (HD), is distinguished by iron accumulation in brain areas with comprehensive 

neuronal cell death (D. T. Dexter et al., 1991). Thus, implying that iron induced oxidative 

stress may be a prevalent feature among these neurological maladies (D. T. Dexter et al., 

1991). Neuroinflammation is another strong component of neurodegenerative pathology 

(Block & Hong, 2005). The principal cells of the central nervous system (CNS) that are 

involved in the generation of inflammatory cascades are the resident innate immune glial 

cells, namely; microglia and astrocytes found in their activated form. Microglia located 

in the parenchyma of the CNS, that essentially provide a primary role in maintaining the 

necessary microenvironment for optimal brain health (Hu et al., 2012). These cells 

constantly inspect the extracellular milieu and induce the inflammatory cascade in 

response to injury and infection. Astrocytes like microglia are immunocompetent cells in 
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the CNS that also engage in sensing infection and injury (Tsai et al., 2012), and further 

enhance the amplification of immune responses initiated by microglia (Saijo et al., 2009). 

Hence the activation of both cell types is necessary to provide effective immune responses 

in the brain. However, under chronic inflammatory conditions, activated glial cells lose 

their protective nature and become neurotoxic through the secretion of excessive 

inflammatory cytokines; Interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis 

factor alpha (TNF-a), chemotactic factors, reactive oxygen species (ROS) and nitrogen 

monoxide (NO) (Hu et al., 2012; Mogi et al., 1996; Mogi et al., 1994; Mu et al., 2016) 

and hence may greatly contribute to the pathogenesis of neurodegenerative diseases 

(NDs). It is firmly documented that neuroinflammation has a strong deregulatory impact 

on iron homeostatic mechanisms in the brain (Hunot & Hirsch, 2003; Ong & Farooqui, 

2005; Sian-Hulsmann, Mandel, Youdim, & Riederer, 2011; von Bernhardi & Eugenin, 

2012).  However, it is still not known how inflammation affects iron regulatory 

mechanisms of microglia, astrocytes and neurons in specific brain regions associated with 

the type of neurodegenerative disorder. Hence, the etiology of iron regulation; storage 

and transport mechanisms remain to be elucidated within inflammatory parameters. 

 

1.2 Biological significance of iron 

 

Iron is a trace metal that plays a crucial role in all cell types of the human body. 

Indispensable processes such as the electron transport, cellular respiration, proliferation, 

differentiation, modulation of gene expression, detoxification of free radicals all relies on 

the functioning of iron-containing enzymes and proteins (Beard, 2001). Hence iron is 

involved in a diverse array of vital metabolic functions due to primarily existing in two 

oxidation states; ferrous and ferric, between which an electron can be lost or gained. This 
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confers iron to exhibit a wide range of redox potentials (from -0.5 V to +0.6 V) in 

biological systems essential to allow life on the planet (Pierre, Fontecave, & Crichton, 

2002). 

 

The bioactivity of iron is permitted mainly when it is protein bound. There are three major 

classes of iron protein interactions that allow specific functions within mammalian 

systems. Firstly, the haemeproteins in which iron molecules are bound to a porphyrin 

molecule to produce haem that is incorporated in various apo-proteins. There are three 

sub-classes of haemeproteins; oxygen carriers (haemogloblin, myoglobin), activators of 

molecular oxygen (cytochrome oxidases, catalases, peroxidases and cytochrome P-450s) 

and the electron transport proteins (cytochromes) (Paoli, Marles-Wright, & Smith, 2002; 

Poulos, 2007). 

 

The second group of iron containing proteins are the iron-sulphur moiety, where iron 

atoms are bound to sulphur (Fe-S), creating a cluster that is connected to the polypeptide 

chain by thiol groups of cysteine residues or inorganic sulphide. Fe-S clusters are engaged 

in a diverse number of biologically fundamental chemical reactions, which include; 

regulation of gene expression, nucleotide metabolism, cofactor biogenesis, regulation of 

enzyme activity, mitochondrial respiration and ribosomal biogenesis (X. M. Xu & Moller, 

2011). 

 

The third class of iron containing proteins encompass all those proteins in which iron is 

not bound to a porphyrin ring structure as haem or in the Fe-S form. Instead iron is 

attached in different arrangements as a cofactor to these proteins; non-haem iron can 

directly interact with proteins as mononuclear and di-nuclear iron centres. Their function 
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is very diverse, such as catalysing the conversion of L-tyrosine in the CNS (Tyrosine 

hydroxylase) to L-3,4-dihydroxyphenylalanine (L-DOPA) a precursor for dopamine 

(Kaufman, 1995), the breakdown of intracellular dopamine, norepinephrine, and 

serotonin by monoamine oxidase an enzyme located within the outer mitochondrial 

membrane within astrocytes and neurons (Dostert, 1994), the modification of nucleoside 

diphosphates (NDP) to deoxy NDPs (ribonucleotide reductase), initiating 

biomineralization of iron for intracellular storage in ferritin, oxygen sensing (prolyl-

hydroxylases), eicosanoids synthesis (lipoxygenases), histone modifications (lysine 

demethylases) or proteins engaged in the mobilization of iron; such as transferrin (He & 

Mishina, 2004). 

 

It is evident from the above-mentioned classifications of iron protein interactions that 

iron’s role is essential to all mammalian life systems. However, excess iron can cause 

damage to tissues if it is not stored optimally, resulting in the increase of the labile iron 

pool concentrations in vivo leading to the initiation of Fenton based chemistry. Free 

ferrous iron (Fe2+) is oxidized to ferric (Fe3+) iron by hydrogen peroxide (H2O2), 

producing a hydroxyl ion (HO-) and the most toxic form of reactive oxygen species 

(ROS); the hydroxyl radical (OH•) (equation 1). Ferric iron is then reduced to the ferrous 

state by hydrogen peroxide, producing a hydroperoxyl radical (HOO•) and a proton 

(equation 2). The complete outcome of the Fenton reaction is the disproportionation of 

hydrogen peroxide by ferrous and ferric ions to generate two species of ROS with water 

(H+ + OH-) as a by-product (Koppenol, 2001; Winterbourn, 1995). 
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Fenton Reaction 

Fe2++ H2O2 è   Fe3++ OH- + OH•                                                                             (1) 

Fe3+ + H2O2 è Fe2+ + HOO• + H+                                                                                                                (2)  

 

OH• is recognised to be the most harmful to biological systems, due to its high reactivity 

it leads to tissue damage by inducing changes in DNA structure, formation of lipid 

peroxidation compounds and protein carbonyls that heavily contribute to a vast number 

of severe pathological conditions (Lipinski, 2011). Neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s, protein carbonyls deriving  from excessive production of 

ROS  via Fenton based iron chemistry due to elevated labile iron levels cause proteins to 

aggregate and form intracellular inclusion bodies, a common pathological feature of 

neurodegeneration (Crichton, Dexter, & Ward, 2011). Hence systemic iron levels must 

be tightly balanced as both iron deficiency and overload can cause severe haematological, 

cardiovascular, carcinogenic and neurodegenerative disorders (Steinbicker & 

Muckenthaler, 2013). 

 

1.3 Distribution of iron in vivo 

 

An average healthy adult body contains between 3.5 and 5.0 grams of total iron which is 

mostly stored within the liver (1800-mg), erythrocyte hemoglobin (1800-mg) followed 

by bone marrow (300-mg), macrophages (300-mg), muscle tissue (300-mg) and trace 

amounts are found in the kidney and brain. The remaining iron content is utilized by a 

variety of enzymes engaged in oxidative metabolism and iron bound to glycoprotein 

transferrin; a pivotal transporter of iron in circulation that supplies all tissues with this 

crucial element (Winter, Bazydlo, & Harris, 2014). The body maintains these iron levels 
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within very narrow limits by meticulous control of its absorption, mobilization, storage 

and recycling. The excretion of iron is not defined by a controlled mechanism and 

therefore its absorption is a critically controlled process. The normal daily range of iron 

absorption is only 1-2 mg to counterbalance the body’s iron loss, for instance by shedding 

of intestinal epithelial cells, exfoliation of skin and urinary cells, blood loss, sweat, faeces 

and menstruation (see Figure 1-1).  

 

The most fundamental aspect of systemic iron regulation is the maintenance of optimal 

plasma iron levels. Iron is bound to transferrin which has two high affinity binding sites 

for Fe3+, which under normal physiological conditions 30% saturated. To maintain this 

precise level of transferrin saturation, four major signalling pathways are engaged in 

coordination with each other; duodenal iron absorption, macrophage iron recycling, 

hepatic iron storage and erythropoiesis. The iron bound to transferrin is mostly consumed 

by erythrocyte production in the bone marrow, approximately 30 mg of daily iron is 

utilized for this vital process. The majority of daily iron demands for erythropoiesis 

derives from recycling of haem iron by macrophages phagocytosing senescent 

erythrocytes and topping up transferrin iron levels to maintain this supply. Normal blood 

plasma transferrin-bound iron concentrations are sustained at 3 mg, the recycling of 

erythrocytes generates 20-25 mg of iron daily, which results in the turnover of plasma 

transferrin almost every 2 hours to ensure the efficient delivery of iron (Hentze, 

Muckenthaler, Galy, & Camaschella, 2010; Winter et al., 2014). 
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Figure 1-1 Distribution of iron in vivo 
An average healthy adult body contains between 3.5 and 5.0 grams of total iron and 
almost half is utilized by haemoglobin in developing erythroid precursors (300 mg) and 
mature circulating erythrocytes (1800 mg). The remaining body iron is located in a transit 
pool in reticulo-endothelial macrophages (300 mg), stored in the liver by ferritin (1800 
mg), muscle tissue (300 mg) and only trace amounts are found in plasma bound to 
transferrin (3 mg) or incorporated into proteins and enzymes that require iron for their 
function. Consumption of iron is approximately 10-20 mg per day of which 1-2 mg is 
actually absorbed. Iron loss is 1-2 mg per day which occurs via a number of unregulated 
processes; shedding of intestinal epithelial cells, exfoliation of skin and urinary cells, 
blood loss, sweat, faeces and menstruation. 
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1.4 Dietary iron absorption by enterocytes 

 

The main forms of iron in the human diet consists of haem from animal sources and non-

haem: ferritin and ferric iron from plant and animal origins.  Elemental iron uptake takes 

place at the brush border membrane of duodenal enterocytes. Iron from foodstuff 

primarily exists in the insoluble ferric form (Fe³⁺) which is then reduced to ferrous (Fe²⁺) 

by a ferric reductase; duodenal cytochrome b (Dcytb), located on the apical plasma 

membrane of enterocytes (Latunde-Dada, Simpson, & McKie, 2008; Wyman, Simpson, 

McKie, & Sharp, 2008). Subsequently Fe²⁺ is transported into the cell by divalent metal 

transporter 1 (DMT1/SLC11A2, solute carrier family 11, member 2), a member of the 

SLC (solute carrier) group of membrane transport proteins (Gunshin et al., 1997). Haem 

iron uses a different mechanism to penetrate the apical membrane of enterocytes to non-

haem iron and its pathway of entry is still uncertain. Currently there are two potential 

candidate transporters for apical haem absorption; (HCP1) which have been identified in 

cell models of human intestinal cells (Latunde-Dada, Takeuchi, Simpson, & McKie, 

2006) and in mouse apical membrane of duodenal enterocytes (Shayeghi et al., 2005). 

However, this is now been established as a folate transporter which might also be able to 

transport iron (Nakai et al., 2007). The other candidate is haem-responsive gene 4 

(HRG4), which has been identified to mediate haem uptake in Caenorhabditis elegans at 

the plasma membrane (Rajagopal et al., 2008). Haem iron is released by haem oxygenase 

1 (HO-1) into the intracellular labile iron pool and further processed according to the 

cell’s needs (Raffin, Woo, Roost, Price, & Schmid, 1974). Cytosolic iron is either stored 

in ferritin or exported into the circulation by the basolateral iron exporter ferroportin 

(Donovan et al., 2000; McKie et al., 2000). Enterocytic iron efflux through ferroportin is 

dependent on a multicopper oxidase; hephaestin (H. Chen et al., 2004; Vulpe et al., 1999), 
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which oxidises Fe2+ to Fe3+ and facilitates its binding to transferrin, the key iron 

transporter protein in serum and extracellular fluids to all cells within the body 

(MacGillivray et al., 1983) (see Figure 1-2). 
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Figure 1-2 Iron transport across the enterocyte 
Non-haem iron from diet is reduced by the ferrireductase Dcytb on the apical plasma 
membrane to the Fe2+ form and subsequently transported into the enterocyte by DMT1. 
Haem enters the enterocyte via HPC1 and is degraded by HO-1 to release Fe2+. The newly 
released Fe2+ enters the common labile iron pool, and is either stored in ferritin or released 
into the systemic circulation through FPN and Heph complex that oxidizes Fe2+ to Fe3+. 
Ferric iron is then loaded onto Tf through the basolateral side of the plasma membrane to 
be distributed to peripheral tissues that require iron. 
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1.5 Cellular iron homeostasis 

 

1.5.1 Two major routes of cellular iron uptake  

 

Non-haem iron is absorbed by cells via two major mechanisms; transferrin bound and 

non-transferrin bound iron uptake (TfBI) (NTBI) routes.  Under physiological conditions, 

it is generally perceived that transferrin bound iron takes precedence over NTBI in the 

supply of iron within the periphery (Lawen & Lane, 2013; Richardson & Ponka, 1997). 

Consequently, under iron overload conditions transferrin becomes saturated and the 

excess iron is bound to other compounds such as; adenosine triphosphate (ATP), citrate 

or ascorbate forming the NTBI species (Lawen & Lane, 2013). To date, there is no exact 

mechanism on how NTBI enters cells. However, there are a good number of candidates 

acting as potential NTBI importers in various tissue types. DMT1 was named the first 

NTBI importer in the intestine and liver, however in liver cells of DMT1 deficient mouse 

exposed to iron loading conditions, still accumulated iron. Thus, demonstrating that there 

are more potential NTBI importers in existence (Gunshin, Fujiwara, et al., 2005). 

ZRT/IRT-like proteins (ZIPs) have been shown to act as NTBI importers under iron 

loading conditions; ZIP14 in pancreas and liver  (Nam et al., 2013) and ZIP8  in H4IIE 

hepatoma cells and potentially mediating iron influx in the pancreas, placenta and lungs 

(C. Y. Wang et al., 2012). Furthermore, in neuronal cells transient receptor potential 

cation channels, subfamily C, member 6 (TRPC6) (Giampa, DeMarch, Patassini, 

Bernardi, & Fusco, 2007), L-type voltage–dependent calcium channels (L-VDCC) 

(Gaasch, Geldenhuys, Lockman, Allen, & Van der Schyf, 2007) were also conducting 

import of iron through the plasma membrane. Furthermore, serum ferritin also constitutes 

the NTBI species, which have been shown to taken up by cells via the scavenger receptor 
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class A, member 5 (SCARA5) and the T cell immunoglobulin and mucin domain 

containing 2 (TIM2) ferritin receptors on the plasma membrane (T. T. Chen et al., 2005; 

J. Y. Li et al., 2009)(see Figure 1-3). 

 

Under physiological conditions iron is mostly carried in circulation bound to the 

glycoprotein transferrin (Tf), which binds two atoms of Fe3+; (2Fe3+-Tf) and serves as a 

pivotal iron source for mammalian cells. Holo-Tf engages with its cognate cell surface 

receptor; transferrin receptor 1 (TfR1) and the 2Fe3+-Tf /TfR1 complex is internalised by 

clatherin-dependent endocytosis. The acidic pH within the endosome disassociates ferric 

iron from Tf (Dautry-Varsat, Ciechanover, & Lodish, 1983), which subsequently reduced 

to ferrous ions via Six-Transmembrane Epithelial Antigen of the Prostate-3 (STEAP-3) 

family of metalloreductases and released into the cell’s cytosol by DMT1 (Knutson, 2007; 

Ohgami et al., 2005) or ZIP14 (Jenkitkasemwong, Wang, Mackenzie, & Knutson, 2012). 

Within the endosome the acidic pH firmly binds apo-Tf to TfR-1 and when this complex 

is recycled back into the plasma membrane the alkaline extracellular pH 7.4 disassociates 

the apo-Tf and TfR-1 complex. Apo-Tf is then returned into the circulation to collect 

more iron and this pattern of events constitutes the transferrin-to-cell cycle, which 

provides the essential supply of iron to cells that express transferrin receptors (Lim et al., 

2005) . 

 

1.5.2 Cellular iron storage and utilization 

 

Newly released TfBI and NTBI temporarily enters the cell’s labile iron pool and further 

processed according to cellular metabolic requirements. The potential routes of cellular 

iron are; (a) binding to ferritin for intracellular storage, (b) required for downstream 
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metabolic pathways (e.g., uptake by mitochondria for the utilization in iron cluster-

containing proteins (Rouault & Tong, 2008), haem synthesis or iron is processed for the 

activity of various cytoplasmic protein (Ponka, 1997; Sharma, Pallesen, Spang, & 

Walden, 2010), (c) released from the cell by the ferrous iron exporter, ferroportin (FPN) 

(De Domenico et al., 2007). 

 

In non-erythroid cells, 70-80% of newly released iron is destined to be stored in ferritin 

(Arosio & Levi, 2010).  Ferritin is a heteropolymer constituting of 24 subunits that 

conveys a hollow sphere structure which efficiently stores ~4500 iron atoms in a redox 

inactive form (Chasteen & Harrison, 1999). There are two ferritin subunits in mammals; 

H-ferritin (heavy subunit, encoded by FTH1) and L-ferritin (light subunit, encoded by 

FTL). Ferrous iron is first oxidized to ferric by the ferroxidase activity of H-ferritin before 

it is effectively stored. When iron demands increase within the cell, ferritin typically 

releases iron by autolysosomal proteolysis (Arosio & Levi, 2010) (see Figure 1-3). 

 

1.5.3 Cellular iron export 

 

Cellular iron efflux has been demonstrated to occur in several ways; namely by haem, 

ferritin and the most well-established pathway; by ferroportin iron export. Haem and 

ferritin cellular export is still not very well established to date and remain to be better 

defined. A study in mouse macrophages reported that the feline leukaemia virus, 

subgroup C, receptor (FLVCR) exports cytoplasmic haem (Keel et al., 2008). A very 

recent breakthrough demonstrated in mouse models that iron-loaded ferritin secretion 

takes place via the non-classical secretory-autophagy and the multivesicular-body-

exosome pathways (Truman-Rosentsvit et al., 2018). Ferroportin exports elemental iron 
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in collaboration with either of the ferroxidases; hephaestin (expressed in enterocytes) or 

ceruloplasmin (expressed in other cell types). Exported iron can bind rapidly to Tf, ATP, 

citrate or ascorbate in extracellular space (De Domenico et al., 2007; Leitner & Connor, 

2012; Moos, Rosengren Nielsen, Skjorringe, & Morgan, 2007) (see Figure 1-3). 
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Figure 1-3 Cellular iron uptake, storage and export 
There are two major routes of iron entry into cells, namely Tf-bound iron uptake and Non-
Tf-bound iron (NTBI) uptake. Under physiological parameters, iron is mostly bound to 
Tf that forms a complex with TfR1 on the cell surface and subsequently followed by 
receptor mediated endocytosis with iron released within the endosome due to the acidic 
pH environment. Free endosomal ferrous iron is reduced by STEAP3 to its ferric form 
and transported across the endosomal membrane by DMT1 into the cell’s labile iron pool 
(LIP) in the cytosol. Iron within the LIP is rapidly utilized for storage within ferritin or 
designated for the synthesis of haem and iron-sulfur cluster in the mitochondria or 
cytosol. Alternatively, excess iron can be exported from the cell by FPN. Under iron over 
load conditions, Tf is saturated and more NTBI species are detected in blood. These NTBI 
species are first reduced at the cell surface by ferrireductases, like Dcytb and followed by 
transport of the resulting ferrous iron across the plasma membrane by DMT1, ZIP8 or 
ZIP14. Serum ferritin enters the cell via SCARA5 and TIM2 ferritin receptors. 
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1.5.4 Control of cellular iron homeostasis 

 

Intracellular iron homeostasis is a highly rigid regulatory system that is modulated on a 

post-transcriptional level by the governing of messenger RNA (mRNA) transcript 

stability and translation associated with iron metabolism proteins involved in uptake, 

storage and release. This essential regulation is due to the interaction between iron 

regulatory protein (IRP) 1 and 2 which only bind to iron responsive element (IRE) located 

on mRNAs under iron depleted conditions and altogether result in the rapid modifications 

of primary proteins associated with iron homeostasis in reaction to intracellular iron 

concentrations. More specifically, IRPs bind with high affinity to IRE’s in the 5’- or 3’ 

untranslated regions (UTRs) of target mRNAs associated with iron metabolism under 

iron depleted conditions. Resulting in either the stabilization of transcripts (i.e., mRNAs 

which contains the IRE in their 3’ UTR e.g., TfR1, DMT1 etc.), or by suppressing 

transcript stability by preventing their degradation by nucleases (i.e., mRNAs which 

contain the IRE in their 5’ UTR e.g., FTH, FTL, FPN etc.)(Hentze & Kuhn, 1996; 

Muckenthaler, Galy, & Hentze, 2008). However, under iron replete conditions both IRP’s 

are inactive as IRE-binding proteins (see Figure 1-4). IRP1 acquires an iron sulphur 

cluster (4Fe-4S) that changes its activity into cytosolic aconitase that engages in the 

interconversion of citrate and isocitrate. While IRP2 under goes proteasomal degradation 

by its interaction with the adaptor protein F-box and Leucine-rich Repeat Protein 5 

(FBXL5) that recruits SKP1-CUL1-F-box (SCF) E3 ubiquitin ligase complex. FBXL5 is 

post-translationally coordinated by sensing iron, under iron replete conditions, iron 

binding leads to the stabilization of the protein. Consequently, this leads to enhanced 

ubiquitination and the resulting degradation of IRP2 (Salahudeen et al., 2009; Vashisht 

et al., 2009) (see Figure 1-5). IRPs are responsible for the regulation of post-
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transcriptional iron homeostasis in all known cell types (Anderson, Shen, Eisenstein, & 

Leibold, 2012; Rouault, 2006). However, IRP1 is more expressed in liver, spleen, kidney, 

heart and IRP2 is more dominantly expressed in the brain. Both IRPs seems to have equal 

ratios of expression in the duodenum (Cairo & Pietrangelo, 2000; Iwai et al., 1998; 

Meyron-Holtz, Ghosh, Iwai, et al., 2004; Volz, 2008). 

 

IRPs can be also regulated by a number of alternative factors to iron. Hypoxia result in 

the de-activation of IRP1 and in the stabilization of IRP2 as a consequence of the oxygen 

requirement for IRP2’s iron-mediated FBXL5 degradation (Meyron-Holtz, Ghosh, & 

Rouault, 2004). High levels of intracellular ROS and pro-inflammatory factors 

specifically target IRP1 aconitase by disassembling Fe/S clusters and culminating in IRP1 

activation as an IRE binding protein, however its exact mechanism is still highly elusive 

(Pantopoulos & Hentze, 1998; J. Wang, Song, Jiang, Wang, & Xie, 2013). Furthermore, 

phosphorylation of IRP1 and 2 by kinases can also regulate their activity (Eisenstein, 

2000; Rouault & Klausner, 1996).  
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Figure 1-4 Iron dependent modulation of the IRE/IRP system 
In the cytosol, IRPs sense iron levels and bind to IREs that are located on either the 5’ or 
3’ UTRs of RNA transcripts when iron concentrations are low. DMT1 and TfR1 contain 
an IRE in their 3’ UTR, IRP binding encourages the association of the translation 
machinery and promotes protein synthesis (b). IRP binding IRE within the 5’ UTR of 
mRNA transcripts prevents synthesis of the encoded protein, such as ferritin and of FPN 
(a). When intracellular iron concentrations are high, IRPs lose their binding affinity to 
IREs and this encourages the translation of 5’ IRE containing mRNAs (a) and the 
subsequent degradation of 3’ IRE containing mRNAs (b). 
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Figure 1-5 Discrepancies between IRP1 and IRP2 
Under iron replete conditions IRP1 acquires an iron sulphur cluster (4Fe-4S) which 
obstructs IRE binding and promotes IRP1 cytosolic aconitase activity, while IRP2 under 
goes proteasomal degradation. Low levels of intracellular iron inhibit iron cluster 
formation in IRP1 and promote the synthesis of IRP2, thus facilitating IRE binding by 
IRP1/2. 
 
 
 

1.6 Systemic iron regulation  

 

1.6.1 Hepcidin’s role as the primary controller of systemic iron metabolism 

 

Plasma iron concentrations are tightly maintained by strict coordination of the release of 

iron from reticulo-endothelial macrophages and intestinal iron absorption. The chief 

coordinator of systemic iron availability is a small peptide hormone with antimicrobial 

properties called hepcidin (C. H. Park, Valore, Waring, & Ganz, 2001). Liver hepcidin is 
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the most plentiful source of systemic hepcidin, however a number of emerging studies 

show hepcidin production by other organs which demonstrate an autocrine role for 

hepcidin to maintain organ specific iron homeostasis (Lakhal-Littleton et al., 2016; 

Tesfay et al., 2015). The mechanism by which hepcidin exercises its regulatory powers 

on systemic iron levels is by preventing the release of iron from duodenal enterocytes, 

reticulo-endothelial macrophages and iron-storing hepatocytes through its 

downregulatory impact on FPN expression post-translationally (Coffey & Ganz, 2017). 

Hepcidin binds to FPN, which triggers FPN’s internalization, ubiquitination and 

lysosomal degradation, thus preventing the release of intracellular iron (Nemeth, Tuttle, 

et al., 2004) (see Figure 1-6).  
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Figure 1-6 Regulation of systemic iron homeostasis by hepcidin 
Hepatocytes supervise systemic iron status by sensing Tf saturation in plasma via TfR1, 
TfR2 and HFE protein and modulate hepcidin expression in response to iron levels in the 
body. Iron overload subsequently induces the liver to upregulate the production and 
release of hepcidin that binds to FPN on macrophages and duodenal enterocytes to limit 
the amount of iron entering the circulation from recycled erythrocytes and from the diet, 
respectively. In contrast under systemic iron deficiency the expression of hepcidin by the 
liver is inhibited and hence restores normal iron absorption from enterocytes and the 
release of iron from recycled erythrocytes. 
 
 
 
The modulation of hepcidin by iron levels is not dependent on the IRE/IRP system, as 

hepcidin does not contain IRE motifs on its mRNA. The regulation of hepcidin seems to 

take place on a transcriptional level (Flanagan, Truksa, Peng, Lee, & Beutler, 2007). 

Hepcidin production is highly induced in response to iron-load by liver sinusoidal 

endothelial cells (LSECs) (Canali et al., 2017). When LSECs sense iron elevation, they 

respond by upregulation of bone morphogenetic protein 6 (BMP6) which binds to BMP 

receptor (BMPR) located on the plasma membrane of hepatocytes (Steinbicker et al., 

2011). The BMP6/BMPR complex recruits hemojuvelin (HJV), matriptase 2 (MT2) and 

neogenin (Zhao et al., 2016) which culminates in the activation of BMP6/BMPR 
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downstream signalling. The activated BMPR complex initiates phosphorylation of s-

mothers against decapentaplegic (SMAD) molecules which promote hepcidin expression 

through the activation of the HAMP gene (Parrow & Fleming, 2014) (see Figure 1-7). 

There are other iron mediated pathways which upregulate hepcidin expression through 

other membrane proteins, namely via transferrin receptor 2 (TfR2) and hemochromatosis 

protein (HFE), a major histocompatibility complex class 1-like protein. HFE form a 

protein complex with TfR1, however this complex is disturbed upon holo-transferrin 

binding to TfR1 and HFE is dislodged (Schmidt, Toran, Giannetti, Bjorkman, & 

Andrews, 2008). Subsequently HFE forms complexes with TfR2, activin receptor-like 

kinase (ALK) 3 and hemojuvelin (HJV), a GPI-linked membrane protein and activates 

SMAD signalling via BMPR to induce hepcidin upregulation (see Figure 1-7). Under iron 

deficient conditions hepcidin expression needs to be downregulated, this is achieved by 

increased transmembrane protease serine 6 (TMPRSS6) expression that induces its 

downregulatory effect on hepcidin by cleaving and hence inactivating HJV(Silvestri, 

Pagani, Nai, et al., 2008). 

 

1.6.2 Additional regulatory mechanisms on hepcidin expression and iron 

homeostatic proteins 

 

The state of hypoxia and anemia demands higher concentrations of oxygen carrying 

erythrocytes in circulation. This leads to increased production of erythrocytes in bone 

marrow through a process called erythropoiesis. Anemic and hypoxic conditions induce 

the production of erythropoietin (EPO) in the kidneys and liver, which enhances the 

production of erythrocytes. EPO signalling was also found to stimulate erythrocyte 

progenitors (erythroblasts) to secrete increased levels of the hormone erythroferrone 
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(ERFE) which acts via a still unknown mechanism to suppress hepcidin expression by 

hepatocytes. This process allows to meet the body’s higher iron demands through 

increased iron mobilization from hepatocytes and macrophages and its absorption from 

the diet.  The importance of EFRE signalling was demonstrated in a recent study on mice 

lacking the expression of this hormone. The results conveyed that these EFRE knock-out 

(KO) mice took longer to recover from anemia from blood loss and or inflammation 

(Kautz, Jung, Nemeth, & Ganz, 2014; Kautz, Jung, Valore, et al., 2014). In addition to 

ERFE, EPO signalling also stimulate erythroblasts to release growth differentiation factor 

15 (GDF15) and twisted gastrulation BMP signalling modulator 1 (TWSG1) which also 

found to inhibit hepcidin transcription. TWSG1 produced by early erythroblasts may act 

indirectly through the BMP-SMAD pathway (Tanno et al., 2009) and GDF15 released by 

late erythroblasts may act in a direct manner in hepcidin downregulation, however this 

inhibition mechanism is still elusive (Tanno et al., 2007) (see Figure 1-7). 

 

Under hypoxic conditions, low oxygen levels stimulate the increased expression of the 

transcription factor hypoxia-inducible factor (HIF) (see Figure 1-7). There are three 

identified subunits of HIF; HIF1a, HIF2a, and HIF3a. Under normal oxygen tissue 

levels, these subunits are modified by iron-dependent prolyl dehydrogenase (PHD) and 

subsequently degraded by a tumor suppressor, von Hippel-Lindau (VHL) factor (Greer, 

Metcalf, Wang, & Ohh, 2012). Under oxygen deprived conditions, PHD losses its activity 

and HIF subunits become stabilized and subsequently translocate to the nucleus to bind 

aryl hydrocarbon nuclear receptor translocator; HIF1b (ARNT/HIF1b) creating a 

heterodimer. The newly formed heterodimers bind to hypoxia-responsive elements 

(HREs) in the DNA sequence and modulate hypoxia targeted genes, one being EPO. The 

importance of HIFs on direct negative hepcidin regulation was first established in mice 
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with a targeted hepatocyte deletion of Hif1a. The Hif1a KO mice did not repress hepcidin 

in response to iron depletion or hypoxia, unlike the wild-type (WT) mice. Furthermore, 

the levels of Hif1a in WT mice was elevated under iron deficiency and hypoxia, 

indicating the importance of HIF1a in hepcidin repression under hypoxic conditions 

(Peyssonnaux et al., 2007) (see Figure 1-7). Chromatin immunoprecipitation; (ChIP) 

studies further reinforced the importance of HIF1a on the negative modulation of 

hepcidin; by providing evidence for HIF1a binding to three putative HREs in the HAMP 

promoter and lowers HAMP expression in human embryonic kidney (HEK)293 cells and 

mouse liver tissues (Peyssonnaux et al., 2007). However, the direct effect of HIFs on 

HAMP expression is still being debated (Volke et al., 2009). In addition, HIF2a have 

been demonstrated to have a direct effect on several iron regulatory genes on a 

transcriptional level, including DMT1 and FPN (Silvestri, Pagani, & Camaschella, 2008). 

Whilst HIF1a was shown in cell culture models to directly induce increased expression 

of Tf levels (Rolfs, Kvietikova, Gassmann, & Wenger, 1997).  

 

Inflammation plays another pivotal role on hepcidin regulation and manipulation of 

systemic iron levels. Inflammatory cytokines have a positive effect on HAMP 

transcription via the Janus kinase (JAK) signal transducer and activator of transcription 3 

(STAT3) pathway (see Figure 1-7). Hepcidin levels are upregulated by inflammation and 

consequently plasma iron levels drop which conveys the condition of “anemia of 

inflammation”. This mechanism of systemic iron suppression is perceived as a defense 

mechanism to protect the host from infection as most micro-organisms need iron for their 

development and proliferation. The first study to provide hepcidin’s role under 

inflammatory conditions was conducted by Pigeon et al, where they treated hepatocytes 

with lipopolysaccharide (LPS) which led to significant upregulation of hepcidin levels 
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(Pigeon et al., 2001). Further studies explored the role of pro-inflammatory cytokines: 

interleukin-1b (IL-1b), interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) on 

hepcidin levels and found that only IL-6 treatment on human primary hepatocytes 

profoundly upregulated its expression (Nemeth, Rivera, et al., 2004). Furthermore, 

human volunteers were infused with recombinant human IL-6 and hepcidin protein 

concentrations were 7-fold higher in their urine samples along with hypoferremia and 

lower transferrin saturation levels (Nemeth, Rivera, et al., 2004). Mice IL-6 KO further 

confirmed the vital role of IL-6 in hepcidin induction, as these animals did not have 

change in their hepcidin mRNA levels in response to turpentine induced inflammation 

(Nemeth, Rivera, et al., 2004). A study by Pietrangelo et al. further investigated the 

possible signalling mediators between IL-6 and transcription of hepcidin. For their study 

they generated mice with a specific deletion within the IL-6 signal-transducing 

glycoprotein 130 receptor; missing the vital region for STAT1 and -3 activation and 

successfully shown that IL-6 binding to IL-6 receptor complex directly interacts with 

STAT3 in order to promote hepcidin expression in vivo (Pietrangelo et al., 2007). The 

JAK-STAT3 pathway functions in similar fashion to the earlier described BMP-SMAD 

signal transduction route. The IL-6 receptor complex consists of two subunits; an a-

subunit (IL-6-R) and a b subunit (gp130). When IL-6 binds to IL-6-R, this results in the 

homodimerization of gp130 and recruitment of JAK in order to phosphorylate gp130. The 

subsequent phosphorylation of gp130 then initiates the activation of two major routes of 

downstream signalling; (1) the mitogen-activated protein kinase) MAPK pathway, (2) the 

STAT pathway (R. E. Fleming, 2007). In terms of hepcidin induction, the MAPK 

pathway is not required (Pietrangelo et al., 2007), STAT3 is recruited and phosphorylated 

by gp130 and JAK and subsequently translocated into the nucleus binding to tissue 

specific transcription factors to induce HAMP gene expression. Additionally, it has been 
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proposed that the BMP-SMAD transduction pathway also contributes to the 

inflammatory response in collaboration with the JAK-STAT pathway. A study in mice 

hepatocytes deficient of SMAD4 expression showed no increase in hepcidin transcripts 

when treated with IL-6, implying that the inflammation and iron signalling pathways of 

hepcidin modulation may converge at SMAD4 (R. H. Wang et al., 2005). 

 

Oxidative stress represents an imbalance between the production of free radicals and the 

degree of response by antioxidant defence mechanisms. The presence of oxidative stress 

also has a major impact on iron regulatory mechanisms when the equilibrium is in favour 

of free radical production. Oxidative stress generates ROS and electrophiles which have 

a devastating effect on survival, growth and development of all living organisms and 

hence greatly contribute to pathogenesis of numerous disorders. The antioxidant defence 

mechanism activates a battery of genes encoding antioxidant and detoxifying enzymes 

that would neutralize the damaging effects of ROS and other harmful species. The key 

controllers of the induction of the series of antioxidant genes is via the interaction between 

the transcription factor; nuclear factor erythroid 2-related factor (Nrf2) and its binding to 

antioxidant response element (ARE) sequences upstream of the target genes. The 

initiation mechanism of Nrf2/ARE binding remains to be elucidated. However, when 

redox homeostasis is at equilibrium, Nrf2 held inactive within the cytoplasm by a 

cytosolic inhibitor known as Kelch-like ECH-associating protein 1 (Keap 1). Under 

normal cellular conditions Keap1 binding to Nrf2 promotes ubiquitination and 

degradation of Nrf2. Whilst the ARE sequences are bound by transcription repressor 

proteins; BTB and CNC homology 1, basic leucine zipper transcription factor 1 (Bach1). 

When intracellular ROS levels rise, Nrf2 disassociates from Keap1 and translocates to 

the nucleus and Bach1 is released from the ARE. Once in the nucleus, Nrf2 is required to 
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heterodimerize with other transcription factors including; Jun (c-Jun, Jun-D, and Jun-B) 

and small Maf (MafG, MafK, MafF) proteins. Subsequently this heterodimer complex is 

then able to induce the ARE mediated transcriptional activation of numerous 

antioxidative and cytoprotective proteins, such as: haem oxygenase 1, superoxide 

dismutases, catalase, glutathione reductase, glutathione-S-transferase, glutamate-cysteine 

ligase catalytic subunit, and NADH quinone oxidoreductase (Bryan, Olayanju, Goldring, 

& Park, 2013; H. Yang et al., 2005; H. Zhu, Itoh, Yamamoto, Zweier, & Li, 2005). 

Intracellular iron excess is believed to generate oxidative stress. Thus, the antioxidant 

defense mechanisms is initiated, by which also major iron regulatory genes are activated 

that contain ARE sequences, including FPN (Harada et al., 2011), ferritin H- and L- 

subunits (Pietsch, Chan, Torti, & Torti, 2003; Tsuji, 2005) through Nrf2/Maf/Jun binding. 

Therefore, the cell is promoting the safe storage and export of iron to counteract the 

excess iron levels from further accumulation and its further engagement in the production 

of harmful oxygen radical species. Furthermore, haem has been reported to promote the 

transcriptional activity of Nrf2 by promoting the release of Bach1 from the ARE 

sequences, consequently enhancing Keap1 degradation and nuclear accumulation of Nrf2 

(Marro et al., 2010). 

 

In addition to the four major stimuli (iron, inflammation, erythropoiesis and hypoxia) 

there are a number of other diverse biological compounds that may have a regulatory 

effect on HAMP expression levels. Growth factors; hepatocyte growth factor (HGF) and 

epidermal growth factor (EGF) which mediate hepatic regeneration after liver injury. 

They both have an inhibitory effect on hepcidin expression on a transcriptional level 

directly on the BMP6 signal transduction pathway, thus promoting iron accumulation 

within the injured liver (Goodnough, Ramos, Nemeth, & Ganz, 2012). Hormones, namely 
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oestrogen and testosterone have been reported to also have an effect on HAMP 

transcription. Human liver HuH7 and HepG2 cells were treated with 17b-oestradiol 

resulted in a repressive effect on hepcidin levels and this was shown to be oestradiol 

binding to the oestrogen-response elements located on the HAMP promoter region (Q. 

Yang, Jian, Katz, Abramson, & Huang, 2012). Testosterone has been shown to also 

exhibit a repressive effect on hepcidin levels, although it is still unclear whether it has a 

direct or an indirect inhibitory effect on HAMP expression (Guo et al., 2013) as 

testosterone has been shown to induce erythrocytosis through the elevation of EPO levels 

which also has inhibitory effect on hepcidin transcription (Bachman et al., 2014) (see 

Figure 1-7). 
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Figure 1-7 Positive and negative regulation of hepcidin expression 
(a) Iron status: Modulation of hepcidin by systemic iron availability. At high extracellular 
transferrin bound iron concentrations, holo-transferrin dislodges HFE from TfR1 to 
promote its interaction with TfR2. Subsequently HFE forms complexes with TfR2 and 
HJV and activates SMAD signalling via BMPRs to induce hepcidin transcription. In liver 
cells high iron levels are sensed by BMP6, an activating ligand for BMPRs. The 
BMP6/BMPR complex recruits HJV which together culminate in the activation of 
BMP6/BMPR downstream signalling. The activated BMPR complex initiates 
phosphorylation of SMAD molecules which promote hepcidin expression through the 
activation of the HAMP gene. (b) Hepcidin regulation by inflammatory stimuli. IL-6 
activates JAK and STAT signalling pathway and stimulates the HAMP gene promoter via 
STAT-binding. The BMP transduction pathway further contributes to the inflammatory 
response via SMAD4. (c) Hepcidin regulation by erythropoietic signals. GDF15 and 
TWSG 1 are released by erythroid precursors to inhibit hepcidin upregulation via 
BMP/SMAD signalling. (d) Hepcidin regulation by hypoxia. Low oxygen levels 
stimulate increased expression of HIF which translocate to the nucleus to bind HREs 
which promote the transcription of EPO as well as directly inhibiting the transcription of 
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hepcidin. (e) Hepcidin regulation via sex hormones. Estrogen binds to estrogen-response 
elements on the HAMP gene and directly inhibits its transcription. Testosterone also 
shown to downregulate hepcidin, however it is not clear whether it is direct or due to the 
conjoint presence of increased EPO levels. 
 

 

1.7 Brain iron homeostasis 

 

Iron is a pivotal trace metal that contributes to a multitude of essential metabolic processes 

that is required for the maintenance a normal physiologically healthy brain. These key 

biological processes include; oxygen transport, DNA synthesis, mitochondrial 

respiration, myelin synthesis and neurotransmitter production and regulation (Moos et al., 

2007; N. Singh et al., 2014). Iron propagation within the brain is heterogeneous and 

regions representing the highest concentrations are the substantia nigra pars compacta 

(SNpc) and basal ganglia, which can match liver iron levels (Drayer et al., 1986; Griffiths 

& Crossman, 1993; Haacke et al., 2005; N. Singh et al., 2014). Healthy aging corresponds 

with accumulation of iron associated within specific brain areas, however the 

accumulated iron is inertly stored by ferritin and neuromelanin (Connor, Snyder, Beard, 

Fine, & Mufson, 1992; Zecca et al., 2001; Zecca, Stroppolo, et al., 2004). Iron 

accumulation in brain regions associated with neurodegenerative maladies, such as AD 

(Connor et al., 1992; Qin et al., 2011; M. A. Smith et al., 2010; W. Z. Zhu et al., 2009), 

PD (Ayton et al., 2014; Castellani, Siedlak, Perry, & Smith, 2000; D. T. Dexter et al., 

1987; Lhermitte, Kraus, & McAlpine, 1924) and Huntington’s disease (HD) (Bartzokis, 

Lu, et al., 2007; J. Chen et al., 2013; Cherny et al., 2012) are additionally characterized 

by the presence of oxidative stress and neuronal cell death compared to healthy aging 

brains (Barnham, Masters, & Bush, 2004; Greenough, Camakaris, & Bush, 2013; Zecca, 

Youdim, Riederer, Connor, & Crichton, 2004). It is essential that iron homeostasis 
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mechanisms are preserved under various stressors such as inflammation driven oxidative 

stress which are common features of AD and PD. Unfortunately, often under these 

stressors iron transport and storage within the brain are altered and could result in cellular 

damage via Fenton chemistry.  

 

1.7.1 Proteins involved in iron homeostasis within the periphery and in the brain 

 

Proteins responsible for iron transport and storage are essential for the adequate supply 

and non-toxic overload of iron within cells. Several proteins have been identified within 

the periphery and in the brain to maintain iron homeostasis by serving to aid import, 

storage and export of iron.  

 

1.7.1.2 Transferrin, Transferrin receptor 1 and 2 (Tf, TfR1, TfR2) 

 

Transferrin (Tf) is an 80 kDa monomeric non-haem glycoprotein and primarily 

synthesised in the liver. Its main role is to transport and distribute iron to all sites within 

the body. One molecule of transferrin has two revisable high affinity binding sites for 

Fe3+ (Aisen, Leibman, & Zweier, 1978; Schade & Caroline, 1946). By binding Fe3+, Tf 

maintains iron in a soluble, redox-inert state under physiological conditions, thus 

preventing iron to generate tissue damaging free radicals via Fenton chemistry. When Tf 

is not bound to iron atoms, it is known as apo-transferrin (apo-Tf) and when iron saturated 

it is referred to as holo-transferrin (holo-Tf). Tf can be found in many types of biological 

fluids; including plasma, bile, lymph, cerebrospinal fluid, breast milk and amniotic fluid 

(Qian, Li, Sun, & Ho, 2002). Plasma Tf concentrations within normal physiological 
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parameters is within the range of 2 g/L and 3 g/L, with normal half-life of eight days 

(Gomme, McCann, & Bertolini, 2005). 

 

Cellular access of Tf-bound iron takes place via transferrin receptor 1 (TfR1) expressed 

on most cell types in vivo. The holo-Tf-TfR1 complex is then internalised by clatherin-

dependent endocytosis. The acidic pH within the endosome disassociates ferric from Tf 

(Dautry-Varsat et al., 1983) which subsequently reduced to ferrous ions via STEAP-3 

family of metalloreductases and released into the cell’s cytosol by DMT1 (Knutson, 2007; 

Ohgami et al., 2005) or ZIP14 (Jenkitkasemwong et al., 2012). Within the endosome the 

acidic pH firmly binds apo-Tf to TfR1 and when this complex is recycled back into the 

plasma membrane the alkaline extracellular pH disassociates apo-Tf from TfR-1. Apo-Tf 

is then returned into the circulation to collect more iron and TfR1 is relocated on the cell’s 

surface ready for a new iron uptake cycle (Lim et al., 2005). TfR1expression is most 

abundant in erythroblasts where iron demands are high for haemoglobin synthesis 

(Moura, Hermine, Lacombe, & Mayeux, 2015). 

 

TfR1 mRNA contains an IRE on its 3’UTR and therefore renders itself to the IRP/IRE 

post-transcriptional regulation (described in detail in Section 1.5.4). Under iron deficient 

conditions, TfR1 transcripts are stabilized by the IRP/IRE interaction, thus promoting 

iron influx (Gkouvatsos, Papanikolaou, & Pantopoulos, 2012). TfR1 expression is also 

reported to be controlled on a transcriptional level by HIF-1a, which anneals to a 

conserved binding sequence within the TfR1 promoter. HIF-1a is induced by hypoxia or 

by inflammatory stressors such as ROS and NO (Tacchini, Gammella, De Ponti, 

Recalcati, & Cairo, 2008).  
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Holo-Tf also interacts with a second transferrin receptor (TfR2), which has a 25-fold 

lesser affinity to Tf compared to TfR1 and it does not majorly contribute to iron uptake. 

The genetic deletion of TfR1 results in embryonic lethality, which confirms TfR2’s 

inability to supply iron to cells sufficiently (Levy, Jin, Fujiwara, Kuo, & Andrews, 1999). 

TfR2 is predominantly involved in sensing systemic iron levels via its binding to HFE 

when iron saturation is high promoting hepcidin expression (described in detail in Section 

1.6.1). TfR2 expression is primarily restricted to liver and erythroid precursors. Unlike 

TfR1, TfR2 does not have an IRE in its mRNA sequence (R. E. Fleming et al., 2000; 

Goswami & Andrews, 2006). 

 

In the brain, Tf is produced by the choroid plexus and by oligodendrocytes, however, Tf 

is only secreted by the choroid plexus to supply the rest of the brain with potential Tf-

bound iron (Malecki, Cook, Devenyi, Beard, & Connor, 1999). Even though 

oligodendrocytes are the primary cells that immunostain for Tf, they do not express TfR1 

(Bartlett, Li, & Connor, 1991; Moos et al., 2007). The high concentration of intracellular 

Tf produced by oligodendrocytes are utilized for their maturation and myelination 

(Espinosa de los Monteros et al., 1999). They cannot secrete Tf as they lack the signal 

peptide for secretion (de Arriba Zerpa et al., 2000).  TfR1 is also expressed on the luminal 

side of endothelial cell of the blood brain barrier allowing Tf-bound iron uptake into the 

brain (Jefferies et al., 1984). Astrocytes have not been reported to express Tf or TfR1 in 

vivo (Connor & Benkovic, 1992; Moos, 1996), however astrocytic expression of TfR1 is  

evident in cell culture (Hoepken, Korten, Robinson, & Dringen, 2004). Microglial cells 

show no expression of TfR1 in vitro or in the optic nerve in vivo (Lin & Connor, 1989; 

Moos, 1996). However, rat amoeboid microglia in vivo in the postnatal stage between 1-

10 days do express TfR1 but lose its expression as fully matured adults (Kaur & Ling, 
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1995). Neurons  have not been reported to express Tf, however they do attain significant 

iron supply through TfR1 mediated endocytosis (Connor & Menzies, 1995) and TfR1 

localisation is mainly on the cell body of most neurons (Moos, 1996). Interestingly, TfR1 

mediated endocytosis of holo-transferrin does not seem to play a major supply of iron to 

glial cells, but it does in neurons and other cells outside the CNS. 

 

1.7.1.3 Divalent metal transporter 1 (DMT1) 

 

DMT1 (Nramp2 or DCT1) is a transmembrane protein with 12 membrane spanning 

domains that are capable of transporting a diverse range of cations including; Fe2+, Mn2+, 

Cu2+, Cd2+, Zn2+, Co2+, Ni2+, and Pb2+ (Garrick et al., 2003; Gunshin et al., 1997). DMT1 

was initially identified in 1995 (Gruenheid, Cellier, Vidal, & Gros, 1995), and its activity 

as an iron transporter was discovered in a later study in which DMT1 mRNA construct 

was transfected into Xenopus oocytes and ingress of iron was detected (Gunshin et al., 

1997). Four isoforms of DMT1 have been discovered in mammalian cells that are 

encoded by a single gene (M. D. Fleming et al., 1997; Gunshin et al., 1997; Hubert & 

Hentze, 2002) that all vary in their N-and C-terminal sequences and two isoforms contain 

IRE binding motifs. Two specific promoter sites modulate the synthesis of the 1A or 1B 

isoforms both with the +IRE or -IRE variety of the DMT1 transporter, generating four 

structurally different proteins (M. D. Fleming et al., 1997; Gruenheid et al., 1995; 

Gunshin et al., 1997; P. L. Lee, Gelbart, West, Halloran, & Beutler, 1998; M. A. Su, 

Trenor, Fleming, Fleming, & Andrews, 1998). DMT1 is functionally involved in two 

major routes of iron transport; through the endosomal transfer of iron in the Tf cycle as 

well as a non Tf-bound iron importer located in the plasma membrane. DMT1 is a proton 

symporter that requires the co-transport of one H+ for every Fe2+ across the membrane 
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(Gunshin et al., 1997). While the DMT1-B is ubiquitously expressed, DMT1-A is 

exclusively found on the apical membranes of enterocytes in the duodenum where its 

major role is to facilitate non-haem iron absorption from the diet. Studies confirming the 

great degree of importance of DMT1 as an iron importer was shown in two animal models 

with DMT1 mutations, microcytic anaemia mice and Belgrade rats, both resulted in 

serious intestinal malabsorption of iron and defects in erythrocyte iron utilization leading 

to severe anaemia (M. D. Fleming et al., 1998; M. D. Fleming et al., 1997).  

 

The regulation of DMT1 expression can be observed by multiple stimuli; intracellular 

iron levels via the IRP/IRE post-transcriptional regulatory system, hepcidin, hypoxia and 

inflammation. As discussed earlier the +IRE isoforms are controlled by cellular iron 

status (mechanism described in Section 1.5.4) and −IRE splice variants are not 

susceptible to iron regulation (Hubert & Hentze, 2002). In vitro experiments in intestinal 

Caco-2 cells it was demonstrated that hepcidin had a downregulatory effect of DMT1 

expression on transcript and protein levels (Mena, Esparza, Tapia, Valdes, & Nunez, 

2008; Yamaji, Sharp, Ramesh, & Srai, 2004). Furthermore, hepcidin was shown to have 

a direct effect on duodenal DMT1 downregulation via proteasome internalization and 

degradation, a mechanism that can be also observed with hepcidin’s interaction with FPN 

(Brasse-Lagnel et al., 2011). Hypoxic conditions can induce DMT1 transcription via HIF-

2a (mechanism described in Section 1.6.2) (Mastrogiannaki et al., 2009). Pro-

inflammatory cytokines have been shown to have a very significant up regulatory effect 

on DMT1 in many cell types. INF-g and TNF-a induced elevated DMT1 expression and 

iron ingress in iron uptake into bronchial epithelial cells (X. Wang et al., 2005).  On a 

transcriptional level, DMT1 was shown to be induced by nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB)(Paradkar & Roth, 2006). This transcription 
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factor plays a pivotal role in the activation of many proinflammatory genes from 

downstream signalling of diverse cytokine receptors including TNF-a, Toll-like receptor 

4 (TLR4) via LPS and IL-1 (Hanke & Kielian, 2011; Wajant & Scheurich, 2011). 

 

Astrocytes, microglia and neurons all found to express DMT1, except oligodendrocytes 

which rarely do (Burdo et al., 2001; Song, Jiang, Wang, & Xie, 2007). Primary cell 

cultures of microglia, astrocytes and neurons treated with pro-inflammatory cytokines, 

TNF-a, IL-6 or LPS all resulted in significant upregulation of DMT1 (Urrutia et al., 

2013).  Neuronal iron overload was observed under conditions of hypoxia, excitotoxicity 

or PD animal model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

intoxication, all in which DMT1 expression levels were elevated (E. Huang, Ong, Go, & 

Connor, 2006; Lis et al., 2005; Salazar et al., 2008; D. Wang, Wang, Zhao, Lu, & Zhu, 

2010). DMT1 seems to play an important role in brain iron homeostasis under normal 

physiological conditions as well as under various stressors, such as hypoxia and 

inflammation during which DMT1 up reregulation is highly induced in glia and neurons 

which may promote iron mediated neurodegenerative pathways. 

 

1.7.1.4 Zrt- and Irt-like protein-14 (ZIP14) 

 

Zrt- and Irt-like protein-14 (ZIP14 or SLC39A14, KIAA0062) is a member of a broad 

family of mammalian metal-ion transporters, encoded by the SLC39 gene family. ZIP14 

is highly expressed in the intestine, liver, heart and pancreas (Liuzzi, Aydemir, Nam, 

Knutson, & Cousins, 2006). In 2005, ZIP14 has been initially characterized as a 

transporter for zinc (Taylor, Morgan, Johnson, & Nicholson, 2005), however, recently 

after ZIP14 has been shown that it can conduct non-Tf-bound iron (NTBI) import into 
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HEL293H cells, Sf9 insect cells (Liuzzi et al., 2006) and HepG2 human hepatoma cell 

lines stimulated with NTBI species (J. Gao, Zhao, Knutson, & Enns, 2008). ZIP14 was 

found to localise in the plasma membrane and its overexpression increased both zinc and 

iron into cells (Liuzzi et al., 2006). Whilst the suppression of ZIP14 with small interfering 

RNA (siRNA) in mouse AML12 hepatocytes displayed reduced NTBI uptake (Liuzzi et 

al., 2006). Furthermore, when ZIP14 was expressed in Xenopus laevis oocytes, NTBI 

uptake was significant, specifically ferrous ion and transport of other metals was also 

observed; Cd2+, Mn2+, Zn2+. Thus, suggesting that ZIP14 is a broad scope metal cation 

transporter, which under normal physiological conditions has a preference to zinc and 

under iron-overload conditions it transports NTBI (Pinilla-Tenas et al., 2011). ZIP14 

localisation is also found in early endosomes, where it functions to transport iron out of 

the endosome into the cytosol from transferrin. Hence, it has been suggested that ZIP14 

may not only engage in NTBI import during iron overload conditions, but also under 

normal or low iron conditions when cells sequester their iron supply from transferrin via 

endocytosis (Zhao, Gao, Enns, & Knutson, 2010).  

 

Furthermore, iron loading studies in the liver and pancreas show that ZIP14 has an 

IRP/IRE independent post-transcriptional regulatory mechanism. This was concluded 

after the observation of high ZIP14 protein levels expressed in these tissues, however, 

ZIP14 mRNA did not reflect these elevated protein levels, suggesting an alternative post-

transcriptional regulatory mechanism. Perhaps not surprisingly as ZIP14 mRNA has not 

been identified to date with an IRE region (Nam et al., 2013). Inflammation is another 

major inducer of ZIP14 expression in addition to iron overload conditions. Studies in 

multiple tissues types, including liver, adipose tissue and muscle reported significant 

increase in ZIP14 expression after LPS induced inflammation (Aydemir et al., 2012).  
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Investigations in primary mouse hepatocytes described direct stimulation of ZIP14 

expression with a number of pro-inflammatory cytokines; IL-6, TNF-a, IL-1b and nitric 

oxide (NO)(Aydemir et al., 2012; Lichten, Liuzzi, & Cousins, 2009; Liuzzi et al., 2005). 

Moreover, mouse IL-6 KO studies displayed that, after LPS administration elevated 

hepatic ZIP14 was not detected, suggesting that ZIP14 expression is IL-6 dependent 

(Liuzzi et al., 2005). Furthermore, when primary mouse WT and inducible NO synthase 

(iNOS) KO hepatocytes were treated with IL-1b, ZIP14 expression increased only in WT 

animals. Thus, suggesting that NO may be a mediator for inducing ZIP14 expression by 

downstream cytokine signalling (Lichten et al., 2009). When the isolated KO hepatic 

tissue were treated with a NO donor; S-nitroso-N-acetylpenicillamine, increased ZIP14 

expression was observed at the plasma membrane, hence further reinforcing the 

importance of NO signalling in the expression of this gene (Lichten et al., 2009). Most 

importantly this study also identified the transcription factor which may be responsible 

for the induction of ZIP14 expression under inflammation. Chromatin 

immunoprecipitation studies concluded that NO enhanced the binding of activator protein 

(AP-1) to the ZIP14 promoter (Lichten et al., 2009). 

 

Under normal physiological conditions, neurons and astrocytes have been reported to 

express ZIP14, however microglia and oligodendrocytes had not been found to express 

this protein (Bishop, Scheiber, Dringen, & Robinson, 2010; Ji & Kosman, 2015). The 

localisation of ZIP14 under normal parameters seems to display partial co-localisation 

with TfR/Tf in early endosomes in hippocampal neurons (Ji & Kosman, 2015). There are 

only a handful of inflammatory studies conducted in the brain in reference to ZIP14 

expression and no studies have been submitted on ZIP14 localisation under these 

parameters. A report by Galvez-Peralta et al, treated mouse intraperitoneally with LPS or 
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the proinflammatory cytokines; TNF-a or IL-6 and observed increased ZIP14 mRNA 

levels in brain tissue (Galvez-Peralta, Wang, Bao, Knoell, & Nebert, 2014). A more 

recent report on ZIP14’s role and expression in brain tissue was analysed by Aydemir and 

colleagues in terms of manganese transport. They found that mice with ZIP14 deletion 

displayed manganese accumulation in brain tissue associated with early onset of 

Parkinsonism and Dystonia. Additionally, they also confirmed accentuated ZIP14 

transcript upregulation with LPS treatment in WT mice (Aydemir et al., 2017). A very 

recent study measured ZIP14 mRNA levels in LPS treated immortalized microglial cells 

and interestingly the inflammatory cascade did not have an up regulatory effect on ZIP14 

(McCarthy et al., 2018).  

 

1.7.1.5 Ferrireductases; duodenal cytochrome b (Dcytb), six-transmembrane 

epithelial antigen of prostate 3 (STEAP3) and a-synuclein 

 

The main function of ferrireductases is to reduce ferric iron into a more bioavailable 

ferrous iron. In mammals one of the primary serving ferric reductases is represented by 

duodenal cytochrome b (Dcytb) or (Cybrd1) found to be highly expressed in the apical 

transmembrane of enterocytes in the duodenum in close proximity to DMT1. The 

essential role of Dcytb is to reduce non-haem iron (Fe3+ to Fe2+) and subsequently iron 

absorption can occur via DMT1 (McKie, 2008). Dcytb was distinguished using a 

subtractive cloning technique and its protein structure consists of 286 amino acids with 

six transmembrane domains (McKie et al., 2001). In addition to ferric reductase activity, 

Dcytb has been shown to also conduct cupric reductase function (Wyman et al., 2008). 
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Dcytb is an iron regulated protein, studies have shown that Dcytb mRNA and protein 

levels are rapidly upregulated in response to low iron levels, hypoxia (described in detail 

in Section 1.6.2), erythroid activity and increased systemic iron demands (McKie, 2008; 

McKie et al., 2001). Although Dcytb plays a pivotal role in iron homeostasis, Dcytb 

mRNA does not contain an IRE region compared to other iron regulatory genes such as 

DMT1, TfR1 and FPN (described in detail in Section 1.5.4). Therefore, it has been 

reported, that Dcytb responds to higher iron demands via HIF2a dependent upregulation 

of its transcription. HIF2a has been shown to bind to HRE elements in then promoter 

region of Dcytb to induce its transcription (Shah, Matsubara, Ito, Yim, & Gonzalez, 

2009). 

 

However, Dcytb’s role as a sole ferrireductase in the duodenal brush border membrane is 

a little ambiguous. Studies in Dcytb KO mice displayed no malabsorption of iron, 

consequently this may put forward other candidates with ferrireductase activity in the 

duodenum or substrates that could reduce iron locally such as ascorbic acid, a normal 

constituent of gastric juice. Furthermore, there are no gene mutations found in humans 

associated with any particular iron misregulation (Gunshin, Starr, et al., 2005; Rathbone 

et al., 1989). 

 

Six-transmembrane epithelial antigen of prostate 3 (STEAP3) is another major 

ferrireductase in mammals, co-localised with the Tf cycle endosome and facilitates Tf-

bound iron sequestration into cells (described in detail in section 1.5.1). STEAP3 also 

functions as a cupric reductase and most abundantly expressed in erythroid cells and in 

other tissue types including; placenta, liver, skeletal muscle and pancreas (Coulouarn et 

al., 2005; Ohgami et al., 2005; Passer et al., 2003). Additional members of the STEAP 
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family have been distinguished and also function as endosomal ferrireductases and cupric 

reductases. STEAP2 was reported to be highly expressed in human prostate, fetal liver, 

stomach, duodenum and in the choroid plexus of mice (Ohgami, Campagna, McDonald, 

& Fleming, 2006). STEAP4 has been identified as highly expressed in adipocytes, 

placenta, bone marrow and fetal liver. 

 

In the brain, in vitro and in vivo studies reported astrocytes to express Dcytb (Loke, 

Siddiqi, Alhomida, Kim, & Ong, 2013; Tulpule, Robinson, Bishop, & Dringen, 2010). 

Other brain cell types have not been reported to express Dcytb to date. There is increasing 

evidence on a very brain specific protein expressed by dopaminergic neurons within the 

SN region with ferrireductase activity (Davies, Moualla, & Brown, 2011).  a-Synuclein 

(a-syn) is member of a family of proteins referred to as the synucleins and its normal 

physiological function still remains to be elucidated. However, a-syn significantly 

contributes to neurodegenerative pathology as it has been commonly found forming 

aggregates in inclusion bodies within neurons and glia (Beyer & Ariza, 2007; Hasegawa 

et al., 2002; Spillantini et al., 1997).  a-Syn’s role as a ferrireductase would be a key part 

in iron regulation within the CNS, as the SN region where  a-syn is abundantly expressed 

has got iron content similar to liver. A recent study by McDowall and collogues made a 

major breakthrough regarding a-syn ferrireductase activity, localization and 

conformation of normal wild type and pathological a-syn variants. They demonstrated 

that a-syn’s optimal enzyme activity was attained when it’s a membrane associated 

tetramer. Additionally, McDowall and collogues observed various disease associated a-

syn variants; such as the familial PD mutants; A53T, E46K and observed major changes 

in their enzymic activity, such as they exhibited significantly slower enzymatic turn over 

compared to the physiological variants (McDowall, Ntai, Hake, et al., 2017). Another 
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important report by McDowall and collogues demonstrated in rats overexpressing human 

a-syn in nigral dopaminergic neurons that there is a positive correlation between a-syn 

expression and ferrireductase activity. Furthermore, they also conducted studies on PD 

brain tissue samples and observed decreased ferrireductase activity and clustered 

distribution of a-syn compared to normal controls (McDowall, Ntai, Honeychurch, et al., 

2017). Thus, maybe showing the inactive aggregated forms of the protein which is a 

common feature of PD. 

 

1.7.1.6 Ferritin 

 

Ferritin plays a pivotal role in storing iron in a biologically inert state present in most 

living organisms throughout the animal, plant and microbial kingdoms. First identified in 

1937 by its isolation from horse spleen by crystallization (Laufberger, 1937). Structurally, 

ferritin forms a heteropolymer of 24 subunits of two types; H (heavy; 21 kDa) and L 

(light; 19 kDa) forming a hollow sphere capable of storing up to 4500 iron atoms 

(Harrison, Fischbach, Hoy, & Haggis, 1967). The combination of H and L subunit ratios 

vary with tissue specific distribution (Arosio, Yokota, & Drysdale, 1976). The H subunit 

facilitates ferroxidase activity, which allows for the oxidation of soluble Fe2+ into Fe3+ 

which is subsequently deposited as ferrihydrite in to the protein cavity. The L-subunit’s 

function is to incorporate Fe3+ at carboxyl groups on its glutamate residues, this 

acquisition of iron as ferrihydrite is vital as this prevents iron engaging in harmful redox 

reactions (Chasteen & Harrison, 1999). It is still unclear by what mechanisms ferritin 

releases iron. There are a diverse number of suggestions, however, the two main routes 

of iron release from ferritin is by its degradation; lysosomal dependent or proteasome 

dependent (De Domenico et al., 2006; Kidane, Sauble, & Linder, 2006). The process of 
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ferritin degradation and the concomitant iron release is enhanced by several conditions 

intracellularly, by the presence of reducing agents, oxidative stress and the increased 

activity of FPN (Arosio & Levi, 2010). Generally, ferritin’s role is perceived to be a 

biological buffer against low or high iron levels within the cellular microenvironment. 

 

Regulation of ferritin has been observed on a transcriptional level by oxidative stress and 

by inflammatory cytokines and post-transcriptionally by iron availability. In mammals, 

post-transcriptional regulation of H and L ferritin is through the presence of an IRE region 

on the 5’UTRs on both ferritin mRNA subtypes. Under replete or excess iron conditions 

ferritin mRNA translation is encouraged and when iron availability is low, translation of 

ferritin transcripts are blocked (described in detail in Section 1.5.4) (Hentze & Kuhn, 

1996; Muckenthaler et al., 2008). Transcriptional regulation of ferritin induced by 

oxidative stress is via the presence of an upstream antioxidant responsive element (ARE) 

on ferritin genes. The binding of nuclear factor erythroid 2-related factor (Nrf2) and junD 

transcription factors to the ARE on the promoter of H and L ferritin genes in response to 

oxidative cellular stress (Pietsch et al., 2003; Tsuji, 2005). Inflammation also upregulates 

ferritin expression via cytokines TNF-a, IFNg, IL-1b, IL-6; especially stimulating the 

expression of the H type over the L type (Hirayama et al., 1993; Pham et al., 2004; Rogers 

et al., 1990; Tran, Eubanks, Schaffer, Zhou, & Linder, 1997). 

 

The highest ferritin expression is observed in oligodendrocytes which have equal ratio of 

H to L subunits (Connor, Boeshore, Benkovic, & Menzies, 1994). Neurons 

predominantly express H ferritin and microglial ferritin mainly constitutes the L subtype 

(Connor et al., 1994). Astrocytes contain the least amount of ferritin among the cells of 

the CNS under physiological conditions (Benkovic & Connor, 1993; Connor & Benkovic, 
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1992; Connor et al., 1994). However, under iron load conditions, as in ceruloplasmin 

knock out mice, significant upregulation of ferritin was reported in astrocytes (Jeong & 

David, 2006).  

 

1.7.1.7 Ferroportin (FPN) 

 

In present scientific literature FPN is recognised as the sole cellular exporter of iron in 

mammals. It is very highly expressed in cells and tissues which are associated with 

significant distribution of iron systematically; duodenal enterocytes, liver Kupffer cells 

and splenic red pulp macrophages, periportal hepatocytes and placental 

syncytiotrophoblast (D. M. Ward & Kaplan, 2012). FPN is a 571 amino acid glycoprotein 

with a mass of 62kD with a predicted 12 transmembrane domains (X. B. Liu, Yang, & 

Haile, 2005). The important discovery of this biologically vital protein was made by three 

different groups simultaneously (Abboud & Haile, 2000; Donovan et al., 2000; McKie et 

al., 2000) hence FPN is also known as MTP1, Ireg1 and SLC40A1. 

 

The mechanism for how FPN conducts iron transport still remains to be elucidated. 

However, there is a general consensus that Fe2+ is the main substrate for FPN and in 

collaboration with multicopper-containing ferroxidases, Fe2+ is oxidized to Fe3+ and 

subsequently loaded onto plasma Tf for its distribution to tissues where iron is in demand 

(D. M. Ward & Kaplan, 2012). The vital role of FPN in maintaining a healthy functioning 

of iron homeostasis in biological systems is extensively researched. FPN’s central role in 

iron export was demonstrated in vivo using a series of transgenic mice (Donovan et al., 

2005). FPN KO mice are embryonically lethal, demonstrating the pivotal role of FPN in 

the transfer of iron between the extraembryonic visceral endoderm and the embryo 
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leading to impaired embryonic development and subsequent death. When FPN was 

deleted only within the embryo and the protein was intact in the extraembryonic visceral 

endoderm and the placenta, the resultant animals survived birth and displayed rapid onset 

of anaemia and displayed iron accumulation in enterocytes, splenic macrophages, 

Kupffer cells and in hepatocytes. Adult mice which had FPN deleted in intestinal cells 

also have been observed to rapidly develop anaemia, thus highlighting the importance of 

FPN absorbing iron from the intestines (Donovan et al., 2005). Further studies 

specifically deleting FPN in mice macrophages, hepatocytes revealed the requirement of 

optimal FPN expression and function in order to efficiently mobilize stored iron. Animals 

with the associated FPN tissue deletions become anaemic at a much faster rate compared 

to control animals fed on an iron deficient diet. Moreover, the same animals on a standard 

diet exhibited normal rate of erythropoiesis, thus demonstrating that duodenal FPN 

upregulation and increased intestinal absorption can compensate for the impaired activity 

of FPN in recycling macrophages and mobilization of liver iron stores (Z. Zhang et al., 

2011; Z. Zhang et al., 2012).  

 

Autosomal dominant type of mutations within the human FPN gene gives rise to a subtype 

of iron overload disease; hemochromatosis type IV, alternatively also referred to as 

Ferroportin disease (Montosi et al., 2001). Predominantly these mutations result in loss 

of FPN function that consequently lead to iron accumulation in macrophages, low Tf 

saturation in plasma and mild liver damage. A minority of this type of FPN mutations 

conveys hepcidin resistance, in which FPN and hepcidin binding does not result in the 

internalization and degradation of FPN. Thus, normal iron export occurs from both 

intestinal and macrophages, however plasma Tf iron levels become extremely saturated 

resulting in iron accumulation in hepatocytes (Pietrangelo, 2010, 2011). 
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Regulation of FPN expression is a highly co-ordinated multi-layered mechanism, which 

exists at transcriptional, posttranscriptional, posttranslational and cell-lineage levels. On 

a transcriptional level of regulation hypoxia induces HIF-2a to upregulate FPN 

expression, a mechanism of upregulation also shared by Dcytb and DMT1 (described in 

detail in Section 1.6.2; (Mastrogiannaki et al., 2009)). Oxidative stress induces FPN 

transcription through the Nrf2 pathway which binds ARE upstream to FPN’s promoter 

(Harada et al., 2011), a mechanism of transcriptional control also shared by ferritin. Haem 

is another inducer of FPN upregulation through Nrf2 transcription factor activity 

(described in detail in Section 1.6.2 (Marro et al., 2010)). Additionally, transcription of 

FPN is enhanced by other transition metals such as zinc and cadmium through the action 

of Metal Transcription Factor-1 (MTF-1) which binds to FPN’s promoter (Troadec, 

Ward, Lo, Kaplan, & De Domenico, 2010). In contrast to hypoxia, oxidative stress and 

iron deficiency, inflammation downregulates FPN on a transcriptional level. The effect 

of inflammation was first reported  in vivo for liver and splenic FPN mRNA levels 

induced by lipopolysaccharide (LPS) which acts as a ligand for the innate immune 

activator Toll-like receptor 4 (TLR4) that engages in intracellular NF-kB signalling 

pathway to enhance the production of pro-inflammatory cytokines (X.-B. Liu, Nguyen, 

Marquess, Yang, & Haile, 2005; F. Yang et al., 2002). A study in hepcidin KO mice 

confirmed that FPN is till downregulated after LPS administration, thus indicating that 

inflammation works through hepcidin independent pathways to result in decreased  FPN  

expression (Deschemin & Vaulont, 2013). However, the mechanism of the 

downregulatory effect of FPN by inflammation is still poorly understood. 

 

Post-transcriptionally, FPN is modulated by the IRE/IRP system (described in detail in 

Section 1.5.4).  FPN transcripts contain an IRE in their 5’ UTR, under low iron conditions 
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FPN translation is inhibited and with replete iron levels its translation is enhanced (Hentze 

& Kuhn, 1996; Muckenthaler et al., 2008). 

 

Post-translationally, there are two major regulators of FPN expression. The hepcidin 

dependent post-translational regulation of FPN. Whereby hepcidin, a hormone secreted 

into the blood plasma by the liver binds to FPN on the cell membrane and subsequently 

promotes FPN endocytosis and proteolysis, predominantly in lysosomes (described in 

detail in Section 1.6.1; (Nemeth, Tuttle, et al., 2004)). The second post-translational 

mechanism of FPN regulation is hepcidin independent. Whereby FPN is undergoing 

endocytosis and proteolysis in the absence of the multicopper oxidase ceruloplasmin (Cp) 

and while Cp levels are sufficient, FPN is stably located in the plasma membrane (Jeong 

& David, 2003). 

 

Unsurprisingly, FPN is widely expressed in the brain, including the plasma membranes 

of microglia, astrocytes, oligodendrocytes and neurons (Boserup, Lichota, Haile, & 

Moos, 2011; Schulz, Vulpe, Harris, & David, 2011; J. Wang, Jiang, & Xie, 2007; Wu et 

al., 2004). FPN mRNA and protein was detected in ependymal cells of the choroid plexus 

in mice (Wu et al., 2004) and protein expression was detected in the choroid plexus in the 

human brain (Clardy et al., 2006). FPN localisation was also observed in the abluminal 

side of endothelial cells of the blood brain barrier (BBB) and in astrocytic foot process 

extending from the cell body to the blood vessels of the BBB in mice (Wu et al., 2004). 

These localisation studies strongly indicate the critical role of FPN in the BBB and the 

choroid plexus in exporting ferrous iron from the systemic circulation and brain 

parenchyma into cerebrospinal fluid of the ventricular system. Furthermore, the same 

study also reported that neuronal presynaptic vesicles contain FPN, indicating that iron 
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could be exported to the post-synaptic cleft and subsequently received by astrocytes or 

post-synaptic neurons (Wu et al., 2004). 

 

1.7.1.8 Multicopper ferroxidases; ceruloplasmin (Cp), hephaestin (Heph) and 

zyklopen (Zp) 

 

The three known mammalian multicopper-containing ferroxidases are ceruloplasmin 

(Cp) (Kosman, 2002), hephaestin (Heph) (Vulpe et al., 1999) and zyklopen (Zp) (H. Chen 

et al., 2010) that oxidize Fe2+ to Fe3+, the ferric species can be then released by FPN and 

loaded onto Tf to be transported to tissues with varying iron demands (described in detail 

in Section 1.5.3; (De Domenico et al., 2007; Leitner & Connor, 2012; Moos et al., 2007).  

 

In vivo studies observed that Cp and Heph facilitate cellular iron efflux and even more so 

under higher iron demands. Heph is a transmembrane protein abundantly expressed in the 

duodenum of enterocytes with an extracellular domain that is highly homologous to Cp 

soluble plasma protein. The function of Heph in iron export was established in mice with 

sex-linked anaemia (sla), sla mice exhibited intestinal iron accumulation and systemic 

iron deficiency with mild hypochromic, microcytic anaemia. The anaemia was observed 

to improve with age as iron demands to accompany growth and development were no 

longer required (Vulpe et al., 1999). Further studies in vivo with whole body Heph KO 

mice demonstrated the same phenotypic expression as sla mice, indicating the important 

role of Heph in body iron acquisition. However also demonstrating that there are other 

mechanisms, multicopper ferroxidase-dependent or independent that may compensate for 

Heph loss of function or its complete deficiency (Fuqua et al., 2014). Further mouse 

studies with the Heph KO genotype showed some very revealing research about systemic 



 

 75 

and CNS iron regulation. Despite systemic iron deficiency, brain iron levels of Heph KO 

animals were the same as the WT at the same age at 4-8 weeks. However, as the Heph 

KO animals were growing older they eventually exhibited iron accumulation in the 

cortex, hippocampus, brainstem and cerebellum, hence suggesting that aging is 

accompanied by iron accumulation in the brain of Heph KO mice (R. Jiang et al., 2015). 

Furthermore, this pattern of iron accumulation within the CNS was also observed in sla 

mice (Schulz et al., 2011). 

 

Cp has two isoforms, a protein in blood plasma or cerebrospinal fluid (CSF) and a 

glycosylphosphatidylinositol (GPI)-linked membrane associated protein, both of which 

are the splice variants products of one gene. The GPI-linked Cp is highly expressed by 

astrocytes and is the major form of Cp in the CNS. Plasma Cp is synthetized and secreted 

by the liver and has a role in redistribution of iron from the liver and other organs but this 

form of Cp cannot cross the BBB. Cp in the CSF is secreted by cells of the choroid plexus 

(Vassiliev, Harris, & Zatta, 2005).  In vitro studies in astrocytes show that the presence 

of GPI-linked Cp is highly necessary to remove the Fe2+ from FPN in order to release 

cellular iron. In the absence of the GPI-linked Cp, Fe2+ is trapped within FPN and this 

causes a conformational change and subsequent ubiquitination and lysosomal endocytosis 

and proteolysis of FPN (De Domenico et al., 2007). Heph is also a membrane bound 

protein which is in collaboration with FPN to release iron and it has been shown in Cp 

KO mice studies to compensate for the loss of Cp activity in astrocytes (Jeong & David, 

2003). However, compensation for Heph is not observed with Cp in Heph KO mice in 

the brain (R. Jiang et al., 2015).  
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Human and mouse studies that are deficient in Cp result in iron accumulation within the 

liver, brain and the retina with consequent damage within these organs. Cp deficiency 

also conveyed impaired iron mobilization from macrophages and hepatocytes leading to 

anaemia (Harris, Durley, Man, & Gitlin, 1999; Osaki & Johnson, 1969). Combined Heph 

and Cp deficiency reported to cause severe iron accumulation in the retina of mice and 

consequently the animals have developed a severe form of macular degeneration 

(Hadziahmetovic et al., 2008). 

 

The third and most recently discovered copper ferroxidase, Zp, is described as a 

membrane protein most abundantly expressed in the placenta (H. Chen et al., 2010), but 

its physiological role remains to be elucidated. 

 

1.7.1.9 Hepcidin 

 

Hepcidin is small 25-amino acid peptide hormone with a small degree of antimicrobial 

activity which was first identified in human urine and plasma (Krause et al., 2000; C. H. 

Park et al., 2001). It is primarily produced by hepatocytes as an 84-amino acid pre-pro-

peptide which is subjected to furin cleavage to produce several smaller peptides, 

including the biologically active form of the mature 25 amino acid peptide. The vital role 

of hepcidin as a systemic regulator of iron homeostasis was elucidated in several in vivo 

studies. The initial research effort that shed light to hepcidin’s pivotal biological function 

was conducted in two different mice models. The murine genome possesses two closely 

related hepcidin genes; HEPC1 and HEPC2, the expression of both of these genes are 

modulated by the transcription factor upstream stimulatory factor 2 (USF2). USF2 KO 

mice displayed no expression of HEPC1and HEPC2 and developed hemochromatosis 
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with iron accumulation in liver, pancreas and heart (Nicolas et al., 2001). Transgenic mice 

overexpressing HEPC1 were born with severe anaemia and died soon after birth (Nicolas 

et al., 2002). However, transgenic mice overexpressing HEPC2 displayed no apparent 

malfunction in iron regulation and thus highlighting that HEPC1 is the key modulator of 

iron homeostasis in mice (Lou et al., 2004).  

 

The essential role of hepcidin in humans was confirmed by genotyping two families with 

a rare form of juvenile hemochromatosis exhibiting clinical signs of severe iron overload 

with liver fibrosis or cirrhosis and hypogonadism. The study identified two distinct 

homozygous mutations in the HAMP gene that resulted in the production of two types of 

inactive mutated forms of hepcidin in the affected family members and hence underlining 

the pivotal role of hepcidin maintaining optimal iron balance in vivo (Roetto et al., 2003). 

Thus, hepcidin’ s impact on iron homeostasis is by negatively modulating iron absorption 

through its interaction with FPN (described in detail in Section 1.6.1).  

 

Hepcidin protein concentrations were detected in various brain regions including the 

choroid plexus, corpus callosum, olfactory bulb, cortex and subventricular zone. 

However, a number of studies measuring hepcidin mRNA and protein in the brain find 

that there is a discrepancy between the two levels of expression. Protein levels seem to 

be more noticeably expressed compared to mRNA levels. Two different groups 

confirmed this observation in the CNS, a study by Raha-Chowdhury et al and Zechel et 

al. In their investigations, mRNA expression was measured by in situ hybridization and 

protein localization and expression intensity was detected using immunohistochemistry. 

They observed that hepcidin gene transcription was below the detection limits of the in-

situ hybridization probes, although protein levels were clearly detectable in the brain 
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sections analysed by immunohistochemistry. Thus, suggesting that hepcidin is not 

entirely transcribed in situ in the brain and therefore hepcidin protein may stem from other 

organs such as the liver (Raha-Chowdhury et al., 2015; Zechel, Huber-Wittmer, & von 

Bohlen und Halbach, 2006). Under basal conditions hepcidin protein was detected in 

mature astrocytes and other glial cell populations although not named, mature neurons 

did not exhibit hepcidin at all (Raha-Chowdhury et al., 2015). However, hepcidin 

expression consistently have been observed in special function neurons such as retinal 

photoreceptors and in retinal pigment epithelium and Muller cells (Gnana-Prakasam et 

al., 2008). Interestingly systemic levels of hepcidin has no significant effect on brain iron 

homeostasis. In liver hepcidin KO mice, which represent systemic hepcidin deficiency, 

did not result in brain iron overload, in fact iron levels were normal (Xiong et al., 2016). 

In hemochromatosis were hepcidin disturbance is commonly observed, brain iron-load is 

very rarely observed (Rutgers, Pielen, & Gille, 2007).  

 

Inflammation and oxidative stress are key aspects of PD pathology and these are both 

prominent inducers of hepcidin expression. In PD cell culture models treated with 6-

hidroxydopamine (6-OHDA) results in the concomitant upregulation of hepcidin and 

shown to enhance iron load in neurons, while siRNA treatment of neurons to silence 

hepcidin expression did not exhibit neuronal iron load in response to 6-OHDA treatment 

(D. Chen, Kanthasamy, & Reddy, 2015; Q. Xu, Kanthasamy, Jin, & Reddy, 2016). 

 

1.7.2 The regulation of iron at the blood brain barrier  

 

The brain is the only organ in the body that is anatomically located behind a relatively 

weakly permeable vascular barrier which constrains its admission to plasma nutrients. 
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Hence the brain is limited to retrieve iron directly from systemic circulation. The primary 

route of iron transport into the brain occurs via TfR mediated uptake on the luminal side 

of blood capillary endothelial cells (BCECs) lining the blood brain barrier (BBB) (Moos 

et al., 2007). Essentially the cells that constitute BBB include the cerebral capillary 

endothelial cells connected by tight junctions, a basal lamina, perycites and astrocyte end-

foot processes. The initial step of iron transportation from the luminal to the abluminal 

side of BCECs requires diferric transferrin binding to TfR1 expressed on the luminal 

membrane which culminates in receptor-mediated endocytosis. Interestingly TfR1 

expression does not increase on the luminal side of BCECs under iron deficiency based 

on studies with rats on an iron deficient diet (Moos, Oates, & Morgan, 1998). Under iron 

deficiency, it has been suggested that the cycling rate of the endosomal Tf-TfR1 receptor 

complex is increased (described in detail in Section 1.5.1). However, the iron handling 

and release of iron at the abluminal side of the BCECs into the brain intersitium is still a 

highly debated area of research. There are two main hypotheses put forward based on the 

engagement of DMT1 in the iron handling process. Firstly, the transcytosis model, which 

is based on poor DMT1 detection via immunostaining techniques in the BCECs in 

developing or adult rat brains (Moos, Skjoerringe, Gosk, & Morgan, 2006). This model 

suggests that the iron-Tf/TfR complex is internalized in an endosome at the luminal 

surface of the BCECs which would be transported to the abluminal side of the BCEC 

membrane. There, the iron atoms would remain bound to the TfR complex but would be 

exposed to a local microenvironment where various factors can retrieve the Tf-iron. These 

soluble factors are present within the brain’s extracellular fluid at high concentrations 

such as ascorbate, ATP and citrate released by astrocytes (Morgan, 1977, 1979). In 

addition, the newly released iron is also captured by circulating Tf which is mainly 

secreted by the choroid plexus. Under normal physiological conditions serum Tf does not 
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cross into the brain, or brain Tf does not leak into the serum. However, under pathological 

conditions this exchange has been observed (Moos et al., 2007; Morgan & Moos, 2002; 

Rouault, Zhang, & Jeong, 2009). Iron atoms bound to such soluble factors are distributed 

to be taken up by other cell types including astrocytes, oligodendrocytes, neurons and 

microglia. The apo-Tf at the abluminal side of BCEC membrane would remain bound to 

TfR1 and subsequently recycled back to the luminal cell surface, where Tf is released 

into the circulation (Moos et al., 2007). The second major model proposed is the receptor 

mediated Tf endocytosis, in which uptake of holo-Tf via TfR1 at the luminal side of 

BCECs and the holo-Tf/TfR1 undergoes endocytosis. The low pH of the endosome 

detaches the iron atoms from Tf and metallo reductases; STEAP1 and 3 subsequently 

reduce ferric to ferrous which then transported into the cytoplasm across the endosomal 

membrane perhaps via DMT1(Burdo et al., 2001) or ZIP14 (Jenkitkasemwong et al., 

2012). Fe2+ is then released into the brain interstitial fluid via ferroportin and 

concomitantly oxidized to Fe3+ by a glycophosphoinositide-linked ceruloplasmin (GPI)-

linked Cp highly expressed in the foot processes of astrocytes that closely surround the 

brain endothelial cells. Therefore, astrocytes may play a vital role as iron importers into 

the brain due to their intimate proximity with the abluminal side of the BBB. In addition, 

other ferroxidases may be involved with the oxidation of iron released by FPN from the 

abluminal side of BCECs. A study by McCarthy et al demonstrated positive Heph 

expression in the human brain microvasculature endothelial cells of the BBB and 

depletion of Heph via copper chelation resulted in decreased FPN expression and iron 

efflux (McCarthy & Kosman, 2013) (see Figure 1-8).  

 

In addition of the two primary routes of Tf related transportation of iron across the BBB, 

a Tf independent mechanism is evident. Since hypotransferrinaemic mice display normal 
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iron concentrations in the brain, hence must have non Tf based mechanisms to absorb 

iron from the systemic circulation (Beard, Wiesinger, Li, & Connor, 2005). There are 

homologs of Tf that have been observed to transport iron through the BCECs, such as 

lactoferrin or melanotransferrin (Fillebeen et al., 1999) although the viability of these iron 

transporting routes are still unclear (Richardson & Ponka, 1997). Non-transferrin bound 

iron (NTBI) species such as the uptake of ferritin from serum by the BBB (Fisher et al., 

2007) have been shown to taken up at the apical side by receptors such as SCARA5 (J. 

Y. Li et al., 2009) and TIM-2 (Todorich, Zhang, Slagle-Webb, Seaman, & Connor, 2008). 

However, the mechanism of the ferritin/receptor uptake and the degree of iron 

contribution to the brain via this route is still very poorly understood. Other possible 

candidates for NTBI uptake through the BBB may very well contribute significantly to 

iron supply to the CNS, such as Transient receptor potential cation channels, subfamily 

C, member 6, voltage-gated Ca2+ channels, and ZIP14, obviously still open for 

investigations. 

 

Another potential barrier for iron entry into the brain is through the choroid plexus.  

Previously the choroid plexus was not considered to contribute significantly to iron 

homeostasis, partly because the BBB has been perceived to provide a much greater apical 

surface area compared to the choroid plexus which has been estimated to have less than 

half of BBB (Keep & Jones, 1990). More recent studies conducted on the choroid plexus 

show that its work surface area including the microvilli on both the apical and basolateral 

membranes come to a ten-fold greater increase than previously estimated (Speake, 

Kibble, & Brown, 2004). Furthermore, the blood flow rate to the capillaries of the choroid 

plexus has been shown to be five-fold stronger compared to other regions of the brain 

(Maktabi, Heistad, & Faraci, 1990). Therefore, it is very tempting to anticipate that the 
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combination of high blood supply and high surface area of the choroid plexus allows for 

very efficient nutrient uptake and thus making this region of the brain a pivotal contributor 

to iron regulation in the CNS. 
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Figure 1-8 Brain iron metabolism 
The primary route of iron transport into the brain occurs via TfR1 mediated uptake on the 
luminal side of BCECs lining the BBB. The initial step of iron transportation from the 
luminal to the abluminal side of BCECs requires diferric Tf binding to TfR1 expressed 
on the luminal side of the membrane. Two different transport models have been proposed 
based on the presence or absence of the DMT1 transporter. The transcytosis model which 
represents the endocytosis of holo-Tf and TfR1 receptor complex and the subsequent 
endosomal transportation across the BCECs cytosol and the diferric Tf directly released 
into the brain interstitial at the abluminal side of the BCECs (red arrows). Whereas in the 
receptor mediated endocytosis model (blue arrows); the proposed iron uptake across the 
BCECs occurs via the same initiation of the holo-Tf and TfR1formation within the 
endosome, however the low endosomal pH detaches the iron atoms from Tf and STEAP1 
or 3 subsequently reduce ferric to ferrous which then transported into the BCEC’s 
cytoplasm across the endosomal membrane via DMT1. Fe2+ is then released into the brain 
interstitial fluid via FPN and concomitantly oxidized to Fe3+ by a GPI-linked Cp highly 
expressed in the foot processes of astrocytes that closely surround the brain endothelial 
cells or by Heph ferroxidase expressed on the abluminal side of BCECs. Iron uptake by 
astrocytes is strongly mediated by DMT1 or possibly by ZIP14 and other ion transporters. 
Astrocytes release low molecular compounds; ascorbate, citrate, ATP that bind and 
transport iron within the brain interstitial fluid and act as the NTBI pool of the brain. 
Astrocytes store iron in ferritin and export iron by FPN in conjunction with Cp and iron 
is loaded onto Tf which is secreted by the choroid plexus. Microglia possibly take up iron 
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via TfR1, DMT1 and ZIP14, store iron by ferritin and conduct FPN mediated iron export 
in conjunction with Heph ferroxidase. Neurons strongly express TfR1 and hence iron 
uptake by TfR mediated endocytosis is a dominant iron entry pathway into neurons. NTBI 
uptake in neurons have been shown to be mediated possibly by DMT1 and ZIP14. 
Neuronal iron storage is minimal under physiological conditions and ferritin expression 
is very low. Iron export is mediated by FPN and Cp or Heph ferroxidases which are 
located in the close proximity of FPN in the plasma membrane. 
 

 
 1.7.3 Glial and neuronal iron homeostasis 
 

1.7.3.1 Astrocytes 

 

Astrocytes are a sub-type of glia that constitutes the majority of the cell population of the 

CNS. These cells express a star shaped phenotype, which provide structural, metabolic 

and trophic support to neurons by surrounding neuronal synapses. Under normal 

physiological circumstances, astrocytes engage in a huge array of vital functions to 

maintain healthy CNS homeostasis. Astrocytic perivascular end-feet processes connect 

the BCECs to neurons and therefore, astrocytes are involved in the critical role of 

regulating the influx and efflux of a diverse number of substances (Abbott, Ronnback, & 

Hansson, 2006). Astrocytes engage in the supervision of ion and neurotransmitter 

concentrations, synaptogenesis (Ullian, Christopherson, & Barres, 2004) and vasodilation 

(Takano et al., 2006) during enhanced neural activity. As astrocytes form synapses with 

brain capillaries and neurons, these glial cells also play a vital role in providing 

nourishment to neurons (Brown & Ransom, 2007). 

 

Astrocytes play a critical role in the modulation of brain iron absorption and metabolism 

as they have close interactions with the BCECs and neurons. Astrocytes have been found 

not to express TfR in vivo (Moos, Oates, & Morgan, 1999), whereas TfR expression is 

validated in rat cell cultures (Qian, To, Tang, & Feng, 1999). The majority of iron 
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absorption employed by astrocytes both in vivo and in vitro utilizes NTBI uptake 

pathways. It is likely that DMT1 contributes to some degree to NTBI uptake as it is 

expressed in cultured astrocytic cells (Erikson & Aschner, 2006) and strong expression 

is evident in the brain in the astrocyte end-feet that interact with the capillary endothelial 

cells (Burdo et al., 2001). Therefore, iron that is released by BCECs may be rapidly taken 

up by localised astrocytes via their DMT1 transporters. Astrocytes possess a high capacity 

for iron accumulation as they express mainly the ferritin light chain which is efficient at 

iron storage (Bishop, Dang, Dringen, & Robinson, 2011), however they characteristically 

store small amounts of iron under optimal physiological conditions and may be engaged 

in immediate brain iron distribution after uptake. FPN constitutes the primary iron export 

pathway in astrocytes. FPN associates with GPI-Cp, an essential ferroxidase that converts 

Fe2⁺ released by FPN to Fe3+  (Jeong & David, 2003) (See Figure 1-8). The presence of 

FPN in the plasma membrane is directly modulated by hepcidin (Zechel et al., 2006). 

Furthermore, hepcidin has been implicated to have a direct effect on the downregulation 

of DMT1 and TfR1 through a novel receptor present in rat astrocyte cultures (Du et al., 

2011). 

 

Astrocytes can undergo a significant transformation process called ‘reactive astrocytosis’, 

due to a multiple of triggers that convey a sense of imbalance in the CNS. These types of 

intracellular molecules include; (1) large polypeptide growth factors and cytokines: 

ciliary neurotrophic factor, leukaemia inhibitory factor, IL-6, TNF-a, (2) modulators of 

innate immunity; lipopolysaccharide (LPS) and other Toll-like receptor ligands, (3) 

neurotransmitters; glutamate and noradrenalin, (4) purines: ATP, (5) ROS, (6) hypoxia 

and hypoglycemia, (7) products involved with neurodegeneration; b-amyloid and a-

synuclein (8) acute trauma in the CNS (Sofroniew, 2009). Reactive astrocytes can be 
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both, supportive or detrimental for CNS recovery, the nature of astrocytic reactivity 

depends on the type of stressors involved and the amount of time the CNS is exposed to 

these stressors (Sofroniew, 2009). Astrocytes are immunocompetent cells that express 

toll-like receptors (TLRs) which respond to TLR agonists by releasing exaggerated levels 

of proinflammatory substances such as; TNF-α, IL-1b, IL-6 that may have detrimental 

effects on neural viability (Minogue, Barrett, & Lynch, 2012). Particularly, TLR4 

expression and signalling is evident in brain damage after stroke, AD, PD and in 

autoimmune disease such as multiple sclerosis (Caso et al., 2007; Marta, 2009; McCabe, 

Concannon, McKernan, & Dowd, 2017; Tang et al., 2007). A number of studies report 

activation of astrocytes by bacterial LPS that induces TLR4 signalling through NFkB, 

MAPK, and JAK1/STAT1 pathways, which culminates in the production in a wide range 

of proinflammatory molecules. This type of reactive astrocytosis have been reported to 

promote and enhance reactivity of microglia, thus amplifying neuroinflammatory 

cascades and destruct BBB permeability (Gorina, Font-Nieves, Marquez-Kisinousky, 

Santalucia, & Planas, 2011). A recent mouse in vivo study identified two subpopulations 

of reactive astrocytes in response to LPS induced neuroinflammation or ischaemia. LPS 

induced the A1 subtype that promotes rapid death of neurons and oligodendrocytes, 

however the exact mechanism and specific compound/s released by A1 which has this 

destructive effect, still remains to be elucidated. However, a certain marker for the A1 

reactive astrocyte phenotype is that they secrete a diverse array of complement cascade 

components. In contrast under ischemia, the A2 subtype was present, which strongly 

promote neural survival and tissue repair. Interestingly, LPS was reported to induce its 

inflammatory signalling cascade via the TLR4 receptors on microglia, not astrocytes as 

microglial KO mice confirmed no detection of the A1 reactive astrocyte population after 

LPS treatment. The study further analyzed the factors released by LPS activated microglia 
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that provoke the expression of the A1 subtype. These factors were IL-1a, TNF-a and 

complement component 1q (C1q) both in vitro and in vivo mouse cells (Liddelow et al., 

2017).  

 

1.7.3.2 Microglia 

 

Microglia present 10-20% of the glial cell population and chiefly serve as the innate 

immune system of the CNS. Microglia are of mesodermal/mesenchymal origin and 

consist of two subpopulations which derive from divergent backgrounds: one population 

is initiated from bone marrow related cells that travel to the CNS during embryonic 

advancement, the second subpopulation of microglial cells originate from myeloid 

progenitor cells that infiltrate the brain following birth (Ginhoux et al., 2010; Prinz & 

Mildner, 2011). In an optimal brain environment, the observable phenotypes of these cells 

are ramified, highly branched, motile cell processes and referred to as resting microglia. 

Still in this quiescent state, these cells constantly inspect their local environment for any 

type of brain damage or pathologic derision (Nimmerjahn, Kirchhoff, & Helmchen, 

2005). Microglia undergo a multistage activation process in response to a recognised 

hazardous stimulus within the CNS. Activated microglia significantly up-regulate a 

diverse range of surface receptors including the major histocompatibility complex and 

complement receptors, transform their morphology from resting, ramified cells to 

activated deramified, amoeboid microglia (Kreutzberg, 1996). Activated microglia have 

been recognised to take on two distinctive phenotypes. The M1 phenotype which is 

associated cytotoxic traits and the M2 phenotype which provides neuroprotective 

characteristics. M1 microglia respond to acute injury, infection, environmental toxins 

(Block, Zecca, & Hong, 2007; H. M. Gao, Liu, Zhang, & Hong, 2003) and aggregated 
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and misfolded proteins evident in PD and AD (Michelucci, Heurtaux, Grandbarbe, 

Morga, & Heuschling, 2009; W. Zhang et al., 2005). Initially, M1 microglial cells are the 

first line of defense in response to danger stimuli in the local microenvironment and 

promote the destruction of invading pathogens. However, overtime, M1 microglia cause 

significant damage to neurons and other cells in the CNS by its induction of NF-kB 

signalling to promote the production of INOS, proinflammatory cytokines; TNF-a, IL-

1b, IL-6 as well as superoxide, ROS and NO (Block et al., 2007; Le et al., 2001; R. Li, 

Huang, Fang, & Le, 2004). In a normal defense response in the CNS, M2 microglia 

respond to dampen the effects of the M1 phenotype, however this is often not the case 

under neurodegenerative pathology. M2 microglia perform phagocytosis of cell debris 

and misfolded proteins, promote tissue repair and provide neuronal support by the release 

of neurotropic factors. M2 microglia antagonize the pro-inflammatory nature of M1 

microglia by the production of four major anti-inflammatory cytokines; IL-4, IL-13, IL-

10, and TGF-b (Butovsky, Talpalar, Ben-Yaakov, & Schwartz, 2005; Zhou, Spittau, & 

Krieglstein, 2012). 

 

Iron regulatory processes in resting and activated microglia remain undefined in present 

literature. Studies conducted on ramified neonatal mouse microglia concluded that the 

non-transferrin bound iron (NTBI) uptake pathway was the predominant transport of iron 

into these cells compared to glia and neurons (Bishop et al., 2011). Resting microglia 

however, have very minimal DMT1 or TfR1 (Kaur & Ling, 1995) expression detected in 

vivo along with other glial cells; astrocytes and oligodendrocytes compared to neurons 

(E. Huang et al., 2006; Moos & Morgan, 2004; Pelizzoni, Zacchetti, Smith, Grohovaz, & 

Codazzi, 2012). Perhaps these finding suggests that the normal iron requirements under 

physiological conditions is much lower than in neurons or perhaps glial cells have 



 

 89 

alternative mechanisms for iron uptake under physiological parameters. In vitro studies 

do report strong expression of TfR1 and DMT1 in glial cell in culture, this may be down 

to the higher iron demands by cells which proliferate at much faster rate compared to in 

vivo settings (E. Huang et al., 2006; Moos & Morgan, 2004; Pelizzoni et al., 2012) (See 

Figure 1-8). 

 

Under pathological conditions, microglia become activated and exhibit a different 

expression profile of DMT1 and TfR1 proteins. Under hypoxic conditions rat amoeboid 

microglia have very significant upregulation of TfR1 and iron accumulation 

(Rathnasamy, Ling, & Kaur, 2011). On the other hand, under LPS induced 

neuroinflammation TfR1 levels are down regulated and DMT1 levels have significantly 

risen which was also reflected in functional Tf-Fe and NTBI uptake studies in primary 

and immortalized microglial cells representing the M1 phenotype. M2 microglial 

phenotype was observed to express strong levels of TfR1 and displayed significant Tf-Fe 

influx. Furthermore, M2 microglia had a very low expression of DMT1 and minimal NTB 

ingress of iron (McCarthy et al., 2018). Ferritin is the intracellular iron storage protein 

which can bind up to 4500 iron atoms. Microglia like astrocytes have a very high 

expression of ferritin light chain and hence its efficiency in the storage of excess iron 

atoms. In contrast when microglial cells become activated with the pro-inflammatory M1 

phenotype, they release reactive oxygen and nitrogen species which hinder the iron 

binding capacity of ferritin. Due to the oxidation of ferritin, ferrous iron is released from 

safe storage and this fuel the production of harmful oxidizing species (Agrawal, Sharma, 

& Rao, 2001; Mehlhase, Sandig, Pantopoulos, & Grune, 2005). Microglia like all cells 

express FPN and associated ferroxidases (Heph and/or GPI-linked Cp) (Boserup et al., 

2011; Schulz et al., 2011; J. Wang et al., 2007; Wu et al., 2004). On the contrary, the iron 
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regulatory hormone hepcidin, has not been very well characterized in the brain, especially 

its expression by microglial cells. There are conflicting studies on microglial hepcidin 

synthesis. Under pro-inflammatory conditions induced by LPS for 24 hours, no hepcidin 

detection was evident in activated immortalized N9 microglial cell line (R. J. Ward et al., 

2011). Conversely, studies on the immortalized microglial BV2 cell line and rat primary 

microglia treated with LPS or pro-inflammatory cytokines; IL-6, TNF-a respectively 

confirmed hepcidin production after 2 hours of inflammatory exposure (W. Y. Li et al., 

2016; Urrutia et al., 2013). Clearly suggesting that hepcidin production in microglia 

occurs at the acute stage of the inflammatory response. 

 

1.7.3.3 Neurons 

 

Neurons require iron for a great number of metabolic demands. Iron is a cofactor which 

facilitates the synthesis of dopaminergic neurotransmitters (Moos et al., 2007; Zecca, 

Youdim, et al., 2004). Oxygen consumption by the brain demands ~ 20% from other 

organs in the body for mitochondrial respiration, in which iron is a vital trophic factor 

needed for oxygen consumption and ATP production (Raichle & Gusnard, 2002). As 

neuronal iron demands are high in order to support cellular metabolic needs, neurons 

acquire their supply of iron in a number of ways. TfR is consistently expressed in adult 

neurons (Moos et al., 1998), thus the Tf-TfR system contributes significantly to supplying 

neurons with iron. DMT1 and Transient receptor potential mucolipin 1 (TRPM1) are 

strongly present in neurons potentially supporting endosomal release of iron into the 

neuronal cytoplasm (Bradbury, 1997; Puertollano & Kiselyov, 2009). Ferrireductase 

STEAP2, stromal cell derived receptor 2 (a homologue of Dcytb) are highly expressed in 

the brain and may support endosomal or lysosomal iron transport in collaboration with 
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DMT1 and TRPM1 (Ohgami et al., 2006; Vargas et al., 2003). The other significant 

source of iron utilized by neurons is from the NTBI species.  Circulating Tf levels in the 

brain interstitial fluid is reported to be only 0.21-0.28 µM and are fully saturated with 

iron (Hozumi et al., 2011; Jimenez-Jimenez et al., 1998; Mizuno, Mihara, Miyaoka, 

Inagaki, & Horiguchi, 2005; Moos & Morgan, 1998), while interstitial NTBI species such 

as citric and ascorbate bound iron are present at a considerably higher concentration of 

0.3-1.2 µM, hence, NTBI species may be a major source of iron to neurons (Bradbury, 

1997; Savman, Nilsson, Thoresen, & Kjellmer, 2005). It has been shown that there are 

several potential uptake routes employed by neurons to acquire NTBI.  DMT1 expression 

is strong in neuronal cell populations however only the DMT1B(+-IRE) isoform which 

is normally found to localise in endosomes or lysosomes and the A species are not 

expressed by neurons of the rat brain which are normally found to localise on the apical 

plasma membrane of enterocytes. Interestingly studies which overexpressed the DMT1A 

isoform in neuronal cultures observed significant NTBI uptake (Hubert & Hentze, 2002). 

Thus, it is unclear if DMT1 is actually involved in neuronal NTBI uptake under 

physiological conditions. Studies conducted under pathological parameters; including 

pro-inflammatory exposure and MPTP intoxication of neurons, had observed strong 

upregulation of DMT1 with concomitant iron accumulation from NTBI species (Du et 

al., 2009; Salazar et al., 2008; Urrutia et al., 2013; J. Wang et al., 2013). However, none 

of these investigations provided information on the DMT1 isoform subtype expressed 

under these pathological paraments by neurons. ZIP14 is another NTBI importer 

candidate, as it has been detected in mouse brain and in neurons (Girijashanker et al., 

2008), however its localisation in neurons was reported to be in early endosomes under 

normal physiological conditions (Ji & Kosman, 2015). Exogenously expressed ZIP14 in 

HEK 293H cells and Sf9 insect cells reported plasma membrane localisation and 



 

 92 

increased NTBI influx (Liuzzi et al., 2006). ZIP14’ s optimal pH was at 7.5 to transport 

Fe2+ which makes this metal transporter a potential route of NTBI influx from the 

interstitial fluid into neurons at physiological conditions (Pinilla-Tenas et al., 2011). 

Another member of the ZIP family of mammalian metal transporters; ZIP8 has been 

found to be localised within the plasma membrane of hippocampal primary neurons along 

with ferrireductases; STEAP2 and SDR2. ZIP8 has been reported to transport NTB iron 

species across the plasma membrane of neurons under physiological conditions (Ji & 

Kosman, 2015). NTBI may also enter neurons directly through Ca2+ permeable channels, 

specifically through voltage-operated calcium channels (VOCCs) (Pelizzoni et al., 2011) 

and this was also shown in iron loaded cardiomyocytes that strongly display Fe2+ entry 

via L-type VOCCs (Oudit et al., 2003). Most cells of the CNS express high levels of 

cytosolic ferritin for storing excess iron, the degree and subtype of ferritin expression 

depends on the cell type and its iron utilization needs. Neurons express the least and 

microglia express the most ferritin within the CNS. The trace amount of detectable 

neuronal ferritin is the sub-type H. Thus, suggesting that neurons store very little iron 

normally, instead iron is rapidly utilized and/or released via FPN to fulfil the iron 

demands within the local microenvironment (Moos et al., 2007) (See Figure 1-8). 

 

Optimal neuronal function relies significantly on balanced regulation of iron transport 

and storage mechanisms. Excess neuronal iron levels are commonly linked to AD and PD 

(Goodman, 1953; Sofic et al., 1988) and insufficient low levels of iron are also associated 

with PD and other brain disorders (Matak et al., 2016; Youdim, 2008). Excess cytosolic 

iron levels are linked to generate high levels of ROS via the Fenton reaction (Koppenol, 

2001; Winterbourn, 1995). Iron itself can act as a neurotoxin, a study injecting iron 

directly into rat brains reported to cause neurodegeneration via oxidative stress pathways 
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which induced apoptotic signalling markers (Ke & Ming Qian, 2003). Neuronal iron 

accumulation has been shown to induce an apoptosis independent neuronal cell death via 

ferroptosis. This iron-based cell death does not share the significant markers with 

apoptotic pathways such as caspase activation, mitochondrial cytochrome c release, 

however its progression could be intercepted by iron chelation and iron ingress inhibition 

(Yagoda et al., 2007; W. S. Yang & Stockwell, 2008). High intracellular iron levels have 

been reported to cause direct damage on a number of biologically vital proteins and lipids 

which are essential to maintain optimal neuronal functions; Ca2+-ATPase (Moreau, 

Castilho, Ferreira, & Carvalho-Alves, 1998), glutamate transporter (Yu et al., 2009), 

Na+/K+-ATPase (Kaplan, Matejovicova, & Mezesova, 1997), N-methyl-D-aspartate 

(NMDA) receptor (Munoz et al., 2011), cholesterol (Kraml, Klein, Huang, Nareika, & 

Lopes-Virella, 2005; Shinkyo & Guengerich, 2011), ceramides (Yurkova, Kisel, 

Arnhold, & Shadyro, 2005) and sphingomyelin (Isaac, Fredriksson, Danielsson, Eriksson, 

& Bergquist, 2006). Ultimately driving the progression of neuronal synaptic disfunction 

and cell death (Mattson, 2004). Low neuronal iron levels particularly effect mitochondrial 

morphology (Jarvis & Jacobs, 1974), impair mitochondrial function (Masini et al., 1994) 

and cause damage in mitochondrial DNA (Walter et al., 2002) and hence elicit high 

oxidative stress markers (Jeong et al., 2011). 

 

1.7.4 Iron distribution and content in the aging brain 

 

In specific brain regions such as the substantia nigra (SN), putamen, Globus pallidus, 

caudate nucleus, and cortices, iron content increases with the normal aging process 

(Hebbrecht, 1999; Ramos et al., 2014; Zecca, Stroppolo, et al., 2004). Why iron 

concentrations elevate within these selective areas are still elusive. The healthy adult 
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brain has a heterogeneous distribution of total iron, the highest concentrations were 

measured in the basal ganglia (putamen, Globus pallidus and caudate nucleus). Whereas 

low concentrations of iron are associated within the cortical grey matter, white matter, 

midbrain and cerebellum and the lowest levels are measured within the pons, locus 

coeruleus and the medulla (House, Esiri, Forster, Ince, & Exley, 2012; Ramos et al., 2014; 

Zecca et al., 1996; Zecca, Stroppolo, et al., 2004). MRI studies in vivo contributed a great 

degree to depict regional heterogeneity and age associated iron accumulation within 

specific brain areas (Aquino et al., 2009; Bartzokis et al., 2011; Bartzokis, Tishler, et al., 

2007; Bilgic, Pfefferbaum, Rohlfing, Sullivan, & Adalsteinsson, 2012). Other age-related 

effects on iron homeostasis is the redistribution of iron between its various molecular 

forms; ferritin, neuromelanin, transferrin, hemosiderin) and cellular distribution of iron 

between glia and neurons, altogether this dynamic nature of iron metabolic regulation 

with aging is poorly understood (Connor, Menzies, St Martin, & Mufson, 1990). 

 

The effects of aging on the accumulation of iron, neuromelanin and ferritin was observed 

in human subjects within the SN and locus coeruleus (Zecca et al., 2001; Zecca, 

Stroppolo, et al., 2004). These studies dissect the differing role of iron within normal 

aging subjects and the neurodegenerative mechanisms of PD. In healthy aging persons, 

total iron concentrations remain at same level thorough out life within the locus coeruleus. 

However, iron gradually builds up in the form of ferritin heavy chain and light chain 

within the SN during the aging process (Zecca et al., 2001; Zecca, Stroppolo, et al., 2004). 

Thus, iron may have the tendency to promote neurodegenerative pathology in the SN 

region compared to the constantly low levels of iron within the locus coeruleus. 
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The aging brain is strongly associated with growing number of glial populations, 

increased pro-inflammatory markers and further immunoreactivity of astrocytes and 

microglial cells. Often these pro-inflammatory environments effect the permeability of 

the BBB which is firmly associated with normal aging and may lead to the region 

selective accumulation and distribution of iron (Conde & Streit, 2006; Farrall & Wardlaw, 

2009; Lopes, Sparks, & Streit, 2008). 

 

Microglia and astrocytes exhibit increasing concentrations of ferritin within the cortex, 

cerebellum, hippocampus, basal ganglia, and amygdala through normal aging. 

Oligodendrocytes store the most iron within the glial cell populations as ferritin and 

transferrin and these iron levels remain constant throughout the aging process (Connor et 

al., 1990). Sub populations of microglial cells which contain elevated ferritin levels in 

healthy elderly brains found to exhibit aberrant, dystrophic-type morphology. These 

subpopulations of microglia  have been reported to have increased susceptibility to 

promote neurodegeneration, particularly in the aged brain since these senescent cells may 

have altered iron homeostasis mechanisms therefore become less efficient in safe iron 

handling and high cytosolic iron levels strongly promote oxidative damage (Lopes et al., 

2008). 

 

1.8 Iron, inflammation and neurodegeneration 

 

1.8.1 Alzheimer’s disease (AD) 

 

Alzheimer’s disease (AD) is the principal cause of age-related neurodegeneration, 

affecting the memory and behavior centers of the brain. This progressive cause of damage 
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to the cognitive and behavioral patterns is correlated with the frontal and temporal lobes 

of the brain (Bush & Tanzi, 2002). There are two primary pathophysiological 

authentications associated with AD; the distinctive deposits of toxic insoluble aggregates 

of amyloid-β (Aβ) peptide localised in neurons of the cerebral cortex as extra neuronal 

senile plaques (SPs), and neurofibrillary tangles (NFTs) in the hippocampus, generated 

by the hyperphosphorylation and consecutive aggregation of the microtubule-linked 

protein tau, associated with the loss of cortical neurons (Honda, Casadesus, Petersen, 

Perry, & Smith, 2004). The main theory on the pathological cause of AD over the last 

three decades has been focused on the amyloid hypothesis, in which the formation, 

aggregation and toxicity of Ab peptides is the sole cause of the disease. There are a 

number of studies and clinical trials which clearly disapprove of Ab peptides being the 

sole cause of AD. The targeted removal of Ab peptides from the brain did not result in 

the attenuation of the disease or slowing its progression. Thus, clearly there are a number 

of other factors which can contribute to AD pathology. Ab peptides may have a pivotal 

role to drive the disease but not to the extent by which solely targeting these amyloid 

species for intervention purposes of AD (Morris, Clark, & Vissel, 2014). There is firm 

evidence supporting strong contribution of several different pathways that promote AD 

progression including; metal homeostasis dysregulation, alterations in glial physiology, 

inflammation, mitochondrial dysfunction and oxidative stress (Bush & Curtain, 2008; 

von Bernhardi & Eugenin, 2012). 

 

Abnormally high levels of iron were first reported in 1953 in AD brains, located in SPs, 

NFTs or ferritin in surrounding glial cells (Connor et al., 1992; Goodman, 1953; Lovell, 

Robertson, Teesdale, Campbell, & Markesbery, 1998; C. D. Smith et al., 2007; M. A. 

Smith, Harris, Sayre, & Perry, 1997). More recent studies using size exclusion 
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chromatography-inductively coupled plasma-mass spectrometry which allow the 

measurement of iron saturation of proteins such as ferritin and transferrin (Hare et al., 

2013). The application of these specialized techniques revealed very low levels of iron 

saturation in the plasma of AD subjects (Faux et al., 2014) due to transferrin desaturation 

(Hare et al., 2015). In support of this finding another study measured aconitase 1, Cp and 

APP in peripheral blood mononuclear cells in AD patients which showed very low 

expression of these proteins, hence suggesting that cellular iron export is significantly 

downregulated in AD compared to control subjects (Guerreiro et al., 2015). 

 

Ab’s neurotoxicity depends on its oligomeric state, concertation and the length of the 

peptide. Several reports show that iron is very capable in promoting aggregation, 

oligomerization and amyloidosis of Ab peptides and iron bound to Ab peptides found 

extremely toxic to cultured cells (X. Huang et al., 2004; B. Liu et al., 2011; Mantyh et al., 

1993; Schubert & Chevion, 1995). Furthermore, recent findings provide evidence that 

redox metals such as iron and copper promote Ab aggregation and hence are necessary 

for Ab peptides to become neurotoxic. Ab has been shown to display high affinity for 

iron and copper, upon complex formation with these metals by reducing them, 

subsequently promotes the production of hydrogen peroxide which leads to intracellular 

oxidative damage (X. Huang et al., 1999; Jomova, Vondrakova, Lawson, & Valko, 2010). 

 

Iron has been shown to interact with microtubule linked protein tau abundantly expressed 

in neurons, by promoting its phosphorylation and subsequent aggregation. Iron chelation 

studies demonstrated that this process is reversible (Amit, Avramovich-Tirosh, Youdim, 

& Mandel, 2008; Chan & Shea, 2006; Lovell, Xiong, Xie, Davies, & Markesbery, 2004; 

Yamamoto et al., 2002). Another important contributor to tau aggregation in NFTs that 
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could generate more iron species intracellularly is haem-oxygenase-1 (HO-1) which is 

found to be highly expressed in cells of the CNS during oxidative stress (Schipper et al., 

2006; R. J. Ward et al., 2014).  HO-1 functions as a vital antioxidant through its 

metabolization of haem released by damaged mitochondria, however, during the catalytic 

process of haem by HO-1, free iron is generated which could easily induce more oxidative 

stress through Fenton chemistry (Perry et al., 2002; R. J. Ward et al., 2014). 

 

The strongest link between AD pathology and iron homeostasis is the recognition that 

iron levels directly affect the translation of the amyloid precursor protein (APP) through 

the recently discovered IREs located on APP’s  5’ UTR transcripts (Rogers et al., 1999; 

Rogers et al., 2002).  APP is an integral membrane protein that is found to be expressed 

in most tissues, particularly in neuronal synapses. APP is almost exclusively studied for 

its cleavage product Ab, however APP’s main function is still not elucidated, although it 

has been associated with the involvement in synapse development, neuronal plasticity 

and ion transport (Caldwell, Klevanski, Saar, & Muller, 2013). Within normal 

physiological parameters, APP is cleaved through a non-amyloidogenic pathway which 

conducted through the actions of a- secretase followed by g-secretase. The Ab cleavage 

product of APP is generated through the amyloidogenic pathway, which involves 

cleavage of APP initially by b-secretase and then g-secretase (Thinakaran & Koo, 2008). 

Since intracellular iron levels modulate APP levels on a translational level, high iron 

levels result in elevated APP concentrations which may take part in the amyloidogenic 

cleavage pathway to generate more Ab peptide. A further level of effect of iron on Ab 

generation is via the proteolytic activation of the inert forms of a- secretase and b-

secretase conducted through furin. High cellular iron levels decrease furin activity 

(Silvestri & Camaschella, 2008) and expression (Hwang et al., 2006) and hence b-
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secretase activity is favored thereby stimulating amyloidogenic pathway to generate Ab. 

APP is also shown to stabilize FPN localization in the plasma membrane of cells and 

thereby promoting iron efflux in conjunction with ferroxidases. APP depletion of neurons 

in culture and in mouse models resulted in significant iron retention and accumulation 

(Duce et al., 2010; McCarthy, Park, & Kosman, 2014; Wan, Nie, Zhang, & Zhao, 2012; 

Wong et al., 2014). Furthermore, intracellular tau deficiency has been shown to result in 

neuronal iron accumulation due to the impaired APP trafficking to the plasma membrane, 

hence prohibiting its interaction with FPN and consequently repressing neuronal iron 

efflux (Lei et al., 2012). 

 

1.8.2 Parkinson’s disease (PD) 

 

Parkinson’s disease (PD) is the second most frequently occurring neurodegenerative 

disorder after AD, affecting 1-2% of the population over the age of 65. The clinical signs 

of advanced state of PD is characterized by motor dysfunction, rigidity, bradykinesia, 

which coexist with cognitive deterioration and dementia. Pathologically the disease is 

recognised by the loss of dopaminergic neurons in the substantia nigra pars compacta 

(SNpc) and the accumulation of aggregated a-synuclein (a-syn) protein in neuronal 

inclusions referred to as Lewy bodies (Fearnley & Lees, 1991; Lotharius & Brundin, 

2002; Moore, West, Dawson, & Dawson, 2005). The primary causes of PD are sporadic 

(90%) arising from the combination of genetic predisposition, advanced aging and 

environmental stressors (Belaidi & Bush, 2016). Whereas the familial PD inherited cases 

are often related to mutations in nine genes; leucine-rich repeat kinase 2 (LRRK2), a-

synuclein (SNCA), parkin, DJ-1, phosphatase and tensin homologue deleted on 

chromosome 10-induced putative kinase 1(PINK1), vacuolar protein sorting 35 (VPS35), 
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DNAJC13, Glucocerebrosidase (GBA), and eukaryotic initiation factor 4G1 (EIF4G1) 

genes (Chartier-Harlin et al., 2011; Martin, Dawson, & Dawson, 2011; Scholz & Jeon, 

2015; Vilarino-Guell et al., 2014; Vilarino-Guell et al., 2011; Zimprich et al., 2011).These 

risk factors whether genetic or environmental may act synergistically or additively in PD 

pathogenesis, however a common observation with all PD patients is the accumulation of 

iron in neurons and glia within the SNpc. The greater degree of iron accumulation 

measured within the SNpc, the greater the correlation with PD severity (D. T. Dexter et 

al., 1987; D. T. Dexter et al., 1989; Hirsch, Brandel, Galle, Javoy-Agid, & Agid, 1991; 

Pyatigorskaya et al., 2015). In addition to significant iron accumulation in PD patients, 

the presence of pro-inflammatory glial cells is consistently observed associated with PD 

pathology. Hence, the co-presence of high iron levels and pro-inflammatory glial cells 

may generate oxidative damage and enhance disease severity and progression (Barnham 

et al., 2004; D. T. Dexter et al., 1994; Long-Smith, Sullivan, & Nolan, 2009).  

 

Iron elevation in post-mortem samples from PD patients within the SNpc was observed 

30 years ago (Sofic et al., 1988), these findings further reinforced by various advancing 

techniques,  ultrasound, magnetic resonance imaging and enhanced T2 star weighted 

angiography (Becker & Berg, 2001; Lehericy, Bardinet, Poupon, Vidailhet, & Francois, 

2014; C. Wang, Fan, Xu, & Wang, 2013). Observations made on iron homeostasis in PD 

patients, animal and cell models of PD, consistently report altered expression of key 

proteins in iron metabolism which reflect the iron accumulative nature within the SNpc. 

Decreased ferritin levels have been reported in the SN of PD patients, particularly the 

expression of H and L ferritin were observed to be 75% and 37% compared to normal 

levels respectively (Connor, Snyder, Arosio, Loeffler, & LeWitt, 1995; D. T. Dexter et 

al., 1991).  DMT1 upregulation was reported in PD patients and in both the 6-OHDA and 
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MPTP models of PD and the increased levels of this divalent transporter was strongly 

associated with degeneration of dopaminergic neurons within the SN. In vitro studies 

with 6-OHDA treatment, further reinforced these findings based on DMT1 expression 

upregulation associated with intracellular iron accumulation and subsequent fuelling of 

oxidative stress levels (H. Jiang et al., 2010; Salazar et al., 2008; S. Zhang, Wang, Song, 

Xie, & Jiang, 2009). Downregulation of FPN iron exporter is also strongly associated 

with PD animal models under 6-OHDA/MPTP/LPS intoxication (Song, Wang, Jiang, & 

Xie, 2010; J. Wang & Pantopoulos, 2011; Z. Zhang et al., 2014). The cellular iron 

homeostasis protein, IRP1 expression and activity is found to be elevated in the 6-OHDA 

models of PD within the SN (H. Jiang et al., 2010; W. Wang, Song, Zhang, Xie, & Wang, 

2012), reflecting the upregulation of DMT1, and downregulation of FPN. However, in 

the MPTP induced PD mouse model DMT1 upregulation was reported to be IRP/IRE 

independent (S. Zhang et al., 2009). Reduced ferroxidase activity by Cp within the CSF 

is observed in PD patients and animal models which may further increase iron 

intracellular concentrations (Boll, Sotelo, Otero, Alcaraz-Zubeldia, & Rios, 1999; 

Olivieri et al., 2011).  

 

Activated glial cells are a strong source of inflammation contributing to altered cellular 

iron homeostatic mechanisms and nigral dopaminergic cell degeneration in PD (Hirsch 

& Hunot, 2009; Hirsch, Hunot, & Hartmann, 2005).  Most cases of AD and PD display a 

dramatic number of reactive amoeboid macrophages and activated microglia together 

expressing high levels of pro-inflammatory cytokines within the in SN or the frontal 

cortex (Hewett & Hewett, 2012; Kiyota et al., 2009; Possel, Noack, Putzke, Wolf, & Sies, 

2000).  Inducible nitric oxide synthase (iNOS) is a key enzyme generating NO and under 

normal physiological conditions its expression is very scarce within the brain. However, 
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its expression is highly induced during glial activation in AD (Aliev et al., 2009) and PD 

(Dawson & Dawson, 1998) pathology.  The mechanism of induction of iNOS have been 

well studied in glial cells. Inflammatory agent such as LPS and pro-inflammatory 

cytokines; TNF-a, IL-1b and IFN-g have been shown to promote the transcription of the 

iNOS gene within astrocytes and microglia by activating transcription factors STAT1 and 

NF-kB (Grzybicki, Gebhart, & Murphy, 1996; Hewett & Hewett, 2012; Possel et al., 

2000). Subsequently these factors translocate to the nucleus and anneal to response 

elements which are within the coding sequence of the iNOS gene. Neurotoxin treatment 

with MPTP resulted in the strong expression of iNOS in microglia (Kokovay & 

Cunningham, 2005; Tieu, Ischiropoulos, & Przedborski, 2003; Yokoyama, Takagi, 

Watanabe, Kato, & Araki, 2008), furthermore, iNOS KO mice displayed less neuronal 

death compared to WT animals with MPTP administration (Dehmer, Lindenau, Haid, 

Dichgans, & Schulz, 2000; D. Dexter et al., 1986). In the 6-OHDA neurotoxin PD model, 

neurodegeneration in rats was strongly associated with iNOS activity, while the animals 

received pre-treatment with the iNOS inhibitor; N(G)-nitro-L-arginine methyl ester (L-

NAME) resulted in the revival of significant striatal dopamine levels and neuronal 

viability (Barthwal, Srivastava, & Dikshit, 2001). Neuroinflammatory PD models also 

displayed significant iNOS contributing to nigral neurodegeneration. Administration of 

LPS resulted in the strong induction of iNOS within the SN in a time dose dependent 

pattern, the presence of iNOS was mainly in amoeboid microglial cells. LPS induced 

neuronal cell death was much reduced after iNOS inhibitor supplementation (Arimoto & 

Bing, 2003; S. Singh et al., 2005). 

 

As glial cells are the key contributors to evoke and sustain the inflammatory processes 

within the CNS, these inflammatory conditions have been shown to affect iron 
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homeostasis through transcriptional alterations of a number of iron transporters. TLR4 

antagonist, LPS and cytokines; IL-6 and TNF-a have been reported to directly modulate 

DMT1 transcripts and protein concentrations and temporarily reduce FPN protein levels 

in microglia and neurons which also resulted in the accumulation of intracellular iron 

levels reflecting the expression profile of these metal transporters (Urrutia et al., 2013). 

Reinforcing these findings, a report using primary cultures of mesencephalic neurons 

demonstrated that TNF-a or IL-1b instigate upregulation of DMT1 and TfR1 protein 

levels and downregulation of FPN protein and also increased ferrous influx and reduced 

iron efflux was observed supporting the protein expression profile (J. Wang et al., 2013). 

Inflammation seems to have the same effect on iron homeostatic proteins in systemic 

tissues. LPS treated mouse splenocytes resulted in FPN downregulation via TLR4 

mediated signalling (F. Yang et al., 2002). Whilst macrophage cell lines stimulated with 

IFN-g, TNF-a or LPS enhanced IRE-binding action of IRP1 and IRP2 and consequently 

DMT1 mRNA levels were upregulated (Ludwiczek, Aigner, Theurl, & Weiss, 2003; X. 

Wang et al., 2005; Wardrop & Richardson, 2000). 

 

The major signalling link between inflammation and iron homeostasis is through the 

transcription factor NF-kB activation, downstream of TNF-a, IL-1 and LPS signalling 

pathways (Hanke & Kielian, 2011; Rothwell & Luheshi, 2000; Teeuwsen et al., 1991). It 

has been shown that inflammatory products may promote DMT1 expression via NF-kB 

activation. A report providing this link between inflammation and iron regulation was 

observed in the SN of PD patients where high levels of TNF-a was expressed by glial 

cells whereas in control subjects this cytokine was undetectable. Both control and PD 

patients tested positive for immunoreactivity of TNF-a receptors in dopaminergic 

neurons (Boka et al., 1994). The findings in this study may implicate a logical course in 
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which activated nigral microglia produce high levels of TNF-a, which interact with 

dopaminergic TNF-a receptors and hence increase neuronal iron influx by the activation 

of NF-kB induced DMT1 upregulation (Paradkar & Roth, 2006). NF-kB nuclear 

immunoreactivity is significantly increased in PD brains and in animal models of PD 

(Hunot et al., 1997). Thus, there is good evidence that NF-kB is the key link between 

inflammation and iron regulation in PD. 

 

1.8.3 a-Synuclein structure, function and role in PD 

 

a-Synuclein (a-syn) is a monomeric protein consisting of 140 amino acids and is 

unfolded in its native physiological state (Weinreb, Zhen, Poon, Conway, & Lansbury, 

1996). a-Syn is a member of the synuclein family consisting of three main genes, SNCA, 

SNCB and SNCG that code for the a, b and g-synuclein protein forms respectively (Dev, 

Hofele, Barbieri, Buchman, & van der Putten, 2003; Eriksen, Dawson, Dickson, & 

Petrucelli, 2003).  The 140 amino acid sequence has three well-defined domains. The 

amino-terminal domain; residues 1-70 holds the canonical repeat motif KTKEGV, which 

occurs imperfectly up to seven times within the amino terminal domain (Eliezer, Kutluay, 

Bussell, & Browne, 2001). The hydrophobic domain; residues 71-82 perceived to be 

responsible for the aggregation of a-syn (Jensen et al., 1997). The carboxyl-terminal 

domain; residues 96-140 composed of acidic amino acids and holds three highly 

conserved tyrosine residues. This domain’s function may be engaged in the solubilization 

of high molecular proteins and the regulation of full length a-syn aggregation (S. M. Park 

et al., 2002). The deletion of this domain has shown a-syn’s loss of its associated 

chaperone activity (Kim, Paik, & Yang, 2002). a-Syn is present in diverse cell types 

throughout the body, however, it is mostly expressed in presynaptic terminals of neurons 
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in particular in the neocortex, hippocampus, and SN, where its main function is involved 

in the regulation of vesicular release, including control of dopamine levels (L. Wang et 

al., 2014). a-Syn KO mice display morphologically stable brain phenotype and do not 

exhibit structural abnormalities in dopaminergic cell bodies, processes and synapses 

(Abeliovich et al., 2000). There is continuous new research attempting to understand and 

revise other possible functions of a-syn under physiological conditions. However, the 

present body of literature is in agreement with the concept, that under pathological 

conditions a-syn adopts a b-sheet structure, it loses its membrane binding capacity and 

very likely to form aggregates. These a-syn aggregates can form inclusions in neurons 

and in glial cells which constitutes the pathological hallmark of PD, dementia with Lewy 

bodies (DLB) and multiple system atrophy (MSA), all come under the umbrella of a-

synucleinopathies (Beyer & Ariza, 2007; Hasegawa et al., 2002; Spillantini et al., 1998). 

 

In 1997 the discovery was made of an autosomal-dominant mutation within the SNCA 

gene presenting a familial Parkinsonism in the fifth or sixth decade of life. The mutation 

occurs in the substitution of alanine to threonine at position 53 (A53T) (Polymeropoulos 

et al., 1997). Further autosomal-dominant missense mutations have been identified at 

E46K and A30P manifesting in the clinical diagnosis of PD at the third to fifth and the 

fifth to the seventh decade of life respectively (Kruger et al., 1998; Zarranz et al., 2004). 

More recently, further missense mutations have been reported within the SNCA gene at 

H50Q and G51D which promote PD pathology (Appel-Cresswell et al., 2013; Kiely et 

al., 2013; Proukakis et al., 2013). Furthermore, multiple copies of the SNCA gene also 

leads to early onset of the disease. A family with autosomal-dominant type of PD 

exhibited a triplication in the SNCA gene where the clinical on set of PD occurred within 

the fourth decade of life (Muenter et al., 1998; Singleton et al., 2003). Subjects who had 
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SNCA duplications were diagnosed at the fifth decade of life. Thus, SNCA expression 

appears to be relative to the number of copies of the gene present, suggesting that 

mounting SNCA copies promote earlier onset of the PD phenotype (Chartier-Harlin et 

al., 2004; Ibanez et al., 2004; Miller et al., 2004).  

 

Together the above mentioned familial autosomal-dominant mutations in a-syn result in 

early onset of PD. A study by Li and colleagues have shown that despite the similar 

monomeric structure displayed by the wild type, A30P and A53T, the mutants form 

aggregates at a much faster rate in vitro (Q. X. Li et al., 2002). H50Q mutation of a-syn 

results in a 10-fold solubility reduction, whereas the G51D species were associated with 

slower fibril formation and these fibrils are significantly more toxic compared to the wild 

type protein (Porcari et al., 2015; Rutherford, Moore, Golde, & Giasson, 2014). G51D’s 

pathological contribution to PD was associated with the reduction in the normal 

chaperone like nature of a-syn as its lipid-binding function was observed to diminish due 

to this point mutation (Fares et al., 2014). The overall pathological results linked to G51D 

is mitochondrial deterioration and oxidative damage (Rutherford et al., 2014). While the 

A53T mutants display higher rate of fibril development (Conway, Harper, & Lansbury, 

1998), the A30P species have been reported to more likely form protofibril oligomeric 

types of intermediates instead of fully folding into full fibril forms. The E46K mutation 

does differ structurally from the wild type monomers by displaying reduced level of 

helical content and a significant increase in b-sheet content particularly in the carboxyl 

terminal domain (Wise-Scira, Dunn, Aloglu, Sakallioglu, & Coskuner, 2013). Thus, the 

E46K mutants demonstrate rapid fibril formation which promote its aggregation and 

toxicity (Choi et al., 2004; Pandey, Schmidt, & Galvin, 2006). 
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1.8.4. Glia and a-synuclein  

 

The pathological hallmark of PD is a-syn containing inclusions which referred to as Lewy 

bodies and Lewy neurites within the brain. Aggregated forms of a-syn are typically found 

within surviving neurons in PD pathology. In addition, studies have shown that a-syn 

deposition is also detected in astrocytes and oligodendrocytes in PD, DLB and MSA, 

despite the normally low expression levels of a-syn by these cells (Braak, Sastre, & Del 

Tredici, 2007; Croisier & Graeber, 2006; Terada et al., 2003). Animal models expressing 

the A53T a-syn PD mutation selectively in astrocytes induced rapid paralysis. Astroglial 

dysfunction was identified to be the key cause of this accelerated neurodegenerative 

process, due to reactive astrocytosis enhancing the inflammatory process by inducing 

activation of microglial cells within the midbrain, brain stem and spinal cord, where the 

main sites of dopaminergic and motor neuron loss were identified (Gu et al., 2010). In 

vitro studies found that primary astrocytes are capable of endocytosing a-syn released 

from neurons and form astrocytic inclusion bodies (Loria et al., 2017). Subsequently, 

these astroglial cells have been observed to undergo reactive astrocytosis by elevated pro-

inflammatory cytokine and chemokine production which were positively correlated with 

the degree of astrocytic a-syn accumulation (H. J. Lee et al., 2010). Collectively, these 

studies convey the importance of astroglial a-syn pathology in the contribution to PD 

disease progression. 

 

Microglial mediated neuroinflammation is one of the key pathological hallmarks linked 

to a number of neurodegenerative maladies, including PD. Animals studies where 

intracerebral injection of human a-syn was administered a-syn inclusion bodies mainly 

formed within astrocytes and to a lesser extent in microglia (Sacino et al., 2014). A key 
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feature of microglial cells is the ability to clear a-syn by endocytosis and the subsequent 

degradation of various forms of extracellular a-syn species. In vitro studies show that 

these microglial internalized a-syn aggregates progress through the endosomal pathway 

and face lysosomal degradation and overall resulted in the complete clearance of the a-

syn aggregates from the culture medium and consequently aiding neuronal survival 

(Fellner et al., 2013; H. J. Lee et al., 2008; J. Y. Park, Paik, Jou, & Park, 2008; Stefanova 

et al., 2011). However, a-syn also promotes the formation of the M1 ramified ameboid 

microglial cell population within the CNS via innate and adaptive immune responses 

(Allen Reish & Standaert, 2015). In vivo mouse models show a very strong induction of 

major histocompatibility complex II (MHCII) expression by microglia, antigen 

presentation, immunoglobulin G(IgG) deposition and significant degeneration of 

dopaminergic neurons in response to human recombinant a-syn administration (Harms 

et al., 2013). In vitro studies reported dose dependent a-syn induced activation of primary 

microglial cells by measuring the production of pro-inflammatory cytokines; IL-6, TNF-

a and chemokines; chemokine (C-X-C motif) ligand 1 (CXCL-1). These studies suggest 

that a-syn’s mechanisms in eliciting microglial activation is possibly via the activation 

of CD36 scavenger receptor and its subsequent downstream signalling cascade, as well 

as the activation of antigen processing and presentation to enhance CD4 T-cell 

proliferation, subsequently initiate cytokine production (Harms et al., 2013; X. Su et al., 

2008). Further studies also strongly associate a-syn microglial activation via TLR4 

interaction (Fellner et al., 2013). 
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1.8.5. Iron and a-synuclein  

 

a-Syn is strongly linked to brain iron metabolism and as being a pivotal protein in PD 

pathology, a-syn and iron are commonly observed to accumulate at high concentrations 

in Lewy bodies (Castellani et al., 2000). a-Syn’s structure may take effect on neuronal 

iron regulation in two distinct ways; (1) the conformation alterations and fibril 

composition of a-syn initiated by iron (Bharathi & Rao, 2007; Kostka et al., 2008; 

Uversky, 2007; Uversky, Li, & Fink, 2001), (2) the presence of a possible IRE RNA stem 

loop consisting of 46 nucleotides in the 5’ UTR within the protein’s secondary structure 

analyzed by computer generated folding suggesting a direct interaction with iron post-

transcriptionally (Friedlich, Tanzi, & Rogers, 2007). In vitro studies supporting this post-

transcriptional interaction between iron and a-syn demonstrated that iron depletion by 

deferoxamine decreased human a-syn mRNA and IRP1 knockdown studies show a-syn 

mRNA increase (Febbraro, Giorgi, Caldarola, Loreni, & Romero-Ramos, 2012; W. Li, 

Jiang, Song, & Xie, 2011). Post-translational alterations induced by iron on a-syn was 

observed under iron emerged oxidative stress, by promoting phosphorylation and 

nitration which are very likely to encourage a-syn aggregation that results in cell toxicity 

in PD (Prigione et al., 2010; Samuel et al., 2016; Takahashi et al., 2007; Y. Xu, Deng, & 

Qing, 2015). Furthermore, as discussed in detail in section 1.7.1.5, a-syn may act as a 

cellular ferrireductase, reducing Fe3+ to Fe2, the bioavailable form of iron (Fellner et al., 

2013; Prigione et al., 2010; Samuel et al., 2016; Takahashi et al., 2007; Y. Xu et al., 

2015). 
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1.8.6 Toll-like receptor 4 (TLR4) signalling and neuroinflammation 

 

Neuroinflammation can be inflicted by a plethora of possible triggers in the CNS. These 

include immunological challenges; (bacterial or viral infections) (Lehnardt., 2010), 

neuronal dysfunction; (brain trauma, stroke) (Lauritzen et al., 2011), pre-existing chronic 

inflammatory maladies; (rheumatoid arthritis, arthrosclerosis, type 2 diabetes and 

multiple sclerosis) (Granic et al, 2009., Weihong et al., 2008) and environmental toxins; 

(pesticides, heavy metals and neurotoxins) (Hayley et al, 2011). Furthermore, genetic 

mutations amplify the vulnerability of dopaminergic neurons to all of the above. Studies 

in support of this conducted on mice bearing mutations in the Parkin gene associated with 

familial PD. Chronic systemic administration of low-dose bacterial endotoxin 

lipopolysaccharide (LPS) had induced significant dopaminergic neuronal loss in the 

Parkin gene mutation bearing mice but this was not evident in WT mice, even though 

both groups had similar marker levels for neuroinflammation (Frank-Cannon et al., 

2008). 

 

LPS, an endotoxin derived from the outer membrane of Gram-negative bacteria is utilized 

in PD models as a common inducer of the inflammatory process to study the degeneration 

of the nigrostriatal pathway (Dutta, Zhang, & Liu, 2008). LPS from a diverse number of 

bacterial species can induce acute inflammatory reactions in mammals and can have a 

varied number of effects, including pyrexia to Gram-negative septic shock (Schletter, 

Heine, Ulmer, & Rietschel, 1995). Hence, the application of different serotypes of LPS 

can have differing outcomes (Nedrebo & Reed, 2002). Mostly, LPS from different species 

of bacteria do share common characteristics in their elementary make up, which include 

three covalently joined segments, a surface carbohydrate monomer (O-specific chain), a 
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center oligosaccharide consisting of an outer and inner region, and an acylated glycolipid 

(lipid A). The most diversity is observed within the O-specific chain, while lipid A which 

links the LPS molecule in the Gram-negative outer membrane is the most highly 

conserved structure within all bacterial species (Schletter et al., 1995). There is strong 

evidence that the lipid A element is the key stimulator for the innate immune response or 

the endotoxin constituent of LPS (Ulevitch & Tobias, 1999). 

 
a-Syn is a major component of Lewy bodies in PD pathology discussed in detail in 

Section 1.8.3.  Various extracellular forms of a-syn have been shown to initiate glial 

activation, hence inducing the inflammatory cascade (Fellner et al., 2013) (see Figure 1-

9). 

 

Microgliosis and astrocytosis are key features of a-synucleinopathies, however, the 

mechanisms underlying their activation within these neurodegenerative parameters 

remain largely elusive. Although there is mounting evidence that strong TLR 

upregulation is observed within brain areas associated with a-syn positive cytoplasmic 

inclusions in neuronal and glial cells (Fellner et al., 2013; Letiembre et al., 2009; 

Stefanova et al., 2007). TLRs belong to the family of pattern recognition receptors and 

are pivotal to elicit the innate immune response. They respond to pathogen-associated 

molecular patterns such as LPS and endogenous molecules including misfolded proteins 

(Akira, 2001; Glezer, Simard, & Rivest, 2007; Lehnardt, 2010). Innate immune cells such 

as microglia and astrocytes have strong expression of TLRs (Akira, 2001; Alfonso-

Loeches, Pascual-Lucas, Blanco, Sanchez-Vera, & Guerri, 2010; Bowman, Rasley, 

Tranguch, & Marriott, 2003; El-Hage, Podhaizer, Sturgill, & Hauser, 2011; Kielian, 

2006).  Particularly TLR4 expression is reported to be very significantly upregulated in 

MSA human post-mortem tissue as well as in the MSA transgenic mouse model 
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(Letiembre et al., 2009; Stefanova et al., 2007). Investigations on microglial and astroglial 

activation by different forms of a-syn, including the full-length wild type human, fibrillar 

and PD familial mutants show strong pathological link between neuroinflammation and 

neurodegeneration (Fellner et al., 2013). TLR4 WT microglia displayed the full pro-

inflammatory phenotype, and the TLR4 KO microglia displayed a significantly 

suppressed pro-inflammatory response. Astroglial TLR4 KO cells also displayed reduced 

proinflammatory cytokine release and ROS production (Fellner et al., 2013). Thus, 

highlighting the key modulatory role of the TLR4 signal transduction pathway on glial 

pro-inflammatory responses that may strongly promote neurodegenerative pathology. 

 

Both, LPS and a-syn initiates its effects by binding to TLR4 and myeloid differentiation 

protein 2 (MD-2) protein complex (Poltorak et al., 1998), which results in the recruitment 

of an adaptor protein in the cytoplasm; myeloid differentiation primary response protein 

88 (MyD88). The MyD88 dependent pathway initiates nuclear factor-ĸB (NFκB) 

activation through IL-1 receptor associated kinase (IRAK) and/or mitogen-activated 

protein kinases (MAPK) pathway, leading to increased expression of pro-inflammatory 

cytokines; TNF-α, IL-1β and enhanced synthesis of inflammatory mediators such as NO 

(Jung, Chung, Kim, & Park, 2007). IL-6 production is stimulated by TNF-α binding to its 

cognate receptor TNF-a receptor 1 (TNFR1) which subsequently activates JAK2 and 

STAT1 which upregulates transcription and release of IL-6 (Minogue et al., 2012) (see 

Figure 1-9). 
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Figure 1.9 Schematic representation of a-synuclein or LPS induced signalling in 
glial cells and their cytokine release in response to TLR4 downstream signalling 
Gram negative bacterial endotoxin, LPS is a powerful inducer of a diverse range of 
immunoregulatory, proinflammatory cytokines and free radicals in microglia and 
astrocytes. LPS binds to the TLR4, CD14, MD-2 complex and triggers the recruitment of 
kinases that are involved in various intracellular signalling cascades. The MyD88 
signalling pathway initiates the NFκB activation IRAK and/or MAPK pathway, 
culminating in the upregulation of pro-inflammatory cytokines TNF-α, IL-1β. Released 
TNF-α binds to its plasma membrane receptor in an autocrine fashion and activates the 
STAT1/JAK2 transduction pathway to induce IL-6 production. These soluble factors alter 
glial and neuronal iron homeostatic mechanisms and damage neuronal viability. α-Syn 
dependent activation of microglia and astroglia also utilize the TLR-4 complex. 
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1.8.7 The interplay between iron, inflammation and a-synuclein  

 

Excessive accumulation of iron is often observed in specific brain regions that could lead 

to the generation of toxic free radicals that culminate in the death of neurons. It has 

become widely acknowledged that inflammation is strongly linked with the dysfunction 

of metal ion homeostasis (Fe, Cu, Zn) that gives rise to elevated oxidative stress levels. 

These key factors are shared by a large number of neurodegenerative diseases such as 

PD,  AD, Huntington’s disease (HD), multiple sclerosis (MS), Friedreich’s ataxia (FA) 

and others (D. T. Dexter et al., 1991; D. T. Dexter et al., 1994; D. T. Dexter et al., 1987; 

D. T. Dexter et al., 1989; Karpinska & Gromadzka, 2013; Sian et al., 1994). In the brains 

of PD patients, iron levels are elevated specifically within the SN and the lateral Globus 

pallidus by 2-fold in comparison with age matched controls (Gotz, Double, Gerlach, 

Youdim, & Riederer, 2004; Zecca, Youdim, et al., 2004) and increased iron levels are 

also found in individual dopaminergic neurons from post-mortem tissue of PD subjects 

observed by phase microscopy (Oakley et al., 2007).  

 

The second characteristic feature of PD is the presence of α-syn aggregates forming 

cytoplasmic inclusions within dopaminergic neurons in the SNpc region of the brain. 

These α-syn intracellular inclusions are known as Lewy bodies (Fearnley & Lees, 1991; 

Lotharius & Brundin, 2002; Moore et al., 2005). Many investigations highlight the 

connection of iron’s involvement in promoting the aggregation of α-syn (Bharathi & Rao, 

2007; Kostka et al., 2008; Uversky, 2007; Uversky et al., 2001) while chelation of free 

iron using deferoxamine impairs α-syn aggregation (Febbraro et al., 2012; Hashimoto et 

al., 1999; W. Li et al., 2011). Iron build up also has been observed within Lewy body 

inclusions in the brains of PD patients (Takanashi et al., 2001). 
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The third key pathological hallmark of PD is the presence of activated glial cells, namely 

microglia and astrocytes within the SNpc of PD brains. Post-mortem analysis implicates 

the clear presence of pro-inflammatory cytokines (Mogi et al., 1996) and the 

accumulation of activated glia (Imamura et al., 2003) and iron deposits at the site of 

damaged dopaminergic neurons within the SNpc region of PD brains (D. T. Dexter et al., 

1987). Whether the presence of these elevated localised iron concentrations and activated 

glial cell populations are the cause or the secondary effect of the disease remains to be 

elucidated. For certain, the accumulation of iron is commonly observed within many 

types of neurodegenerative maladies in various brain regions associated with the type of 

neurodegeneration and therefore, highlight the need to establish iron regulatory 

mechanisms within each cell type constituting the CNS. Specific investigations are 

needed in microglia, astrocytes, oligodendrocytes and in neurons under physiological and 

pathological circumstances to study iron regulation of these cells individually and in 

relation to each other in one system in order to construct a reliable working model for 

iron homeostasis within the CNS. Perhaps glial inflammation and α-syn aggregation 

processes could be also better understood and even prevented through the deconstruction 

of iron homeostatic mechanisms in the brain. 

 

1.9 Hypothesis 

 

Since inflammation and iron accumulation are common pathological features in a number 

of neurodegenerative disorders, the concept to be studied here is how iron regulation is 

affected in astrocytes, microglia and neuronal cells under inflammatory conditions. 
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The proposed hypothesis to be tested is as follows; The inflammatory factors released by 

astrocytes and microglia in response to lipopolysaccharide (LPS) or a-synuclein (a-syn) 

induced activation, will alter their own iron metabolisms and also effect the iron 

homeostatic mechanisms of neurons in a co-culture system. As glial cells take up primary 

residence in the CNS and there is mounting evidence that glial mediated inflammatory 

processes significantly contribute to neurodegeneration, the validation of this hypothesis 

would substantially enhance the collective understanding of iron dysregulation in the 

neurodegenerative brain and provide the basis for discovering new potential therapeutic 

targets. 

 

1.9.1 Aims and objectives of study 

 

The fundamental aim of this thesis was to elucidate the regulation of iron under 

inflammatory parameters induced by LPS or a-syn in cells of the CNS. 

 

The specific objectives of each Chapter of this thesis are as follows; 

 

Chapter 3 

1. To investigate the effect of LPS treatment on the release of key pro-

inflammatory markers in microglia and astrocytes. 

2. To study the gene expression profile of iron related transporters in LPS 

treated astrocytes and microglia. 

3. To study the protein expression profile of ferritin iron storage protein in LPS 

treated microglia. 
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4. To investigate non-transferrin bound and transferrin bound iron uptake in 

LPS treated astrocytes and microglia. 

5. To study how iron loading affects the LPS inflammatory response and iron 

regulation in microglia. 

 

Chapter 4 

     1. To study the gene expression profile of iron related transporters in neurons 

         co-cultured with LPS activated microglia or astrocytes. 

     2. To study the protein expression profile of ferritin iron storage protein in 

    neurons co-cultured with LPS treated microglia. 

    3. To investigate non-transferrin and transferrin bound iron uptake in neurons 

        co-cultured with LPS treated microglia or astrocytes. 

    4. To study the neuronal gene expression profile of iron related transporters and  

        non-transferrin and transferrin bound iron uptake under iron loaded and     

        inflammatory conditions. 

         

Chapter 5 

       1. To investigate the effect of exogenous WT a-syn treatment on the release of 

           key pro-inflammatory markers in microglia and astrocytes. 

       2.  To study the gene expression profile of iron related transporters in  

            exogenous WT a-syn treated microglia and astrocytes. 

       3. To investigate non-transferrin bound iron uptake in astrocytes and microglia 

           treated with exogenous WT a-syn. 

      4. To study the gene expression profile of iron related transporters in  

          neurons co-cultured with exogenous WT a-syn treated microglia or   
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          astrocytes. 

     5. To investigate non-transferrin bound iron uptake in neurons co-cultured with                  

         exogenous WT a-syn treated microglia. 
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2. Materials and methods 
 

2.1 Chemicals and standards 

 

Chemical or standard Supplier Catalogue number 

Acetic acid (CH3COOH) Sigma-Aldrich, UK ARK2183 
Acetone Sigma-Aldrich, UK 270725 
Ascorbic acid Sigma-Aldrich, UK 95210 
a-synuclein wild-type 
human (monomeric) 

Produced and purified by 
Dr Lisa Cabrita, Professor 
John Christodoulou 
Group, Department of 
Structural and Molecular 
Biology, UCL, London, 
UK 

 

Apo-transferrin human Sigma-Aldrich, UK T1147 
Blue /Orange Loading Dye, 
6X 

Promega, UK G1881 

CellTiter 96â Aqueous 
One Solution Cell 
Proliferation Assay (MTS) 

Promega, UK G3582 

Chloroform Sigma-Aldrich, UK C2432 
Diethyl pyrocarbonate 
(DEPC) treated water 

Life Technologies Ltd., 
Ambion 

AM9916 

DNASE I Life Technologies Ltd., 
Invitrogen 

AM2222 

DNASE I Buffer Life Technologies Ltd., 
Ambion 

AM8170G 

Dulbecco’s modified 
Eagle’s medium  

Sigma-Aldrich, UK D6546 

Dulbecco’s phosphate-
buffered saline (PBS; 1x) 
without Ca2+ and Mg2+ 

Lonza, Belgium 4396 

Ethanol VWR, USA 20821.330 
Ethidium bromide Sigma-Aldrich, UK E7637 
Ethylenediaminetetraacetic 
acid (EDTA) 
 

Sigma-Aldrich, UK MFCD00003541 
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Ferric ammonium citrate 
(FAC) 

Sigma-Aldrich, UK RES20400-A7 
 

Foetal Bovine Serum 
(FBS) 

Life Technologies Ltd., 
Gibco, USA 

10270-106 

FBS, heat inactivated Life Technologies Ltd., 
Gibco, USA 

10500-064 

GlutaMAXTM_I Life Technologies Ltd., 
Gibco, USA 

35050-038 

Griess Reagent Sigma-Aldrich, UK A4503 
Glycerol Sigma-Aldrich, UK G5516 
High Performance LSC 
cocktail 

Sigma-Aldrich, UK S-4023 

Hydrochloric acid (HCL) Sigma-Aldrich, UK H1758 
Iron (III) chloride 
hexahydrate (FeCl3 x 
6H2O) 

Sigma-Aldrich, UK F2877 

55Fe PerkinElmer, USA NEZ 043 
Isopropyl alcohol Sigma-Aldrich, UK I9516 
Lipopolysaccharide (LPS) Enzo Life Sciences Inc., 

UK 
ALX-581-008-L002 

Nitrilotriacetic acid Sigma -Aldrich UK N9877 
NUTRIENT MIXTURE 
12-HAM with L-Glutamine 

Sigma -Aldrich UK N6658 

Methanol Sigma -Aldrich 34860 

1Kb DNA Ladder  Promega, UK G5711 

Potassium chloride (KCL) VWR BDH9258 
RPMI-1640 Medium Life Technologies Ltd., 

Gibco, USA 
61870-010 

Sodium bicarbonate 
(NaHCO3) 

Sigma-Aldrich, UK S5761 

Sodium chloride (NaCl) Sigma-Aldrich, UK S7653 
Sodium dodecyl sulfate 
(SDS) 

Sigma-Aldrich, UK L3771 

Sodium hydroxide (NaOH) Sigma-Aldrich, UK S8045 
Tris base Sigma-Aldrich, UK 93362 
TRIzolâ reagent Life Technologies Ltd., 

Ambion 
10296-028 

Trypsin EDTA (1x) 0.25% 
in Dulbecco’s phosphate-
buffered saline 

Life Technologies Ltd., 
Gibco, USA 

25200-072 
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2.2 Cell culture 

 

2.2.1 N9 microglia 

 

N9 microglial cell line originally derived from embryonic mouse microglial cultures, 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAXTM_I.  

The medium was supplemented with 5% (v/v) heat inactivated, filtered fetal bovine serum 

(FBS), 100 U/mL penicillin, 100 µg/mL streptomycin and 25 µg/mL amphotericin B. 

Cells were cultured in 75 cm2 filter vent flasks (Corning, USA, cat. no, 430641) and 

incubated at 37 °C in a 5% CO2 atmosphere at 100% humidity. Cells were sub-cultured 

every 3-5 days until 70-80% confluency has been attained and the media was changed 

every 48 hours. Sub-culturing was conducted by aspiration of growth media, washed 

twice with 10 mL of pre-warmed 1 x Phosphate Buffered Saline (PBS) without Ca2+ and 

Mg2+. Cells were scrapped with a sterile scrapper (Zellschaber S 99002) and resuspended 

in 10 mL of fresh complete medium and transferred into a 50 mL sterile tube (Thermo 

Fisher Scientific Inc., USA, Cat. no. 352070) for centrifugation at 1200 rpm at room 

temperature for 5 minutes. After discarding the supernatant, cells were re-suspended in 

10 mL of complete growth medium and sub-cultured into 75 cm2 filter vent flasks 

(Corning, USA, cat. no. 430641). Cell number, viability and morphology was determined 

by using the trypan blue exclusion test on a haemocytometer device (Neubauer). 
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2.2.1.1 N9 microglia treatments 

 

Prior to treatments cells were plated on 6-well plates (Greiner Bio-One, USA, cat no. 

657160), with seeding density at 5 x 105 cells per well and were allowed to recover for 

24 hours before experimentation commenced. Cells were treated at 70-80% confluency. 

Treatment compounds; LPS, a-synuclein and ferric ammonium citrate (FAC) (described 

in detail in Section 2.3) were diluted in serum free culture medium and added to the cell 

plates for up to 24 hours at a final concentration of 500 ng/mL, 25 µg/mL and 100 µM 

respectively. In control wells equal volume of serum free culture medium was added 

instead. All control and treated samples were probed in triplicates. Post treatment, cells 

were washed 3 times with 1xPBS and were subject to RNA isolation and gene expression 

(DMT1, ZIP14, TfR1, FPN, hepcidin, IL-6) analysis (described in detail in Section 2.6), 

NTBI and TBI uptake studies (described in detail in Section 2.7). Microglial intracellular 

expression of ferritin and the release of IL-6 and TNF-a proteins was quantified by 

ELISA (described in detail in Section 2.8). Nitric oxide levels released by microglia in 

the cell media was determined by the Griess assay (described in detail in Section 2.4) and 

cell viability after treatments was measured through the MTS cell proliferation assay 

(details described in Section 2.5) In Figure 2-1 a schematic display of cell culture models, 

time line of preformed treatments and experiments conducted are summarised. 

 

2.2.2 C6 astrocytes 

 

C6 astrocytes, derived from embryonic rat astrocytic cultures were cultured in 

NUTRIENT MIXTURE F-12 HAM with L-glutamine. The medium was supplemented 

with 10% (v/v) heat inactivated, filtered FBS, 100 U/mL penicillin, 100 µg/mL 
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streptomycin and 25 µg/mL amphotericin B. Cells were cultured in 75 cm2 filter vent 

flasks (Corning, USA, cat. no, 430641) and incubated at 37 °C in a 5% CO2 atmosphere 

at 100% humidity. Cells were sub-cultured every 3-5 days until 70-80% confluency has 

been attained and the media was changed every 48 hours. Sub-culturing was conducted 

by aspiration of growth media, washed twice with 10 mL of pre-warmed 1xPBS without 

Ca2+ and Mg2+. To detach cells from the flask, 2.5 mL of pre-warmed 0.05% Trypsin-

EDTA was added and incubated for 5 minutes at 37 °C. Flasks were gently tapped and 

checked under the microscope for complete detachment of cells. 10 mL of complete 

growth medium was added to resuspend cells and deactivate trypsin activity. This cell 

suspension was transferred into 50 mL sterile tube (Thermo Fisher Scientific Inc., USA, 

Cat. no. 352070) and centrifuged at 1,200 rpm for 5 min at room temperature. The 

supernatant was subsequently discarded and cells were resuspended in 10 mL of fresh 

growth medium and sub-cultured into 75 cm2 filter vent flasks (Corning, USA, cat. no. 

430641). Cell number, viability and morphology was determined by using the trypan blue 

exclusion test on a haemocytometer device (Neubauer). 

 

2.2.2.1 C6 astrocyte treatments 

 

Prior to treatments cells were plated on 6-well plates (Greiner Bio-One, USA, cat no. 

657160), with seeding density at 5 x 105 cells per well and were allowed to recover for 

24 hours before experimentation commenced. Cells were treated at 70-80% confluency. 

Treatment compounds; LPS or a-synuclein were diluted in serum free culture medium 

and added to the cell plates for up to 24 hours at a final concentration of 500 ng/mL and 

25 µg/mL respectively. In control wells equal volume of serum free culture medium was 

added instead. All controls and treated samples were probed in triplicates. Post treatment, 
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cells were washed 3 times with 1xPBS and were subject to RNA isolation and gene 

expression (DMT1, ZIP14, TfR1, Cp, FPN, hepcidin, IL-6) analysis (described in detail 

in Section 2.6), NTBI and TBI uptake studies (described in detail in Section 2.7). Cell 

viability after treatments was measured by the MTS cell proliferation assay (described in 

Section 2.5). In Figure 2-1 a schematic display of cell culture models, time line of 

preformed treatments and experiments conducted are summarised. 

 

2.2.3 N27 dopaminergic neurons 

 

N27 rat dopaminergic neuron cell line was grown in RPMI 1640 medium with L-

glutamine. The medium was supplemented with 10% (v/v) heat inactivated, filtered FBS, 

50 U/mL penicillin and 50 µg/mL streptomycin. 25 µg/mL amphotericin B. Cells were 

cultured in 75 cm2 filter vent flasks (Corning, USA, cat. no, 430641) and incubated at 37 

°C in a 5% CO2 atmosphere at 100% humidity. Cells were sub-cultured every 3-5 days 

until 70-80% confluency has been attained and the media was changed every 48 hours. 

Sub-culturing was conducted by aspiration of growth media, washed twice with 10 mL 

of pre-warmed 1xPBS without Ca2+ and Mg2+. To detach cells from the flask, 2.5 mL of 

pre-warmed 0.05% Trypsin-EDTA was added and incubated for 5 minutes at 37 °C. 

Flasks were gently tapped and checked under the microscope for complete detachment of 

cells. 10 mL of complete growth medium was added to resuspend cells and deactivate 

trypsin activity. This cell suspension was transferred into 50 mL sterile tube (Thermo 

Fisher Scientific Inc., USA, Cat. no. 352070) and centrifuged at 1,200 rpm for 5 min at 

room temperature. After discarding the supernatant, cells were re-suspended in 10 mL 

complete culture medium and filtered through a 40 µm sterile strainer (Corning, USA, 

cat. no. 352340) on top of a 50 mL sterile tube in order to obtain single cell suspension 
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as N27 cells tended to form clumps. Cells were sub-cultured into 75 cm2 filter vent flasks 

(Corning, USA, cat. no. 430641). Cell number, viability and morphology was determined 

by using the trypan blue exclusion test on a haemocytometer device (Neubauer). 

 

2.2.3.1 N27 dopaminergic neuron treatments 

 

N9 or C6 cells were seeded at 3 x 105 densities on to 24 mm diameter transwell permeable 

membrane inserts with 0.4 µm pore sizes (Figure 2-2) (Greiner Bio-One, USA, cat no. 

657641). N27 cells were seeded on 6-well plates at 6 x 105/well and all cell lines were 

allowed to recover for 24 hours before experimentation commenced. The permeable 

inserts containing the N9 cells were treated with LPS, a-synuclein or FAC at a final 

concentration of 500 ng/mL and 25 µg/mL and 100 µM respectively and C6 containing 

inserts were treated with LPS or a-synuclein at 500 ng/mL and 25 µg/mL respectively. 

The treated and untreated inserts were clipped on top of the N27 cell containing wells. 

For the iron loading experiments N27 cells have been treated directly with FAC at a final 

concentration of 100 µM (described in detail in Section 2.3) in addition to the co-culture 

inserts with FAC+LPS or FAC only treated N9 cells.  Co-culture times were up to 24 

hours. Post treatment, N27 cells were washed 3 times with PBS and were subject to RNA 

isolation and gene expression (DMT1, ZIP14, TfR1, FPN, hepcidin) analysis (described 

in detail in Section 2.6), NTBI and TBI uptake studies (described in detail in Section 2.7). 

Cell viability after treatments was measured by the MTS cell proliferation assay 

(described in Section 2.5). In Figure 2-1 a schematic display of cell culture models, time 

line of preformed treatments and experiments conducted are summarised. 
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2.2.4 N2a neuroblastoma cells 

 

N2a mouse neural crest-derived cell line were cultured in DMEM with GlutaMAXTM_I.  

The medium was supplemented with 10% (v/v) heat inactivated, filtered FBS, 50 U/mL 

penicillin and 50 µg/mL streptomycin. 25 µg/mL amphotericin B. Cells were cultured in 

75 cm2 filter vent flasks (Corning, USA, cat. no, 430641) and incubated at 37 °C in a 5% 

CO2 atmosphere at 100% humidity. Cells were sub-cultured every 3-5 days until 70-80% 

confluency has been attained and the media was changed every 48 hours. Sub-culturing 

was conducted by aspiration of growth media, washed twice with 10 mL of pre-warmed 

1xPBS without Ca2+ and Mg2+. To detach cells from the flask, 2.5 mL of pre-warmed 

0.05% Trypsin-EDTA was added and incubated for 5 minutes at 37 °C. Flasks were 

gently tapped and checked under the microscope for complete detachment of cells. 10 

mL of complete growth medium was added to resuspend cells and deactivate trypsin 

activity. This cell suspension was transferred into 50 mL sterile tube (Thermo Fisher 

Scientific Inc., USA, Cat. no. 352070) and centrifuged at 1,200 rpm for 5 min at room 

temperature. After discarding the supernatant, cells were re-suspended in 10 mL complete 

culture medium and filtered through a 40 µm sterile strainer (Corning, USA, cat. no. 

352340) on top of a 50 mL sterile tube in order to obtain single cell suspension as N2a 

cells tended to form clumps. Cells were sub-cultured into 75 cm2 filter vent flasks 

(Corning, USA, cat. no. 430641). Cell number, viability and morphology was determined 

by using the trypan blue exclusion test on a haemocytometer device (Neubauer). 
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2.2.4.1 N2a neuroblastoma cell treatments 

 

N9 cells were seeded at 3 x 105 densities on to 24 mm diameter transwell permeable 

membrane inserts with 0.4 µm pore sizes (Figure 2-2) (Greiner Bio-One, USA, cat no. 

657641). N2a cells were seeded on 6-well plates at 6 x 105/well and all cell lines were 

allowed to recover for 24 hours before experimentation commenced. The permeable 

inserts containing the N9 cells were treated with LPS at final concentration of 500 ng/mL. 

The inserts were clipped on the top of the N2a cell containing wells. Co-culture times 

were up to 24 hours. Post treatment, N2a cells were washed 3 times with PBS and were 

subject to RNA isolation and gene expression (DMT1, ZIP14, TfR1, FPN) analysis 

(described in detail in Section 2.6), NTBI uptake studies (described in detail in Section 

2.7) and intracellular protein expression of ferritin was quantified by ELISA (described 

in detail in Section 2.8). Cell viability after treatments was measured by the MTS cell 

proliferation assay (described in Section 2.5). In Figure 2-1 a schematic display of cell 

culture models, time line of preformed treatments and experiments conducted are 

summarised. 
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Figure 2-1 Time line of performed treatments and experiments conducted 
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Figure 2-2 The transwell co-culture model of glia and neurons 
The transwell co-culture model consists of two chambers isolated by a porous membrane. 
N27 or N2a neurons were seeded on the lower chamber and N9 microglia or C6 astrocytes 
were seeded on the membrane of the upper chamber. N9 microglia or C6 astrocytes were 
directly treated with LPS or a-synuclein in the upper chamber. In addition, iron loading 
experiments involved treating N9 microglial cells with FAC in the upper chamber and 
N27 neurons in the lower chamber. The 0.4 µm pore size of the transwell prevents direct 
cell–cell interactions but allows the diffusion of soluble factors through the membrane.  
 
 
 

2.3 Iron loading cells with ferric ammonium citrate (FAC) 

 

26.3 mg of ferric ammonium citrate (FAC); (NH₄)₅[Fe(C₆H₄O₇)₂] was dissolved in 10 

mL of serum free media and sterile filtered through  a 0.2 µm pore size filter (Merck 

Millipore, USA, Cat no. SLGS033SB) to make a stock solution of 10 mM of FAC. Prior 

to FAC treatments cells were plated on 6-well plates (Greiner Bio-One, USA, cat no. 

657160)  and were allowed to recover for 24 hours before experimentation commenced. 

Cells at 70-80% confluency were treated with 100 µM of FAC.  

 

 



 

 130 

2.4 Determination of Total Nitric Oxide (NOx−) by Griess Reagent Reaction and 

Nitrate Reductase  

 

Nitric Oxide (NO) is a gaseous paramagnetic radical and serves as a highly versatile 

messenger in biological systems. NO production is catalysed by inducible NO synthase 

(iNOS) which is highly expressed in microglia in response to inflammatory mediators 

such as LPS and cytokines (Sierra et al., 2014). Elevated levels of NO production by 

microglia signifies the transformation from resting, ramified morphology into the 

activated, amoeboid proinflammatory microglial phenotype (Block, Zecca, & Hong, 

2007; Kreutzberg, 1996). NO was measured in the cell media by the detection of its 

stable oxidation products, namely nitrite (NO2-) and nitrate (NO3-). NO is unstable in 

the presence of oxygen in solution and rapidly undergoes rapid oxidation to NO2- and 

NO3- (Ishii, Sheng, Warner, Forstermann, & Murad, 1991; Xie et al., 1992). 75µl of 

media was transferred onto 96-well plate from treated and untreated N9 microglial probes 

in triplicates. Nitrate reductase and its co-factor; nicotinamide adenine dinucleotide 

phosphate (NADPH) were added to reduce nitrate to nitrite and sodium pyruvate and 

lactate dehydrogenase were added to oxidize the remaining NADPH, which would 

interfere with the Griess reagent. 75 µL of Griess reagent were added to all samples and 

to standard wells with fixed concentrations of nitrite. After a 25-minutes incubation 

period in the dark at room temperature, total nitrites were measured 

spectrophotometrically at 540 nm in a microplate reader (Tecan Sunrise, Magellan V6.2). 

The standards were used to obtain a concentration curve from which the quantity of nitrite 

in samples were interpolated. 
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2.5 MTS cell proliferation assay 

 

Post treatment, all cells were tested with the (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS, CellTiter 96Ô One 

Solution Cell Proliferation Assay) to measure viable cell populations undergoing 

proliferation. Cells were seeded on 96-well plates (Corning, NY, USA, 3596) each well 

holding 20,000 cells/100 µL. Following a 24-hour incubation period with the treatment 

compounds at 37 °C in 5% CO2, 5 µL of MTS agent was added to each well. Cells were 

then incubated for a further 3 hours, during which metabolically active cells can reduce 

the MTS compound to the purple coloured formazan product. The quantity of formazan 

was measured by the amount of absorbance at 490nm (Mosmann, 1983) in a 

spectrophotometer (Tecan, Switzerland). 

 

2.6 Quantitative gene expression by Real-Time Polymerase Chain Reaction  

      (RT-PCR)     

        

2.6.1 Total RNA extraction by (TRIzol® reagent) 

 

Prior to the extraction protocol, the bench and all attributes were thoroughly wiped with 

RNAse ZAP (Ambion, LifeTechnologies, Carlsbad, USA) to eliminate RNAnses. 

Disposable gloves were worn at all times, and sterile disposable plasticware and pipettes 

were used only for RNA work.  

Extraction of RNA was conducted using the TRIzol®/chloroform extraction and 

isopropyl alcohol precipitation protocol according to the manufacturer’s instructions 

(Chomczynski & Sacchi, 1987). 1 ml of TRIzol® reagent was added to cells per well of 
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a six well plate, scrapped and pipetted into a sterile 1.5 mL micro centrifuge tube. 

Cells were homogenized by passing the cell suspension through a 25-gauge sterile syringe 

and needle (BD, UK, Cat no. 3000600, 25 G) 10 times. Samples were let to stand for 5 

minutes at room temperature, to allow the dissociation of nucleotide complexes, followed 

by the addition of 200 µL of chloroform per 1 mL of TRIzol®
 
and a vigorous 15 second 

shake by hand. Samples were let to stand at room temperature for 3 minutes and 

centrifuged (Eppendorf, Hamburg, Germany) for 15 minutes at 12,000 rpm at 4 °C. After 

centrifugation the mixture separates into a top aqueous layer containing the RNA, a white 

middle layer and a red lower layer containing DNA and proteins respectively. The 

aqueous layer was carefully removed by pipetting into new RNase free 1.5 mL Eppendorf 

tube and the lower organic phase was discarded.  

The RNA was precipitated from the aqueous phase with the addition of 500 µL of 

isopropyl alcohol. The tubes were mixed by gentle inversion 15 times and left to incubate 

at room temperature for 10 minutes. After a further 30 minutes centrifugation at 4° C, 

10,000 rpm, the supernatant was decanted and the RNA pellet was washed with 1 mL of 

75% ethanol made with diethylpyrocarbonate (DEPC) water. The samples were vortexed 

for 5 seconds to re-suspend the pellet and centrifuged for 5 minutes at 7000 rpm at 4 °C. 

The supernatant was decanted and the tubes containing the pellet were air dried for 10 

minutes. To re-dissolve the RNA, 50 µL of DEPC water was added and followed by a 

final 10 minutes incubation at 55 °C. After this stage, RNA samples were kept on ice at 

all times. 
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2.6.2 RNA integrity check 

To check RNA integrity, samples were electrophoresed on a 1% denaturing agarose gel. 

The agarose powder was dissolved 1x Tris-acetate-EDTA (TAE) buffer (40 mM Tris 

base, 20 mM acetic acid, 1 mM EDTA at pH 8.0) in a large beaker using 10 second 

microwave bursts until the solution was transparent. The sample was cooled for 5 

minutes, followed by the addition of 3 µL of ethidium bromide and mixed gently by 

swirling to facilitate the visualization of RNA bands after electrophoresis. The agarose 

solution was poured into a gel tray, followed by the immediate insertion of gel combs and 

was left to set. Samples for loading were prepared according to Table 2-1. 

 

Table 2-1 RNA integrity check sample preparation for gel loading 

1 Kb DNA ladder RNA samples 

5  µL 1 Kb ladder 3 µL DEPC water 

 
1 µL (×6) loading dye 1 µL (×6) loading dye 

---------------- 2 µL RNA (1 to 3 µg of RNA) 

6 µL total loading volume 6 µL total loading volume 

 

The set gel was immersed in 1xTAE running buffer (40 mM Tris base, 20 mM acetic 

acid, 1 mM EDTA at pH 8.0) in an electrophoresis unit. 2 µL [1-3 µg] of the RNA samples 

were mixed with 1 µL of Blue/Orange 6 x loading dye. The DNA ladder and the samples 

including the negative control were loaded into wells and electrophoresed at 100 volts for 

60 minutes. RNA integrity was obtained by the staining intensity of ethidium bromide 

under ultraviolet (UV) light of the major ribosomal RNA (rRNA) bands and any 
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degradation products or genomic DNA contamination. For mammalian rRNA, a 28S:18S 

rRNA ratio of 2:1 is perceived as good-quality RNA.  

 

2.6.3 RNA quantification and purity 

RNA concentration and purity were measured with a NanoDrop 2000 spectrophotometer 

(Labtech International, UK). RNA purity was assessed by using the following ratios: (1) 

The A260/280 ratio by which the degree of protein contamination was assessed. RNA 

with a ratio between 1.8 and 2.0 indicates no protein contamination. (2) A260/230 ratio 

indicates the presence of organic contaminants, such as phenol, TRIzol and other aromatic 

compounds. RNA with ratio between 2.0 and 2.2 are free from these contaminants. RNA 

concentration (ng/mL) was determined at an absorbance of 260 nm and with the 

application of the Beer-Lambert Law. 

 

2.6.4 Complementary DNA (cDNA) synthesis 

VersoTM cDNA kit (Thermo Scientific, Surrey, UK, Cat no; AB-1453/B) employed to 

generate complementary DNA (cDNA) from total RNA by reverse transcription. RNA 

samples were incubated with RNase-Free DNase to prevent DNA contamination for 30 

minutes in a thermo cycler (MJ Research PTC-200) at 37 °C and a further 10 minutes at 

70 °C to denature any secondary structures. A total reaction mixture of 11 µL consisting 

of 1µg of RNA, 1µL DNase buffer, 0.5 µL DNase and RNase free water was made up for 

each sample. All samples were immediately placed on ice after DNase treatment to 

prevent the re-formation of secondary structures. cDNA synthesis was performed after 

DNase treatment with the addition of the following into each reaction tube: 4 µL of 5x 
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cDNA synthesis buffer, 2 µL of dNTP mix, 1 µL of Verso RT-enzyme mix, 1 µL of RT 

Enhancer, 1 µL of Oligo-dT primers. The tubes were placed back onto the thermal cycler 

for a further 30 and 2 minutes incubation period at 42 °C and 95 °C respectively. cDNA 

samples were pulse centrifuged and either kept at 4 °C for immediate use or stored at -20 

°C. 

 

2.6.5 Real-Time PCR amplification 

Real-time quantitative gene expression analysis was carried out using the Roche, 

LightCycler® II 480 system (Roche, Mannheim, Germany), with LightCycler version 3.5 

software (Roche, Mannheim, Germany) and LightCycler 480 SYBR Green I Master kit 

(Roche Diagnostics, Cat no. 04707516001).  SYBR Green is a fluorescent dye present in 

the PCR mix that intercalates specifically in to the minor groove of double stranded DNA. 

Once bound, it is excited at 494 nm and emits light at 521 nm. Tracking emission at 521 

nm provides indirect quantification of double-stranded DNA in the reaction volume.  

Hence, the fluorescence at 521 nm is quantified in each sample reaction volume on a 96-

well format (Lightcycler 480 multiwell plate 96 Roche Diagnostics, Cat no: 

05102413001) at every PCR cycle. The PCR cycle number at which the florescence 

attains threshold value is depicted as a measure of the relative template concentration. 

Relative gene expression was calculated using the second derivative maximal method 

(Livak & Schmittgen, 2001) that provided threshold values of fluorescence. Cycle 

threshold values (Ct) were attained for target genes and the internal control gene; 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The expression of the target gene 

was normalised to GAPDH and defined as ΔCt values. The mean ΔCt values were 

calculated for each sample and the relative gene expression levels were normalised to 
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controls with expression level of 1.0.  

The PCR reaction volume contained 1 µL of cDNA, 0.3 µL of the specific primer forward 

and reverse, 6 µL of SYBR Green I Master and 4.7 µL of DEPC treated water. Negative 

controls contained 1 µL of DEPC water instead of cDNA. PCR plates were sealed, 

centrifuged and up-loaded onto the LightCycler® II 480 system real-time cycler that run 

on the following programme cycle stated in Table 2-2. 

Primers for target genes were designed using the primer blast online tool 

(http://www.ncbi.nlm.nih.gov/genebank/Primer-BLAST). 

BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) searches were conducted on all primers 

to confirm specificity and primer synthesis conducted by Sigma Aldrich. Primer 

sequences are depicted in Table 2-3. 

Table 2-2 PCR programme design 

Step Temperature 
(°C)  
 

Time (seconds) Cycles 

Initial denaturation 95 600 1 

Denaturation 

Annealing 

Extension 

95 

60 

72 

10 

10 

10 

 

50 

Melting Curve 95 5 1 

Cooling 65 60 1 
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Table 2-3 Primer nucleotide sequences used for Real-Time PCR amplification  

       

 

 

 

 

Gene 
 

Forward (5’- 3’) Reverse (5’- 3’) 

DMT1 
(Mouse) 

GGCTTTCTTATGAGCATTGCCTA 
 

GGAGCACCCAGAGCAGCTTA 
 

FPN 
(Mouse) 

CCAGCATCAGAACAAACACG 
 

ACTGCAAAGTGCCACATCC 
 

HAMP 
(Mouse) 

CCTATCTCCATCAACAGATG 
 

AACAGATACCACACTGGGAA 
 

GAPDH 
(Mouse) 

TGTCAAGCTCATTTCCTGGTATGA 
 

CTTACTCCTTGGAGGCCATGTAG 
 

IL-6 
(Mouse) 

CCTCTCTGCAAGAGACTTCCATCGA 
 

AGCCTCCGACTTGTGAAGTGGT 
 

TfR-1 
(Mouse) 

ATACGTTCCCCGTTGTTGAGG 
 

GGCGGAAACTGAGTATGGTTGA 

ZIP14 
(Mouse) 

GTAAACCTTGAGCTGCAC TGCAGCCCCTTCATGGT 

Cp 
(Rat) 

GTGGGAGACGAGGTCAACT GGAGTAACCAGGTTCCAGGC 

DMT1 
(Rat) 
 

GCTGAGCGAAGATACCAGCG 
 

TGTGCAACGGCACATACTTG 
 

FPN 
(Rat) 

TTCCGCACTTTTCGAGATGG 
 

TACAGTCGAAGCCCAGGAC 
 

HAMP 
(Rat) 

AGACACCAACTTCCCCATATGC 
 

ACAGAGACCACAGGAGGAATTCTT 
 

GAPDH 
(Rat) 

Primer sequence supplied by Primer 
Design 
 

Primer sequence supplied by Primer 
Design 

IL-6 
(Rat) 

TCCGCAAGAGACTTCCAGCCAGT AGCCTCCGACTTGTGAAGTGGT 

TfR-1 
(Rat) 

ATACGTTCCCCGTTGTTGAGG 
 

GGCGGAAACTGAGTATGGTTGA 
 

ZIP14 
(Rat) 

TGGAACGCTGCTCTCTAACG TATGTCCGTGATGGTGCTCG 
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2.7 In vitro iron uptake  

 

Intracellular iron uptake via transferrin bound (TB) and non-transferrin bound (NTB) was 

assessed using radioactive isotope (55Fe) labelling. The schematic representation of iron 

uptake experiments is displayed in Figure 2-3. 

 

2.7.1 NTB -55Fe uptake 

 

A solution of 55Fe-ascorbate was prepared by mixing 55FeCl3 with a 10-fold molar excess 

of ascorbic acid. After different treatments for 0, 6, 12 and 24 hours, cells were washed 

twice with 1xPBS and incubated with 1 µM 55Fe -ascorbate in 2 mL of serum free media 

for 60 minutes at 37 °C with gentle shaking. Cells were washed with 1xPBS and lysed 

with 1 mL of 1% SDS lysis buffer and 10 µL aliquot was taken for protein concentration 

measurements using the BCA assay (Section 2.9).  Lysates were mixed with 3 mL of 

scintillation solution and the ionizing radiation was measured as counts per minute (cpm) 

for 10 minutes in a scintillation counter (PerkinElmer, Liquid Scintillation Analyser, Tri-

Carb 2900TR, Massachusetts, USA). The cellular radioactivity was defined as; cellular 

radioactivity (cpm)/protein amount (µg), and the cellular radioactivity of each group was 

normalised with the individual control group. 
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2.7.2 Tf-55Fe uptake 

 

2.7.2.1 55Fe loading of human apo-transferrin 

 

55FeCl3 was combined with nitrilotriacetic acid in a 1:200 ratio (55Fe:NTA). The 55Fe-

NTA was incubated with apo-transferrin in a 2:1 ratio in carbonate buffer (0.9 M 

NaHCO3) for 30 minutes at 37 0C with agitation. The 55Fe mixture was passed through 

an 8.3ml G-25 Sephadex column (GE Healthcare Lifesciences, UK, GE17-0851-01) to 

separate the 55Fe-Tf from the unbound 55Fe-NTA. 

 

2.7.2.2.  55Fe-Tf uptake 

 

After the time course of different treatments for 0, 6, 12 and 24 hours, the media was 

removed, cells were washed twice with 1xPBS. Cells were incubated with 2 µM 55Fe-Tf 

for 60 minutes at 37 0C with gentle shaking in 2 mL of serum free media. Followed by 

two washes with 1xPBS and two further washes with an acidic stripping buffer (0.2 N 

acetic acid, 500 mM NaCl, 1 mM FeCl3 x 6H2O) to remove membrane bound 55Fe-Tf 

complexes. Cells were lysed with 1 mL of 1% SDS lysis buffer and 10 µL aliquot was 

used for the determination of the protein concentration using the BCA assay (Section 2.9). 

Lysates were mixed with 3 mL of scintillation solution and the ionizing radiation was 

measured as counts per minute (cpm) for 10 minutes in a scintillation counter 

(PerkinElmer, Liquid Scintillation Analyser, Tri-Carb 2900TR, Massachusetts, USA). 

The cellular radioactivity was defined as; cellular radioactivity (cpm)/protein amount 

(µg), and the cellular radioactivity value of each group was normalised with the individual 

control group. 
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Figure 2-3 Time line of 55Fe uptake experiment 
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2.8 Enzyme-linked immunosorbent assay (ELISA) 

 

 2.8.1 Ferritin ELISA  

 

Intracellular ferritin concentrations were quantified in treated and untreated N9 microglia 

and N2a neurons by ELISA using a mouse ferritin kit (Abcam, Product No. 157713). Post 

treatment, cells were suspended in 0.5% NP-40 lysis buffer (2 mM EDTA, 150 mM NaCl, 

20 mM Tris pH 8.0). Protein concentrations were measured by the BCA assay (Section 

2.10) and equal amounts of sample proteins were loaded onto 96-well microtiter plates 

coated with anti-ferritin antibodies (Abcam, Product No. 157713) and incubated at room 

temperature for 1 hour. In parallel, serial dilutions of purified ferritin were prepared and 

aliquots of known concentrations were incubated with the antibodies to generate a 

standard curve. After the removal of unbound proteins by washing, anti-ferritin detection 

antibodies conjugated with horseradish peroxidase (HRP) (Abcam, Product No. 157713) 

were added to form complexes with bound ferritin during a 10-minute incubation period 

in the dark at room temperature. Following another washing step, the amount of enzyme 

bound to ferritin was measured by the addition of a chromogenic substrate, 3,3’,5,5’-

tetramethylbenzidine (TMB) (Abcam, Product No. 157713) (Figure 2-4) and incubated 

in the dark at room temperature for 10 minutes. Absorbance readings were measured at 

450 nm in a microplate reader (Tecan Sunrise, Magellan V6.2). Since the quantity of 

bound enzyme is proportional to the concentration of ferritin in the samples, the quantity 

of ferritin in these samples was interpolated from the standard curve. All samples and 

standards were run in triplicates. 
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2.8.2 IL-6 ELISA 
 
 

IL-6 concentrations were quantified in cell culture supernatants of treated or untreated 

N9 microglial cells by ELISA using a mouse IL-6 ELISA kit (Millipore, Product No. 

EZMIL6).  Post treatment, the cell culture supernatant was loaded onto 96-well microtiter 

plates coated with anti-IL-6 capture antibodies (Part No. CS210108) and incubated at 

room temperature for 2 hours. In parallel, serial dilutions of purified IL-6 (Part No. 

CS210110) were prepared and aliquots of known concentrations were incubated with the 

antibodies to generate a standard curve. After the removal of unbound proteins by 

washing, biotin labelled detection anti-IL-6 antibodies (Part No. CS2100950) were added 

to form complexes with bound IL-6 during an hour incubation period at room 

temperature. Following another washing step, avidin and horseradish peroxidase (HRP) 

(Part No. CS 210051) were added to each well for an incubation period of 30 minutes at 

room temperature. Avidin binds to biotin with high affinity on the detection IL-6 

antibody. HRP reacts with TMB (Part No. CS210030) to yield a colorimetric reaction 

(Figure 2-4) which was added after the next washing step and followed by an incubation 

period of 15 minutes in the dark at room temperature. Absorbance readings were 

measured at 450 nm in a microplate reader (Tecan Sunrise, Magellan V6.2). Since the 

quantity of bound enzyme is proportional to the concentration of IL-6 in the samples, the 

quantity of IL-6 in these samples were interpolated from the standard curve. All samples 

were run in triplicates. 
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2.8.3 TNF-a ELISA 

 

TNF- a concentrations were quantified in cell culture supernatants of treated or untreated 

N9 microglial cells by ELISA using a mouse TNF-a ELISA kit (Millipore, Product No. 

EZMTNFA). Post treatment, the cell culture supernatant was loaded onto 96-well 

microtiter plates coated with anti-TNF-a capture antibodies (Part No. CS210117) and 

incubated at room temperature for 2 hours. In parallel, serial dilutions of purified TNF-a  

(Part No. CS210119) were prepared and aliquots of known concentrations were incubated 

with the antibodies to generate a standard curve. After the removal of unbound proteins 

by washing, biotin labelled detection anti-TNF-a antibodies (Part No. CS210118) were 

added to form complexes with bound TNF-a during an hour incubation period at room 

temperature. Following another washing step, avidin and horseradish peroxidase (HRP) 

(Part No. CS210061) were added to each well for an incubation period of 30 minutes at 

room temperature. Avidin binds to biotin with high affinity on the detection TNF-a 

antibody. Avidin binds to biotin with high affinity on the detection TNF-a antibody. HRP 

reacts with TMB (Part No. CS210023) to yield a colorimetric reaction (Figure 2-4) which 

was added after the next washing step and followed by an incubation period of 15 minutes 

in the dark at room temperature. Absorbance readings were measured at 450 nm in a 

microplate reader (Tecan Sunrise, Magellan V6.2). Since the quantity of bound enzyme 

is proportional to the concentration of TNF-a in the samples, the quantity of TNF-a in 

these samples were interpolated from the standard curve. All samples were run in 

triplicates. 
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Figure 2-4 Schematic diagram showing the assay summary of the Sandwich 
Enzyme-Linked Immunosorbent Assay (ELISA) 
Intracellular ferritin in N9 microglia and N2a neurons, IL-6 and TNF-a in cell culture 
supernatants of N9 microglia was quantified by ELISA (details described in Sections 
2.9.1, 2.9.2, and 2.9.3). Samples were loaded onto 96-well microtiter plates coated with 
primary capture antibodies which binds to target antigen. After the removal of unbound 
proteins by washing, enzyme (HRP) conjugated secondary antibody was added to form 
complexes with bound antigen. Following another washing step, the amount of enzyme 
bound to antigen was measured by the addition of a chromogenic substrate, 3,3’,5,5’-
tetramethylbenzidine (TMB) to yield a colorimetric reaction with HRP. Absorbance 
readings were measured at 450 nm. 
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2.9 Protein quantification 

 

Cells were re-suspended in NP-40 lysis buffer (0.5% NP-40, 2 mM EDTA, 150 mM 

NaCl, 20 mM Tris pH 8.0) for ELISA ferritin studies (Section 2.8.1) or in 1% SDS buffer 

for NTBI and TBI uptake studies (Section 2.7.1 and 2.7.2) for determining protein 

concentrations. Protein lysate concentrations were detected by employing the Pierce 

Bicinchoninic acid (BCA) Protein Assay (Pierce, Rockford, Il, USA. Cat no.23225). 50 

parts of reagent A was combined with 1 part of reagent B. 200 µL of reagent mixture was 

thoroughly mixed with 25 µL of cell homogenate on microplate wells (Thermo Scientific 

Pierce 96-Well Plates, Product No.15041). Reactions were incubated at 37 °C for 30 

minutes and cooled for a further 10 minutes at room temperature.  Absorbance readings 

were measured at 562 nm on a microplate absorbance reader (Tecan Sunrise, Magellan 

V6.2). Samples and standards were run in triplicates.  A standard curve was prepared 

using bovine serum albumin (BSA) concentrations ranging from 25 to 2000 µg/mL and 

protein concentrations of cell homogenates were calculated with reference to standards. 

 

2.10 Statistical analysis 

 

Statistical analysis was performed with Prism 7.0 statistical software (GraphPad, San 

Diego, CA, USA). Experiments carried out in triplicates in three independent trials and 

data were presented as mean ± standard error of the mean (SEM). Statistically significant 

difference between two groups was determined using the Student’s two-tailed unpaired 

t-test. Multiple comparisons were made with one or two-way analysis of variance 

(ANOVA) with Dunnett’s, Sidak’s or Tukey’s post-hoc tests. Statistical significance was 

set at p<0.05.  
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3. Effects of LPS induced inflammation on iron homeostasis in 

microglia and astrocytes 

 

3.1 Introduction 

 

Inflammation and iron accumulation are key pathological features of sporadic and 

hereditary neurodegenerative disorders (Hunot & Hirsch, 2003; Ong & Farooqui, 2005; 

Sian-Hulsmann, Mandel, Youdim, & Riederer, 2011; von Bernhardi & Eugenin, 2012). 

Inflammatory processes are mediated by resident activated glial cells; namely of 

microglia and astrocytes. Microglia present 10-20% of the glial cell population and 

chiefly serve as the innate immune system of the CNS. Under physiologically normal 

conditions in the brain, the observable morphology of these cells is ramified, highly 

branched, motile cell processes and in this state, they are referred to as ‘resting’ microglia. 

Even in the ‘resting’ state these cells are constantly monitoring the local 

microenvironment for danger signals induced from injury or pathologic derision (Hu et 

al., 2012). Astrocytes comprise the cellular plurality of the CNS. They have a star shaped 

morphology, provide structural, metabolic and trophic assistance to neurons by 

anatomically enveloping neuronal synapses. Under normal physiological conditions, 

astrocytes exert numerous vital and intricate duties to preserve optimal CNS homeostasis. 

Astrocytic perivascular end-feet processes conjoin the BVECs with neurons, hence 

astrocytes engaged with the critical role in the regulation of influx and efflux of a plethora 

of substances (Abbott, Ronnback, & Hansson, 2006). Astrocytes are involved in the 

surveillance of ion, neurotransmitter concentrations, synaptogenesis (Ullian, 

Christopherson, & Barres, 2004) and vasodilation during increased neural activity 
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(Takano et al., 2006). Astrocytes also play a primary role in the distribution of 

nutritionally enriched compounds to neurons as they also form synapses with brain 

capillaries (Brown and Ransom, 2007). Astrocytes like microglia are immunocompetent 

cells in the CNS that sense infection and injury (Tsai et al., 2012) and further enhance the 

amplification of immune responses initiated by microglia (Saijo et al., 2009). Both cell 

types must undergo this activation process in order to ensure effective immune responses 

in the brain. However, under chronic inflammatory conditions, activated glial cells lose 

their protective status and become neurotoxic through the secretion of excessive 

inflammatory cytokines; Interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis 

factor alpha (TNF-a), chemotactic factors, reactive oxygen species and nitrogen 

monoxide (NO) (Hu et al., 2012; Mogi et al., 1996; Mogi et al., 1994; Mu et al., 2016) 

and therefore these cells may greatly contribute to the pathogenesis of neurodegenerative 

diseases (NDs). 

 

Elemental iron provides a profound role for the optimal function of a diverse array of 

physiological processes. Consequently, intra and extracellular iron transport is highly 

coordinated in order to maintain physiologically optimal levels as high and low levels of 

iron result in serious health consequences. Increasing evidence implies the pivotal role of 

iron in the pathogenesis of a multitude of NDs, due to its propensity to release electrons 

and produce reactive oxygen species, causing oxidative stress which lead to cellular 

damage (Dexter et al., 1991; Dexter et al., 1994; Dexter et al., 1987).  

 

Cellular iron homeostasis is maintained by several transmembrane iron transporter 

proteins; chiefly by transferrin receptor 1 (TfR1) (Hemadi, Kahn, Miquel, & El Hage 

Chahine, 2004) and divalent metal-ion transporter (DMT1; SLC11A2) (Gunshin et al., 
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1997), iron exporter; ferroportin (FPN) (Donovan et al., 2005) and iron storage protein; 

ferritin (Cermak & Neuwirt, 1986; Haldar, Bevers, Tosha, & Theil, 2011). Additionally, 

several studies link the involvement of another transmembrane transporter to iron 

regulation; namely ZRT/IRT like protein 14 (ZIP14; SLC39A14), under inflammatory 

conditions ZIP14 RNA transcripts were highly expressed in mouse brain, heart, liver, 

lung, skin, pancreatic tissues  (Galvez-Peralta, Wang, Bao, Knoell, & Nebert, 2014) and 

involved in the significant up-take of non-transferrin bound iron (NTBI) under iron 

overload conditions in rat liver, pancreas and in human b-cells (Coffey & Knutson, 2017; 

Nam et al., 2013).  

 

Systemic iron homeostasis is chiefly regulated by a peptide hormone called hepcidin 

(Krause et al., 2000; Nicolas et al., 2001; Nicolas et al., 2002; Park, Valore, Waring, & 

Ganz, 2001). It induces its effect by reducing cellular iron release by binding to FPN, 

resulting in its internalization and degradation (Nemeth et al., 2004). Hepcidin production 

is stimulated by an increase in iron plasma levels and by inflammatory cytokines derived 

from pathogenic infections (Frazier, Mamo, Ghio, & Turi, 2011; Gnana-Prakasam et al., 

2008; Lee, Peng, Gelbart, Wang, & Beutler, 2005; Wrighting & Andrews, 2006). 

 

Hepcidin is primarily expressed in the liver, but it has been detected in various brain areas 

including amygdala, cerebellum pons, cortex, hypothalamus, mesencephalon, spinal cord 

and dorsal root ganglia (Du, Qian, Luo, Yung, & Ke, 2015; S. M. Wang et al., 2010; 

Zechel, Huber-Wittmer, & von Bohlen und Halbach, 2006).  Furthermore, vital function 

of hepcidin as a chief regulator of iron homeostasis in the brain was demonstrated by 

Wang et al, through administrating hepcidin via a lateral cerebral ventricle injection into 

mice that resulted in the decrease of FPN protein levels and the concomitant build-up of 
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iron concentration in the cerebral cortex, hippocampus and striatum (S. M. Wang et al., 

2010).  

 

As inflammation is a key pathological feature of neurodegeneration, previous studies 

demonstrate that hepcidin may be a significant link between iron accumulation and 

pathological inflammatory responses. Wang and colleagues showed that intravenous 

injection of lipopolysaccharide (LPS) upregulate hepcidin expression in the brain (Q. 

Wang et al., 2008). More over Urrutia and colleagues show hepcidin is highly expressed 

by microglia and astrocytes through LPS, IL-6 and TNF-a cytokine treatments. Their 

findings also show DMT1 expression upregulation and unchanged FPN levels in 

astrocytes and microglia through the inflammatory stimuli. Interestingly they have found 

microglial cells to accumulate iron but not astrocytes under the inflammatory 

bombardment (Urrutia et al., 2013).  

 

There is still a considerable lack of understanding in present scientific literature of iron 

transport and storage mechanisms in glial cells under inflammatory conditions or how 

excess iron levels effect inflammatory responses in the CNS. 

 

The aims of this study were: 

1. To investigate the impact of the LPS based inflammatory model on iron metabolic     

processes in microglia and astrocytes. 

2. To study how iron loading affects the inflammatory response and iron regulation in 

microglia. 

 

 



 

 150 

     3.2 Methods 

 

In this Chapter, the effect of LPS based inflammation is being investigated in two types 

of glial cells; microglia and astrocytes as follows;  

 

N9 microglia or C6 astrocytes were grown on 6-well plates for 24 hours and were 

treated with LPS [500 ng/mL] for 2, 4, 6, 12, 18 and 24 hours. This was followed by 

the removal of cell media after each time point to measure nitrite concentrations with 

the Griess assay (Section 2.4) and IL-6 and TNF-a levels with the enzyme-linked 

immunosorbent assay (ELISA) (Section 2.8). Gene expression levels of iron 

transporters; ZIP14, DMT1, TfR1, FPN and the systemic iron regulator; hepcidin were 

measured with quantitative-PCR after the isolation of RNA from LPS treated cells 

(Section 2.6). Ferritin protein expression was quantified in microglial cells with 

ELISA (Section 2.8). Iron influx studies were conducted with the radioactive isotope 

55Fe via non-transferrin bound-55Fe (NTB-55Fe) or transferrin bound-55Fe (TB-55Fe) 

pathways of uptake (Section 2.7). Iron influx studies comprised of exposing cells to  

1 µM 55Fe-ascorbate or 2 µM TB-55Fe in serum free cell media for 60 minutes. After 

the radioactive exposure, cells were washed and lysed and subsequently gamma 

counted for determination of 55Fe activity (Figure 3-1 A, C). In addition to LPS 

treatment, iron loading was performed by treating microglial cells with 100 µM of 

ferric ammonium citrate (FAC) (Section 2.3) to further investigate the combined effect 

of inflammation with higher iron concentrations utilizing all the above listed 

measurements (Figure 3-1 B). 
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Figure 3.1 Experimental design of in vitro studies 

 

3.3 Results 

 

3.3.1 LPS induced the release of key pro-inflammatory markers; nitrite, IL-6, TNF-

a and hepcidin from N9 microglial cells 

 

Microglial cells treated with LPS over a 24-hour period resulted in the production of 

elevated pro-inflammatory markers such as nitrite, IL-6 and TNF-a. Nitrite levels were 

significantly elevated at 6, 12 and 24 hours of LPS exposure (p<0.0001) compared to 

untreated controls (Figure 3-2). Microglial IL-6 protein release was also significantly 

elevated at 6, 12, and 24 hours of LPS exposure (p<0.0001) (Figure 3-3) compared to 

untreated cells.  Microglial TNF-a protein release significantly increased at 2 (p<0.001), 

4, 6, 12 and at 24 hours (p<0.0001) of LPS exposure compared to untreated controls 

(Figure 3-4). 
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Microglial cells stimulated with LPS also induced significant upregulation of hepcidin 

mRNA levels at 6 hours (8.94-fold) (p<0.0001) and at 12 hours (4.27-fold) (p<0.001) 

(Figure 3-5) and gene expression dropped to basal levels at 18 and 24 hours. 

 

 

 

 

Figure 3-2 Nitrite production by N9 microglial cells treated with LPS. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0, 
2, 4, 6, 12, 24 h as described in Experimental design. Nitrite production was measured 
in cell media by the Griess assay as described in Materials and Methods. Results 
represent mean values ± SEM (****p<0.0001 (compared with untreated control 
samples by two-way ANOVA and the Sidak’s post hoc test; n=3)). 
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Figure 3-3 IL-6 production by N9 microglial cells treated with LPS. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0, 
2, 4, 6, 12, 24 h as described in Experimental design. IL-6 production was measured 
in cell media by ELISA as described in Materials and Methods. Results represent 
mean values ± SEM (****p<0.0001 (compared with untreated control samples by two-
way ANOVA and the Sidak’s post hoc test; n=3)). 

 
 

 
 

Figure 3-4 TNF-α production by N9 microglial cells treated with LPS. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0, 
2, 4, 6, 12, 24 h as described in Experimental design. TNF-α production was measured 
in cell media by ELISA as described in Materials and Methods. Results represent 
mean values ± SEM (*p<0.05; ****p<0.0001 (compared with untreated control 
samples by two-way ANOVA and the Sidak’s post hoc test; n=3)). 
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Figure 3-5 Effect of LPS on N9 microglial mRNA expression of hepcidin. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0 
(the control), 6, 12, 18, 24 h as described in Experimental design. Total mRNA was 
obtained from control and treated cells for the quantitative real-time RT-PCR assay as 
described in Materials and Methods. The target gene was normalised against GAPDH. 
Results represent mean values ± SEM (**p<0.01; ***p<0.001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
 
 

3.3.2 LPS treatment alters N9 microglial iron related transporter genes and ferritin 

iron storage protein expression 

 

LPS stimulation induced a significant increase in ZIP14 mRNA expression at 4 hours by 

2.04-fold (p<0.001) and at 6 hours by 1.65-fold (p<0.01), at 18 and 24 hours ZIP14 

transcript expression significantly dropped below basal levels (Figure 3-6.A). DMT1 

gene expression was most significantly elevated at 2 hours by 2.45-fold, (p<0.0001), at 4 

hours by 2.3-fold, (p<0.0001), and remained significantly elevated at 6 hours by 1.56-

fold, (p<0.01), 12 hours by 1.55-fold, (p<0.01), 18 hours by 1.56-fold, (p<0.01) and 24 

hours by 1.37-fold, (p<0.01) (Figure 3-6.B). TfR1 gene expression was gradually 

downregulated below basal levels at 12, 18 and 24 hours. (Figure 3-6.C). FPN mRNA 
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expression increased steadily over 2, 4, 6, 12 hours and reached very significant fold 

change at 18 hours by 3.99-fold (p<0.0001), and at 24 hours by 5.68-fold (p<0.0001) 

(Figure 3-6.D). 

 

Microglial ferritin protein concentrations significantly increased after 24-hour LPS 

treatment compared to untreated cells; 96.37 ng/mL vs 40.72 ng/mL (p<0.01) 

respectively, quantified with ELISA (Figure 3-7). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 156 

 
 
 

Figure 3-6 Effect of LPS on N9 microglial iron transporter gene expression. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0 
(the control), 2, 4, 6, 12, 18, 24 h as described in Experimental design. Total mRNA 
was obtained from control and treated cells for the quantitative real-time RT-PCR 
assay as described in Materials and Methods. The target gene was normalised against 
GAPDH. Results represent mean values ± SEM (*p<0.05; **p<0.01; ****p<0.0001 
(compared with untreated control samples by one-way ANOVA and the Dunnett’s 
post hoc test; n=3)). 
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Figure 3-7 Effect of LPS on N9 microglial ferritin protein levels. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 
24 h as described in Experimental design. Ferritin levels were measured by ELISA as 
described in Materials and Methods. Results represent mean values ± SEM (**p<0.01 
(data analyzed by the Student’s t test; n=3)). 

 
 
 
3.3.3 LPS increases N9 microglial iron uptake via NTB-55Fe and has no effect on TB-

55Fe influx 

 

Microglial NTB-55Fe uptake was significant at 12 hours (p<0.001) and at 24 hours 

(p<0.0001) of LPS treatment (Figure 3-8) compared to untreated controls. TB-55Fe 

uptake had no significant changes with LPS treatment (Figure 3-9). 
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Figure 3-8 Effect of LPS on NTB-55Fe uptake in N9 microglial cells. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0, 
6, 12, 24 h as described in the Experimental design and NTB-55Fe uptake was 
determined by radioisotope measurements described in Materials and Methods. 
Results represent mean values ± SEM (***p<0.001 (compared with untreated control 
samples by two-way ANOVA and the Sidak’s post hoc test; n=3)). 
 

 
 
 

 
 

Figure 3-9 Effect of LPS on TB-55Fe uptake in N9 microglial cells. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL for 0, 
6, 12, 24 h as described in Experimental design and TB-55Fe uptake was determined 
by radioisotope measurements described in Materials and Methods. Results represent 
mean values ± SEM (compared with untreated control samples by two-way ANOVA 
and the Sidak’s post hoc test; n=3). 
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3.3.4 Ferric ammonium citrate (FAC) enhances the effect of LPS on N9 microglial 

pro-inflammatory marker production; IL-6 and TNF-a but not nitric oxide 

 

N9 cells produced significantly elevated nitrite levels at 6, 12 and at 24 hours with 

FAC+LPS (p<0.001), (p<0.0001) or LPS only treatments (p<0.0001) compared to 

untreated and FAC treated cells. The combined FAC+LPS treatment was significantly 

lower in nitrite release at 6 hours compared to LPS (p<0.05). Nitrite production at 12 and 

24 hours showed no significant differences between FAC+LPS and LPS treatments 

(Figure 3-10). IL-6 production with FAC+LPS combined treatment exceeded the LPS 

treated cells at 12 and 24 hours by 2.98-fold (p<0.0001) and 2.13-fold (p<0.0001) 

respectively. However, LPS treatment alone seemed to produce very significant IL-6 

levels at an earlier time point at 6 hours (p<0.0001) and the combined treatment was not 

showing any IL-6 production at that treatment time point (Figure 3-11). TNF-a  protein 

concentrations were higher with the combined treatment than with LPS alone by 2.4-fold 

at 2 hours (p<0.001), 2.74-fold at 4 hours (p<0.0001), 2.73-fold at 6 hours (p<0.0001), 

2.12-fold at 12 hours (p<0.0001) and by 2.40-fold at 24 hours (p<0.0001) (Figure 3-12).  
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    Figure 3-10 Nitrite production by N9 microglial cells treated with LPS and FAC. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 0, 2, 4, 6, 12, 24 h as described in Experimental design. 
Nitrite production was measured in cell media by the Griess assay as described in 
Materials and Methods. Results represent mean values ± SEM (*p<0.05, ***p<0.001, 
****p<0.0001 (multiple comparisons performed by two-way ANOVA and the 
Tukey’s post hoc test; n=3)). 
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     Figure 3-11 IL-6 production by N9 microglial cells treated with LPS and FAC. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 0, 2, 4, 6, 12, 24 h as described in Experimental design. 
IL-6 production was measured in cell media by ELISA as described in Materials and 
Methods. Results represent mean values ± SEM (****p<0.0001 (multiple comparisons 
performed by two-way ANOVA and the Tukey’s post hoc test; n=3)). 
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    Figure 3-12 TNF-α production by N9 microglial cells treated with LPS and FAC. 

N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 0, 2, 4, 6, 12, 24 h as described in Experimental design. 
TNF-α production was measured in cell media by ELISA as described in Materials 
and Methods. Results represent mean values ± SEM (***p<0.001; ****p<0.0001 
(multiple comparisons performed by two-way ANOVA and the Tukey’s post hoc test; 
n=3)). 
 
 
 

3.3.5 FAC loading and LPS treatment alters N9 microglial iron transporter gene 

expression and ferritin iron storage protein levels 

 

Analysis of ZIP14 gene expression in microglial cells treated with LPS+FAC resulted in 

the most upregulation of this gene compared to untreated, FAC treated and to LPS treated 

cells (Figure 3-13.A). Maximal change occurred at 2 hours by 2.5-fold (p<0.0001) and 

maintained highly significant expression levels at 4 hours by 2.45-fold (p<0.0001) and at 
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(p<0.001), but the effect of LPS was not as prevalent as the combined LPS+FAC 

treatments. Furthermore, the combined FAC+LPS treatments showed very significant 

upregulation of ZIP14 transcripts even to LPS treatments at 2 (p<0.0001), 4 (p<0.0001) 

and 6 hours (p<0.0001). FAC treatment alone did not have an effect on basal gene 

expression (Figure 3-13.A). DMT1 gene expression was also most elevated with the 

combined LPS+FAC treatment at 2 hours by 3.43-fold (p<0.0001), at 4 hours by 6.41-

fold (p<0.0001), at 6 hours by 4.71-fold (p<0.0001), at 12 hours by 3.86-fold (p<0.0001) 

and the highest transcripts levels were measured at 24 hours at a 6.77-fold change 

(p<0.0001) compared to untreated controls (Figure 3-13.B). LPS treatment also resulted 

in significant upregulation of DMT1 transcripts at 2 (p<0.0001), 4 (p<0.0001), 6 

(p<0.0001), 12 (p<0.0001) and at 24 (p<0.0001) hour time points but the gene 

upregulation was not as prevalent as the combined treatment with FAC+LPS. There were 

significant differences on DMT1 gene upregulation between FAC+LPS and LPS 

treatments in which FAC+LPS further enhanced the upregulation of DMT1 transcripts at 

2 (p<0.01), 4 (p<0.0001), 6 (p<0.01), 12 (p<0.01) and at 24 hours (p<0.0001) compared 

to LPS. FAC only treated cells did not change gene expression from basal levels (Figure 

3-13.B). TfR-1 transcripts fell below basal level of expression most significantly with the 

FAC only treatment at most time points, except at 6 hours where the combined FAC+LPS 

treatment resulted in the lowest expression levels of TfR1 transcripts (Figure 3-13.C). 

FPN transcripts levels remained unchanged from basal expression with all treatment types 

at 2, 4, and 6-hour time points (Figure 3-13.D). However, at 12 and 24 hours FAC 

treatment induced a 2.12-fold and 2.09-fold change (p<0.01), LPS induced 2.45 

(p<0.001) and 4.35 fold increase (p<0.0001), and FAC+LPS combined treatment resulted 
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the most significant elevation of FPN transcripts at 3.23-fold (p<0.0001) and 8.86-fold 

(p<0.0001) (Figure 3-13.D). 

 
 
Ferritin protein levels measured by ELISA in FAC treated cells showed the most 

significant increase compared to the untreated samples by 10.55-fold, (p<0.0001). The 

combined treatment with FAC+LPS produced a 6.26-fold change (p<0.0001) and the LPS 

only treatment resulted in a 2.37-fold increase compared to the untreated control samples 

(p<0.01) (Figure 3-14). 
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Figure 3-13 Effect of LPS and FAC treatment on N9 microglial iron transporter 
gene expression. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 0, 2, 4, 6, 12, 24 h as described in Experimental design. 
Total mRNA was obtained from untreated and treated cells for the quantitative real-
time RT-PCR assay as described in Materials and Methods. The target gene was 
normalised against GAPDH. Results represent mean values ± SEM (*p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001 (multiple comparisons performed by two-way 
ANOVA and the Tukey’s post hoc test; n=3)). 
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Figure 3-14 Effect of LPS and FAC treatment on N9 microglial ferritin protein 
production. 
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 24 h as described in Experimental design. Ferritin 
production was measured by ELISA as described in Materials and Methods. Results 
represent mean values ± SEM; (**p<0.01; ****p<0.0001 (multiple comparisons 
performed by one-way ANOVA and the Tukey’s post hoc test; n=3)). 
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3.3.6 FAC loading and LPS treatment enhances NTB-55Fe influx in N9 microglial 

cells 

 

The addition of FAC to cells had an enormous effect on NTB-55Fe influx. At 6 hours of 

FAC or FAC+LPS treatments, iron influx increased by 3.69-fold and 3.74-fold 

(p<0.0001) respectively compared to untreated cells. At 12 hours, iron influx had 

dropped, but still remained significant; FAC by 2.39-fold (p<0.0001), FAC+LPS by 2.29-

fold (p<0.001) and LPS only displayed a 1.22-fold (p<0.05) higher iron uptake compared 

to untreated cells (Figure 3-15). At 24 hours, only LPS treatment showed increased iron 

influx (p<0.05) compared to untreated, FAC and FAC+LPS treated cells. 
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Figure 3-15 Effect of LPS and FAC on NTB-55Fe uptake in N9 microglial cells.  
N9 microglial cells were treated with LPS at a final concentration of 500 ng/mL or 
FAC 100 µM only or both for 0, 6, 12, 24 h as described in Experimental design. NTB-
55Fe uptake was determined by radioisotope measurements described in Materials and 
Methods. Results represent mean values ± SEM (*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001 (multiple comparisons performed by two-way ANOVA and the 
Tukey’s post hoc test; n=3)). 
 
 
 

3.3.7 LPS induces gene expression of the pro-inflammatory cytokine; IL-6 and 

systemic iron regulator hormone; hepcidin in C6 astrocytes 

 

IL-6 mRNA transcripts were highly elevated at all LPS treatment time points in C6 
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significantly up regulated at 6 hours by 2.55-fold (p<0.05) and at 12 and 24 hours, 

transcript expression fell below basal expression of untreated samples (Figure 3-17). 

 

 

 
 

Figure 3-16 Effect of LPS on C6 astrocyte IL-6 mRNA expression. 
C6 astrocytes were treated with LPS at a final concentration of 500 ng/mL for 0 (the 
control), 2, 4, 6, 12, 24 h as described in Experimental design. Total mRNA was 
obtained from control and treated cells for the quantitative real-time RT-PCR assay as 
described in Materials and Methods. The target gene was normalised against GAPDH. 
Results represent mean values ± SEM (***p<0.001; ****p<0.0001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
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Figure 3-17 Effect of LPS on C6 astrocyte hepcidin mRNA expression. 
C6 astrocytes were treated with LPS at a final concentration of 500 ng/mL for 0 (the 
control), 6, 12, 24 h as described in Experimental design. Total mRNA was obtained 
from control and treated cells for the quantitative real-time RT-PCR assay as described 
in Materials and Methods. The target gene was normalised against GAPDH. Results 
represent mean values ± SEM (*p<0.05 (compared with untreated control samples by 
one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
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(Figure 3-18.B). TfR1 transcript levels were up-regulated at 6 hours by 1.96-fold 
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(p<0.05) (Figure 3-18.C). FPN mRNA levels remained unchanged during the LPS 
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Figure 3-18 Effect of LPS on C6 astrocyte mRNA expression of iron transporters. 
C6 astrocytes were treated with LPS at a final concentration of 500 ng/mL for 0 (the 
control),2, 4, 6, 12, 18, 24 h as described in Experimental design. Total mRNA was 
obtained from control and treated cells for the quantitative real-time RT-PCR assay as 
described in Materials and Methods. The target gene was normalised against GAPDH. 
Results represent mean values ± SEM (*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001 (compared with untreated control samples by one-way ANOVA and 
the Dunnett’s post hoc test; n=3)). 
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3.3.9. LPS treatment increases NTB-55Fe and TB-55Fe influx in C6 astrocytes 

 

NTB-55Fe influx was significant at all LPS treated time points from the untreated controls. 

At 6, 12, and 24 hours a fold change difference of 1.76, 3.05, 1.06 (p<0.0001) occurred 

compared to untreated controls (Figure 3-19). TB-55Fe influx resulted in significant 

increase at 12 and 24 hours, with a 1.48 and 1.87-fold (p<0.0001) change between LPS 

treated cells and untreated controls (Figure 3-20). 

 

 

 

 
 

Figure 3-19 Effect of LPS on NTB-55Fe uptake in C6 astrocytes. 
C6 astrocytes were treated with LPS at a final concentration of 500 ng/mL for 0, 6, 12, 
24 h as described in the Experimental design and NTB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent 
mean values ± SEM (****p<0.0001 (compared with untreated control samples by two-
way ANOVA and the Sidak’s post hoc test; n=3)). 
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Figure 3-20 Effect of LPS on TB-55Fe uptake in C6 astrocytes. 
C6 astrocytes were treated with LPS at a final concentration of 500 ng/mL for 0, 6, 12, 
24 h as described in Experimental design and TB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent 
mean values ± SEM (****p<0.0001 (compared with untreated control samples by two-
way ANOVA and the Sidak’s post hoc test; n=3)). 
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exhibited transferrin-bound iron (TBI) influx along with upregulation of TfR1. Iron 

loading further enhanced the magnitude of the LPS based inflammatory response by 

greater production levels of pro-inflammatory cytokines; IL-6 and TNF-a, which 

collectively lead to a more profound impact on fold change ratios of NTBI importer 

transcripts and NTB-55Fe influx in microglial cells. 

 

3.4.1 The effect of LPS on the release of key pro-inflammatory markers from 

 N9 microglia; nitrite, IL-6, TNF-a and hepcidin 

 

The results show that LPS treatment over 24 hours induced the activation process in N9 

microglial cells, a gradual transformation process from a quiescent cellular morphology 

into a pro-inflammatory phenotype. The activation process was validated by the 

significant levels of release of key pro-inflammatory cytokines and metabolites; IL-6, 

TNF-a and nitrite (Figures 3-2, 3-3, 3-4). It is very well documented in literature that 

microglial cells have an acute sensing capability to infection and injury by the expression 

of a diverse number of pattern recognition receptors on their cell surface such as TLRs, 

when stimulated, microglia secrete inflammation promoting cytokines; IL-6, TNF-a and 

IL-1b that have a direct impact on localised astrocytes, oligodendrocytes and neurons 

(Saijo et al., 2009). LPS, a gram-negative bacterial endotoxin induces its inflammatory 

effects by binding to TLR4 and myeloid differentiation protein 2 (MD-2) protein complex 

(Poltorak et al., 1998), which results in the recruitment of an adaptor protein in the 

cytoplasm; myeloid differentiation primary response protein 88 (MyD88). The MyD88 

dependent pathway initiates nuclear factor-ĸB (NFκB) activation through IL-1 receptor 

associated kinase (IRAK) and/or mitogen-activated protein kinases (MAPK) pathway, 

leading to increased expression of pro-inflammatory cytokines; TNF-α, IL-1β, IL-6 and 
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enhanced synthesis of inflammatory mediators such as NO (Jung, Chung, Kim, & Park, 

2007). In this study, TNF-a was detected at the earliest time point at 2 hours followed by 

IL-6 and NO at 6 hours (Figures 3-2, 3-3, 3-4), these findings are in agreement with 

previous reported data by Nakamura and colleagues in rat primary microglial cells 

(Nakamura, Si, & Kataoka, 1999). 

 

Furthermore, this study shows that the inflammatory process in microglial cells induce 

very significant hepcidin gene expression at 6 and 12 hours (Figure 3-5). It is well defined 

in scientific literature that hepcidin is not only expressed in peripheral organs but also in 

the brain. However, recent reports provide somewhat conflicting results in terms of 

microglia’s ability to express hepcidin under inflammatory conditions. Urrutia and 

colleagues (Urrutia et al., 2013) show hepcidin mRNA rise after 2 hours of LPS treatment 

in primary rat cortical microglia, however Lin-Hau You and colleagues do not have any 

significant hepcidin gene expression in their rat neocortical microglial cultures after 6 

hours of LPS treatment (You et al., 2017). It could well be that they actually missed the 

upregulation of their hepcidin transcripts at an earlier time point. Hence, it would have 

been interesting to establish the mRNA levels of hepcidin between the 2 – 6 hour time 

range in Lin-Hau You and colleagues’ study and also within our investigations to 

establish if there is an even earlier peak in the transcripts levels with LPS treatment.  

 

The generic mechanism in literature of LPS induced hepcidin expression occurs via the 

TLR-4/MyD88 mediated signalling pathway by which the earliest pro-inflammatory 

cytokine expressed is TNF-a. Minogue and colleagues found strong evidence that  

TNF-a may be responsible for the activation of janus kinase 2 (JAK2) and signal 

transducer and activator of transcription 1 (STAT1), which induces the upregulation of 



 

 176 

IL-6 (Minogue, Barrett, & Lynch, 2012). This is reflected in the ELISA results as TNF-

a was significantly expressed at 2 hours and IL-6 at 6 hours. IL-6 signalling culminates 

in the phosphorylation of signal transducer activator of transcription 3 (STAT3), which 

then translocate to the nucleus and binds to the STAT3-responsive element on the 

hepcidin promoter, activating hepcidin transcription (Wrighting & Andrews, 2006). 

 

3.4.2 The effect of LPS on N9 microglial iron transporter genes, ferritin iron storage 

protein expression, NTB-55Fe and TB-55Fe uptake 

 

This thesis provides evidence for the accumulation of iron in microglia due to the 

inflammatory conditions triggered by LPS. Intracellular iron overload is well established 

to cause free radical formation and oxidative stress if iron storage and transport 

mechanisms are disrupted in NDs (Ke & Ming Qian, 2003; Vidal et al., 2008). A recent 

report by Zhang and colleagues found LPS treatment in mice upregulated DMT1 and 

ferritin proteins, hepcidin transcripts and reduced FPN protein expression in the cortex 

and hippocampus brain regions. Hence suggesting that iron accumulation may occur 

under inflammation in the brain (F. L. Zhang et al., 2017). The findings in this study 

further confirm significant increase in ferritin protein expression with LPS treatment in 

microglial cells (Figure 3-7) which may suggest intracellular iron accumulation in these 

cells. 

 

To investigate the molecular mechanism responsible for this finding, gene expression of 

iron importer and exporter proteins was measured. The results show that iron uptake 

related protein expression was significantly increased; ZIP14 mRNA (Figure 3-6.A) was 

upregulated at the acute part of the LPS treatment between 2 to 12 hours and DMT1 
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transcripts remained highly expressed all through the 24 hour LPS treatment (Figure 3-

6.B). TfR1 iron importer was gradually downregulated below basal expression levels at 

12, 18 and at 24 hours (Figure 3-6.C). FPN iron exporter transcripts were drastically up-

regulated at 18 and 24 hours (Figure 3-6.D). The gene studies suggest that iron 

accumulation was a result of increased NTBI transporter gene expression. These 

investigations further reinforced that iron accumulation was very likely to have occurred 

due to the upregulation of NTBI importers from the results of the 55Fe influx studies. 

Significant increase in NTB-55Fe uptake at 12 and 24 hours and no change in TB-55Fe 

influx was observed after LPS treatment in microglia (Figures; 3-8, 3-9). 

 

A number of studies suggest that regulation of these iron transporters and storage proteins 

may be due to the direct effect of LPS and cytokines on transcription and on the alteration 

of the activity and expression of iron regulatory proteins (IRPs). IRPs are iron dependent 

post-transcriptional RNA binding factors which interact with iron regulatory elements 

(IREs) on the untranslated 5’ or 3’ regions (UTRs) of target mRNA transcripts (Recalcati, 

Minotti, & Cairo, 2010). DMT1, TfR1, ferritin and FPN all contain an IRE motif (Abboud 

& Haile, 2000; Donovan et al., 2000; McKie et al., 2000). A study by Rathore and 

colleagues show TNF-a upregulate the expression of DMT1, ferritin, and downregulate 

FPN, hence promote iron accumulation in microglia (Rathore, Redensek, & David, 2012). 

ZIP14 induction is also very susceptible to pro-inflammatory cytokine signalling, several 

studies confirm the upregulation of ZIP14 in liver by LPS, TNF-a and IL-6 (Aydemir et 

al., 2012; Liuzzi et al., 2005). A more relevant study reports expression of ZIP14 in the 

brain has been specifically induced by LPS or TNF-a but not IL-6 (Galvez-Peralta et al., 

2014). The results in this study also confirm that TNF-a may act as the inducer of ZIP14 

expression as its early significant detection at 2 hours (Figure 3-4) followed by the 
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upregulation of ZIP14 transcripts at 4 hours (Figure 3-6.A). There are no studies 

conducted on ZIP14 expression in microglia to date, hence this research endeavor is the 

first to show ZIP14 expression in microglial cells. A number of reports found that LPS 

treatment downregulates TfR1 expression in macrophages, however, intracellular iron 

accumulation is still evident (Kim & Ponka, 2000; Ludwiczek, Aigner, Theurl, & Weiss, 

2003; Recalcati, Pometta, Levi, Conte, & Cairo, 1998). A more relevant study conducted 

on BV2 microglial cells showed that 24 hours LPS treatment downregulated TfR1, 

increased ferritin synthesis and reduced FPN expression, hence prompted iron 

accumulation (Xu et al., 2015). TfR1 expression has been shown to negatively correlate 

with cellular iron status (Lu, Hayashi, & Awai, 1989). The mechanism of downregulation 

of TfR1 under inflammation was proposed to be a NO-dependent IRP2 suppression in 

macrophages (Kim & Ponka, 1999, 2000). This study somewhat confirms this finding in 

the microglial cell studies as there was downregulation in TfR1 gene expression (Figure 

3-6.C) but there was no significant decrease in TB-55Fe uptake in LPS treated cells 

compared to untreated controls (Figure 3-9). Interestingly, several studies found that FPN 

levels are downregulated (Xu et al., 2015) or remain unchanged under inflammatory 

conditions in microglial cells due to hepcidin and on a transcriptional level by the 

IRP/IRE system which is affected by intracellular iron status and by the presence of pro-

inflammatory cytokines and NO (Liu, Hill, & Haile, 2002; Urrutia et al., 2013; Z. Zhang 

et al., 2014). According to our ELISA and Griess assay results, the concentration of 

inflammatory cytokines and NO were at their peak levels at 18 and 24 hours (Figures 3-

2, 3-3, 3-4). Hence, it would be logical to assume from the high concentration of pro-

inflammatory factors present, altogether would have a significant impact on increasing 

IRP1 levels that would bind to the 5’ UTRs of IREs on FPN transcripts leading to its 

degradation. On the contrary, results show that FPN mRNA levels peaked significantly 
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at 18 and 24-hour time points (Figure 3-6.C), suggesting that microglia had a significant 

efflux of iron as well as influx of NTBI. However, based on the significant increase in 

ferritin protein levels which may reflect increased iron storage and the downregulation of 

TfR1 transcripts below basal levels which may show an increase in cellular iron status, it 

may be logical to conclude that iron influx was significantly higher to iron release in LPS 

treated microglia compared to untreated cells. 

 

3.4.3 Effect of FAC loading and LPS treatment on N9 microglial pro-inflammatory 

markers, iron transporter genes, ferritin iron storage protein expression and NTB-

55Fe influx 

 

In the next stage of this study, microglial cells were loaded with NTBI species in addition 

to LPS as both of these conditions; high concentrations of iron and inflammation are 

present conjointly in many neurodegenerative pathologies.  Iron loading was in the form 

of FAC to generate a deliberately high concentration of NTBI species in the cell media 

as NTBI levels are found to be elevated in neurodegenerative disorders (Bradbury, 1997; 

Breuer, Hershko, & Cabantchik, 2000; Crichton & Charloteaux-Wauters, 1987). The 

results show inflammatory markers; IL-6 and TNF-a protein expression increased by two 

to three-fold with the combined treatment than with LPS alone. Hence, FAC treatment 

with LPS potentiated the inflammatory response in microglia. However, FAC treatment 

alone did not induce inflammatory cytokine expression or NO release. These results are 

somewhat in agreement with previous studies; Zargan and colleagues administered iron 

sucrose together with heat-killed E.Coli in rats and shown to significantly enhance pro-

inflammatory cytokine production (Zager, Johnson, & Hanson, 2004). On the other hand, 

van Eijk and colleagues found in a double-blind randomized placebo-controlled trial 
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involving 30 healthy male volunteers that iron sucrose loading with endotoxin treatment 

did not enhance the inflammatory response (van Eijk et al., 2014). One must take note 

that animal studies have administered a 40 times stronger dose of iron sucrose compared 

to human studies, hence questioning the iron dosage in studies across the iron loading 

field as they all vary and therefore may have different effects on the species/tissue/cell 

type in question. However, taking iron completely out of the inflammatory process, 

Darshan et al found that LPS treated iron deficient rats showed reduced expression of IL-

6 and TNF-a, furthermore, Wang and colleagues showed that deferoxamine attenuates 

the inflammatory response induced by LPS in RAW 264.7 macrophages and mice 

(Darshan, Frazer, Wilkins, & Anderson, 2010; S. Wang et al., 2015). 

 

Based on the indirect measurement of iron accumulation by the analysis of ferritin protein 

levels in microglia, iron loaded cells without inflammation present had greater ferritin 

expression by approximately two-fold compared to the LPS+FAC treated cells (Figure 

3-14). NTBI influx studies have shown that FAC only treatment and LPS+FAC treated 

cells had similar amounts of NTB-55Fe uptake (Figure 3-15). This result can be 

interpreted as a key finding in iron metabolism in terms of intercellular iron storage with 

inflammation present. Under iron loading conditions ferritin levels increase in order to 

store the excess iron intracellularly in an inert form. Intracellular iron levels are sensed 

by the IRE/IRP system, ferritin mRNA has an IRE sequence in its 5’UTR, up on iron 

excess IRP1 is inhibited from binding the IRE and this results in the upregulation of 

ferritin synthesis. A recent report on iron loading with various iron reagents; ferric citrate, 

ferrocene, and FAC have all confirmed significant ferritin expression in glial cell 

populations in a novel organotypic hippocampal slice culture model (Healy, McMahon, 

Owens, & FitzGerald, 2016). However, in this study iron load is accompanied by 
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inflammation, ferritin levels are significantly down regulated due to the inflammatory 

process, furthermore, NTBI influx is equally significant with FAC and FAC+LPS. This 

raises the question, how is the excess iron stored or metabolized inside the cell if ferritin 

levels have diminished? A recent study conducted by Puri and colleagues in hepatic 

tissues of obese mice characterized with chronic low-grade inflammation verify our 

observation on ferritin expression. The obese mice exhibited high levels of pro-

inflammatory cytokines, oxidative stress and elevated hepatic hepcidin concentrations 

that concomitantly reduced FPN expression and surprisingly resulted in a significant 

decline in ferritin expression (Puri et al., 2017). Therefore, this study and the findings by 

Puri et al both raise the question about the fate of the excess intracellular iron. Logically, 

when ferritin levels fail to be upregulated with high levels of iron present, the free 

available iron would promote oxidative stress via the Fenton reaction generating hydroxyl 

radicals. Puri et al confirm significant oxidative stress levels in obese mice hepatic tissue, 

hence this supports the idea that the free iron is most likely to engage in Fenton chemistry 

due to insufficient ferritin storage under inflammatory conditions. It is very highly likely 

that the inflammatory factors have a direct down regulatory effect on ferritin expression 

by a yet unrevealed mechanism. Although it is quite plausible to put forward a similar 

down regulatory mechanism to FPN described earlier in this Chapter, resulting from high 

levels of NO and inflammatory cytokine production that may have a direct effect on 

IRP1’s engagement with the 5’ UTR IRE on ferritin’s mRNA. 

 

In order to establish how iron loading alone and iron loading with inflammation resulted 

in excess iron inside cells, gene expression of iron importer and exporter proteins were 

analyzed. ZIP14 transcript levels where further upregulated with iron loading with 

inflammation compared to inflammation alone (Figure 3-13.A). ZIP14 gene expression 
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is well established by a number of research groups to be highly upregulated under pro-

inflammatory conditions.  Key cytokines; IL-6 and independently of IL-6, IL-1b and NO 

production results in the significant transcriptional activity of ZIP14 (Lichten, Liuzzi, & 

Cousins, 2009; Liuzzi et al., 2005). The inflammatory cascade was further enhanced by 

iron loading which can be clearly seen from our TNF-a and IL-6 production 

measurements (Figures 3-11, 3-12), hence higher induction of ZIP14 gene expression. 

On the other hand, iron loading without inflammation present resulted in very high ferritin 

expression (Figure 3-14) and NTBI uptake (Figure 3-15), however, ZIP14 transcripts 

were not upregulated at all (Figure 3-13.A). A recent study by Knutson and colleagues 

used FAC reagent to iron load human b-cells and confirmed increased ferritin levels, 

decreased TfR1 and no change in ZIP14 transcripts or protein levels (Coffey & Knutson, 

2017). Furthermore, the same group conducted NTBI uptake studies in ZIP14 KO human 

b-cells and found that NTBI absorption was not abolished, hence they clearly show a 

ZIP14 independent NTBI influx into b-cells (Coffey & Knutson, 2017). Other iron 

loading studies based on liver, pancreas, kidney, spleen and carcass investigating ZIP14’s 

potential to import NTBI was carried out by Jenkitkasemwong and colleagues. They used 

ZIP14 KO and WT mice, given an intravenous injection of ferric citrate to saturate plasma 

transferrin and followed by the administration of 59Fe-labeled ferric citrate to generate 

NTBI species. They found a 70% reduction of NTBI absorption in liver and the pancreas 

in KO mice. However, in kidney, spleen and carcass NTBI absorption was higher in the 

KO mice compared with the WT controls (Jenkitkasemwong et al., 2015). These iron 

loading studies convey that ZIP14 is more significant in the import of iron in some tissues 

than in others or not involved at all, such as in the liver and the pancreas and not function 

as an iron importer in the kidneys and spleen. Furthermore, a study by Aydemir et al 

2012, question ZIP14’s function as a major NTBI importer all together during the innate 
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immune response. Their work is carried out on ZIP14 KO mice and WT animals infused 

with LPS for 18 hours and measured iron in serum and liver.  Both genotypes produced 

comparable hypoferremia and liver iron loading. However, ZIP14 KO mice had 

significant increase in non-haem iron content. They also found very significant 

expression of hepcidin, TfR1, DMT1 and ferritin transcripts in LPS treated ZIP14 KO 

mice. Additionally, Aydemir and colleagues orally administered 59Fe in WT and KO mice 

to study iron absorption in the gut and found that the ZIP14 KO mice had greater iron 

uptake. Furthermore, 59Fe was measured in serum and liver, 59Fe content in serum was 

not affected in the ZIP14 KO mice, however hepatic 59Fe absorption was significantly 

higher in the KO mice. Overall this study stands out from other functional studies of this 

gene as Aydemir and colleagues argue against the role of ZIP14 being a cellular iron 

importer as they concluded from the KO mice studies. They claim ZIP14’s absence results 

in the attenuation of cellular iron export and hence the concomitant intracellular iron build 

up in hepatocytes (Aydemir et al., 2012).  Collectively these recent reports on ZIP14’s 

ability to import iron into cells are somewhat ambiguous. Iron loading experiments 

suggest some degree of NTBI import by ZIP14 but it depends on the tissue type. During 

inflammation when ZIP14 expression is at its peak, especially in the liver, it might 

function more as a zinc importer and as an iron exporter in this case. Aydemir and 

colleagues also show significantly high levels of zinc in WT mice hepatocytes compared 

to ZIP14 KO mice after LPS treatment. It is plausible to suggest that ZIP14 may be 

recognised as the next exporter of iron in line with ferroportin during the inflammatory 

response. In this thesis it was clearly shown that iron loaded microglial cells without 

inflammation present exhibit increased NTBI uptake via a ZIP14 independent transport 

mechanism. However, when inflammation was present, ZIP14 expression was highly 

induced in microglial cells thus supporting the significantly increased NTBI influx. In 
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future investigations one must clearly define the nature of this gene in terms of iron 

transport under basal, iron loaded and inflammatory conditions through siRNA or ZIP14 

KO animal studies in order to elucidate its role to iron. Furthermore, it would be highly 

valuable to establish ZIP14’s preference of metals transported in and out from microglial 

cells under normal and inflammatory parameters. 

 

NTBI importer; DMT1 had a similar expression profile of its transcripts to ZIP14. 

Inflammation and iron loading together induced a greater transcript response compared 

to inflammation alone (Figure 3-13.B). Urrutia and colleagues show upregulation of 

DMT1 transcripts and protein expression and 30% increase in total iron content in rat 

cortical microglial cells after 18 hours LPS treatment (Urrutia et al., 2013). Rathore et al 

2012 measured DMT1 transcript levels and protein localization by immunofluorescence 

labelling with inflammation combined with iron loading. They show very significant 

upregulation of DMT1 mRNA, DMT1 plasma membrane localization, NTBI influx and 

elevated ferritin expression which indicated intracellular iron accumulation (Rathore et 

al., 2012).  Therefore, these results further confirm that DMT1 expression is significantly 

upregulated with inflammation and also characterized by accumulation of intracellular 

iron levels. However, this study is the first to compare the influence of iron loading and 

inflammation independently and conjointly on microglial cells and first to report that 

inflammation combined with iron loading induce the highest level of DMT1 expression. 

Once again, like ZIP14, iron loading by itself did not have an effect on DMT1’s basal 

expression levels (Figure 3-13.B). NTBI influx into these cells appear to be independent   

of DMT1 and ZIP14 importer activity when inflammation is not present. Interestingly, 

Rathore and colleagues failed to mention in their study that was obviously apparent in 

their results section, that iron loading alone did not change DMT1’s basal expression 
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levels, however, they had elevated ferritin protein expression and a very significant NTBI 

influx into their microglial cells. Clearly, their results display the strong activity of 

alternative importers of NTBI to DMT1 in microglia under iron loading conditions 

without inflammation. However, they concluded that DMT1 is responsible for NTBI 

uptake under inflammation and iron loading combined, however this certainly needs 

further investigation in order to claim that DMT1, like ZIP14 are actually involved in iron 

transport under inflammatory conditions even though they are tremendously upregulated. 

A very recent study by Knutson and Coffey show that overexpression of DMT1 in human 

b-cells did not stimulate NTBI iron influx in response to iron loading even though they 

show DMT1 localization in the cell surface (Coffey & Knutson, 2017). However, it is 

vital to acknowledge that DMT1 is a proton symporter, transporting 1 to 1 ratio of H+  and 

Fe2+ and hence its activity to engage in iron influx is enhanced by the mildly acidic 

environment which is present in the duodenum (Gunshin et al., 1997; Tandy et al., 2000). 

Knutson and Coffey conducted NTBI loading at neutral pH 7.4 in their DMT1 

overexpression studies in b-cells (Coffey & Knutson, 2017), unsurprisingly at that pH it 

is not optimal for this importer to actively engage in NTBI uptake. On the other hand, 

when inflammation is present the diverse pro-inflammatory species make the 

microenvironment more acidic (J. Zhang et al., 2009), hence DMT1 is more likely to be 

active in the uptake of iron from the extracellular environment into the cell. Therefore, 

one can only assume that DMT1 is highly likely to be importing iron under LPS treatment 

into microglia. In future studies, in order to establish the role of DMT1 under 

inflammatory conditions, DMT1 knock down animals or siRNA silencing in cells would 

provide a clearer function and involvement of this protein in NTBI influx and iron 

accumulation in microglia. 
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The gene expression profile of TfR1 in this study clearly reflects microglial iron status. 

It is well established that TfR1 is negatively regulated by cellular iron levels (Lu et al., 

1989). Iron loading, inflammation and the combined treatment all upregulated ferritin 

protein levels, increased NTBI influx and TfR1 transcripts were significantly below basal 

expression levels at all time points (Figure 3-13.C). More specifically, TfR1 transcript 

levels were at the lowest when we loaded cells with iron which is no surprise. This study 

also shows that under inflammatory conditions TfR1 levels are downregulated and iron 

regulation changes even with basal iron levels in the microenvironment/cell media. 

 

FPN iron exporter transcripts were the most upregulated at 12 and 24 hours after 

FAC+LPS combined treatment, then LPS only and lastly the least significant 

upregulation was with FAC loading (Figure 3-13.D). However, previous studies report 

the opposite effect of inflammation on FPN in primary microglia and in the retroviral 

immortalized microglial BV2 cell line. The inflammatory stimuli resulted in FPN’s 

downregulation or had no change in its basal expression levels after 18 or 24 hour 

treatments times (Liu et al., 2002; Urrutia et al., 2013; Z. Zhang et al., 2014). The iron 

loading results are in agreement with previously reported data by Rathore and colleagues, 

they also showed  significant increase in FPN expression in primary microglial cells at 

24 hours, however when they conjointly treated cells with iron and inflammatory stimuli, 

FPN levels significantly dropped at the 24 hour time point (Rathore et al., 2012). These 

results show that N9 microglial cells sense iron accumulation under inflammation and 

iron loading by the increase in FPN expression. Hence overriding the down regulatory 

effect of hepcidin induced internalization/degradation and pro-inflammatory cytokine 

signalling effecting the transcriptional control mechanism via the IRP/IRE system in 

order to counter act the elevated intracellular iron status to some degree.  
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3.4.4 The effects of LPS treatment on IL-6, hepcidin and iron related transporter 

gene expression and TB-55Fe /NTB-55Fe influx in C6 astrocytes 

 

LPS treatment over a 24-hour period induced activation of astrocytes which was 

confirmed by measuring significant upregulation of IL-6 and hepcidin mRNA levels 

(Figures 3-16, 3-17). Like microglia, astrocytes are also part of the innate immune cells 

of the CNS and able to sense signs of infection and injury which induces their activation 

and the release of a diverse set of pro-inflammatory factors; including TNF-a, IL-6, and 

IL-1b (Barbierato et al., 2013). LPS interacts with TLR4 expressed on the cell surface 

which results in the induction of the downstream signalling cascade to produce excessive 

pro-inflammatory cytokine release as explained earlier within this Chapter. These results 

show for the first time that IL-6 produced by astrocytes culminates in the upregulation of 

hepcidin mRNA in an autocrine fashion (Figures 3-16, 3-17). A recent study by Lin-Hao 

et al 2017, had an opposing finding on C6 astrocytes. They reported that direct LPS 

treatment on astrocytes did not induce hepcidin production even in the acute stage of the 

treatment at 6 hours. However, IL-6 release from LPS treated microglia or direct IL-6 

treatment only, did culminate in C6 hepcidin production after 6 hours (You et al., 2017). 

Unfortunately, the LPS concentration used for the cell treatments was not stated in Lin-

Hao and colleagues’ report. They may have used a very low concentration which was not 

enough to elicit an immune reaction is astrocytes. 

 

It is clear that the inflammatory process alters iron homeostasis in astrocytes, however 

these cells may respond differently to iron regulation compared to microglia under the 

stress of inflammation. These results show that astrocytes use both TBI and NTBI uptake 

routes during inflammatory conditions (Figures 3-19, 3-20). The only other report that 
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investigated these iron influx routes into quiescent and activated astrocytes was submitted 

by Pelizzoni et al 2013, they also reported elevated influx of NTBI in activated astrocytes 

that resulted in intracellular iron accumulation and contrary to our results they did not 

find significant difference in the influx of TBI (Pelizzoni, Zacchetti, Campanella, 

Grohovaz, & Codazzi, 2013). As discussed earlier in this Chapter, many studies report 

that the inflammatory process downregulates TfR1 levels in many cell types and TfR1 

downregulation is associated with elevated intracellular iron status (Lu et al., 1989). 

Pelizzoni and colleagues have found that intracellular iron status was elevated through 

NTBI uptake and TfR1 protein expression was diminished due to the activation process 

and iron status. It is important to note that Pelizzoni and colleagues performed their 

studies on cortical primary astrocytic cell cultures and applied different inflammatory 

stimulants such as TNF-a or IL1-b at 30 ng/mL and 10 ng/mL for 24 hours respectively 

compared to this study in which 500 ng/mL of LPS was used. In these results, direct iron 

status in our astrocytes cannot be confirmed, however as TfR1 transcripts were 

upregulated and TBI influx was significantly increased, one could assume that these cells 

did not accumulate iron over the 24-hour LPS exposure. Furthermore, it is still 

controversial whether TfR1 is actually expressed in astrocytes in vivo. However, RNA 

transcripts and protein were confirmed to be present in cultured cells by a number of 

reports (Hoepken, Korten, Robinson, & Dringen, 2004; Moos & Morgan, 2004) and 

further validated in this study (Figures 3-18.C, 3-20).  This thesis is among the few to 

investigate ZIP14 expression and its role as an iron importer in astrocytes, the only other 

study looking at NTBI and ZIP14 expression in primary cultures is by Bishop and 

colleagues (Bishop, Scheiber, Dringen, & Robinson, 2010). However, it is vital to note 

that Bishop et al did not induce the inflammatory process to establish iron transport 

associated with the protein. Clearly these results show that the inflammatory response 
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elicited a powerful induction of ZIP14 transcripts, approximately between 50 to 130-fold 

change (Figure 3-18.A), far greater levels of ZIP14 mRNA compared to microglia. 

DMT1 expression under inflammation has been well studied in astrocytes on transcript 

and protein levels (Codazzi, Pelizzoni, Zacchetti, & Grohovaz, 2015; Rathore et al., 2012; 

Urrutia et al., 2013) and this thesis further confirms DMT1’s upregulated expression 

profile under inflammation. The high level of expression of ZIP14 and DMT1 importers 

support the NTB-55Fe and TB-55Fe influx results into these cells. However, there was no 

change observed in FPN expression and this may suggest less iron efflux occurring during 

the 24-hour LPS treatment compared to iron influx. Two reports from Urrutia et al and 

Rathore et al, found increased DMT1 expression and no change in FPN transcripts and 

protein levels and reported no iron accumulation in astrocytes after 18-hour or 24-hour 

pro-inflammatory cytokine treatment (Rathore et al., 2012; Urrutia et al., 2013).  

 

3.5 Conclusion 

 

The elucidation of the inflammatory effect on iron homeostatic regulation in microglia 

and astrocytes are of prime importance in order to deconstruct the puzzling nature of 

neurodegeneration. The results of this research effort highlight the difference in iron 

regulatory characteristics between astrocytes and microglia in response to inflammatory 

environments. Microglial cells accumulated iron in response to LPS stimulation which 

was confirmed by ferritin protein upregulation, increased NTB-55Fe influx possibly via 

DMT1 and ZIP14 iron transporters and the downregulation of TfR1 transcript levels. 

Astrocytes did not show iron accumulation under inflammation as TfR1 transcripts were 

upregulated, although they displayed significant influx of iron via NTB-55Fe and TB-55Fe 
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routes and highly significant upregulation of iron transporter transcripts; DMT1 and 

especially ZIP14.  

 

Additionally, the effect of loading pathological levels of NTBI species on iron 

homeostatic regulation in microglia was investigated with or without inflammation 

present. The results show that iron loading solely did not elicit an inflammatory response 

but did manifest in the intracellular accumulation of iron without the upregulation of 

DMT1 and ZIP14. Hence, there are other possible NTBI importers involved in iron 

ingression into these cells. A particularly strong candidate is SLC39A8 (ZIP8) that has 

been found to localise in the plasma membranes of primary rat microglial cells and have 

the ability to transport iron in various types of tissue (Jenkitkasemwong, Wang, 

Mackenzie, & Knutson, 2012; Li et al., 2016). Iron loading combined with LPS treatment 

resulted in the enhancement of the inflammatory response and elevation of the 

intracellular iron content. However, iron loading alone ensued higher ferritin levels in 

microglial cells compared with the conjoint treatment with inflammation. Therefore, 

future investigations clearly must provide a more direct measure of intracellular iron 

levels as lower ferritin expression in the combined FAC+LPS treatment may have been 

downregulated by the inflammatory species.  
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4. Effects of inflammation induced by LPS activated microglia 

and astrocytes on iron homeostasis in neuronal cells 

 

4.1 Introduction 

 

Inflammatory responses driven by microglia and astrocytes can contribute to the 

pathogenesis of sporadic and hereditary neurodegenerative disorders in a very significant 

manner. Chronic phase activated microglia and astrocytes secrete high levels of pro-

inflammatory cytokines and neurotoxic factors. These include; IL-1β, TNF-α, IFN-γ, IL-

6, eicosanoids, proteinases, ROS and RNS that have deleterious burden on neuronal 

viability (Hu et al., 2012; Mogi et al., 1996; Mogi et al., 1994; Mu et al., 2016). 

Inflammation can arise from a plethora of possible triggers within the CNS. These include 

immunological challenges; (bacterial or viral infections)(Lehnardt, 2010) neuronal 

dysfunction; (brain trauma, stroke)(Lauritzen et al., 2011), pre-existing chronic 

inflammatory maladies; (rheumatoid arthritis, arthrosclerosis, type 2 diabetes and 

multiple sclerosis)(Granic, Dolga, Nijholt, van Dijk, & Eisel, 2009; Pan, Hsuchou, Yu, 

& Kastin, 2008) and environmental toxins; (pesticides, heavy metals and neurotoxins) 

(Hayley, Mangano, Crowe, Li, & Bowers, 2011).  

 

Iron accumulation is often conjointly present with inflammation in brain areas were 

neuronal cell death is evident (Hunot & Hirsch, 2003; Ong & Farooqui, 2005; Sian-

Hulsmann, Mandel, Youdim, & Riederer, 2011; von Bernhardi & Eugenin, 2012). Hence 

the inflammatory cascade is strongly linked to iron homeostasis dysregulation. It was 

shown in Chapter 3, that microglial iron accumulation further embellishes the 

inflammatory state through the increased production of pro-inflammatory cytokines that 
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may enhance the self-propelling cycle of neurodegeneration. However, it is not clear how 

inflammation affects the iron metabolism of neuronal cells and whether and to what 

degree iron dysregulation contributes to neuronal apoptosis or iron toxicity based 

ferroptosis (Stockwell et al., 2017). Neuronal iron status is often reported to be elevated 

under neurodegenerative conditions (Ayton, Lei, & Bush, 2013; Lei et al., 2012); 

however, a number of studies also show that neuronal iron deficiency may also contribute 

to neurodegeneration (Jeong et al., 2011; Matak et al., 2016). Thus, neurons deriving from 

different brain regions may have differing iron needs and regulation as normal iron 

distribution in the healthy brain is heterogeneous. The highest concentration of iron is 

found in the basal ganglia (putamen, Globus pallidus and caudate nucleus), and low levels 

of iron are found in the cortical grey matter, white matter, midbrain, the pons, locus 

coeruleus and the medulla (Hallgren & Sourander, 1958; Ramos et al., 2014; Zecca et al., 

2001). The inevitable process of aging in healthy individuals is normally associated with 

iron accumulation in several brain regions, with iron stored mainly in ferritin or 

neuromelanin in an inert form (Connor, Menzies, St Martin, & Mufson, 1992; Zecca et 

al., 2001). However, iron accumulation in brain regions associated with 

neurodegenerative maladies, such as AD (Connor, Snyder, Beard, Fine, & Mufson, 1992; 

Qin et al., 2011; Smith et al., 2010; Zhu et al., 2009), PD (Ayton et al., 2014; Castellani, 

Siedlak, Perry, & Smith, 2000; Dexter et al., 1987; Lhermitte, Kraus, & McAlpine, 1924), 

and Huntington’s disease (Bartzokis et al., 2007; Chen et al., 2013; Cherny et al., 2012) 

are additionally characterized by the presence of oxidative stress and neuronal cell death 

compared to healthy aging brains (Barnham, Masters, & Bush, 2004; Greenough, 

Camakaris, & Bush, 2013; Zecca, Youdim, Riederer, Connor, & Crichton, 2004). 
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Under pro-inflammatory conditions, even if iron is inertly bound to ferritin, the acidic pH 

of the microenvironment and the presence of superoxide radicals may cause the release 

of iron in its ferrous state from ferritin (Bishop & Robinson, 2001; Rehncrona, Hauge, & 

Siesjo, 1989). Furthermore, elevated labile iron concentrations in the cytoplasm saturate 

ferritin’s iron storage capacity (Breuer, Greenberg, & Cabantchik, 1997). Free ferrous 

iron induces oxidative stress by its engagement in Fenton type based chemistry, iron 

reacts with reactive oxygen species, including hydrogen peroxide (H₂O₂) to generate the 

highly toxic ROS variety, such as the hydroxyl radical (OH▪) (Koppenol, 2001). 

 

Fe²⁺+ H₂O₂         Fe³⁺+ OH▪ + OH⁻ 

 

The generation of excessive free radicals leads to tissue damage by inducing changes in 

DNA structure, formation of lipid peroxidation compounds and protein carbonyls which 

heavily contribute to neurodegenerative pathology (Alam et al., 1997; Aracena, Tang, 

Hamilton, & Hidalgo, 2005). 

 

Neurons are capable of TBI and NTBI uptake, although transferrin levels in the 

cerebrospinal fluid (CSF) and brain interstitium are very much lower than in plasma; ~0.2 

µM vs.  ~30 µM, and CSF iron concentrations range between 0.25-1 µM vs. plasma iron 

~20 µM. Therefore, transferrin is expected to be fully saturated in the CSF (Hozumi et 

al., 2011; Jimenez-Jimenez et al., 1998; Mizuno, Mihara, Miyaoka, Inagaki, & Horiguchi, 

2005; Moos & Morgan, 1998). NTBI species such as citrate and ascorbate bound Fe3+ are 

much more abundant in the CSF (<1 µM) under physiological conditions than in plasma 

and accordingly NTBI transport into neurons may take priority over TBI (Bradbury, 

1997; Savman, Nilsson, Thoresen, & Kjellmer, 2005). It has been shown that there are a 
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number of plasma membrane localised importer proteins expressed in neurons that may 

be responsible for NTBI influx such as; DMT1 (Burdo et al., 2001; Moos, Trinder, & 

Morgan, 2000; Song, Jiang, Wang, & Xie, 2007), ZIP14 (Ji & Kosman, 2015), Transient 

receptor potential cation channels, subfamily C, member 6 (TRPC6) (Giampa, DeMarch, 

Patassini, Bernardi, & Fusco, 2007), L-type voltage–dependent calcium channels (L-

VDCC) (Gaasch, Geldenhuys, Lockman, Allen, & Van der Schyf, 2007). Intracellular 

iron either rapidly stored in a non-reactive form by cytosolic ferritin or the free Fe2+ enters 

the cytosolic labile iron pool for immediate cellular utilization. Iron export is conducted 

by FPN, abundantly expressed in all cells in the brain (Song, Wang, Jiang, & Xie, 2010). 

Exported Fe3+ is rapidly sequestered by transferrin, ATP, citrate or ascorbate in the 

extracellular space (Leitner & Connor, 2012; Moos, Rosengren Nielsen, Skjorringe, & 

Morgan, 2007). 

 

To begin to understand how neuronal iron metabolism is affected within the parameters 

of inflammation and iron loading; iron transporters, iron storage protein expression, NTBI 

and TBI influx was investigated in the N27 rat dopaminergic neuronal and Neuro-2a 

neuroblastoma mouse cell lines.  

 

The aims of the study were: 

 

    1. To investigate the impact of LPS activated microglia or astrocytes on neuronal 

    iron regulation in a co-culture model. 

 

     2. To study neuronal iron metabolism under iron loaded and inflammatory  

     conditions. 
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4.2 Methods 

 

In this Chapter, the effect of LPS activated glial cells have been investigated on iron 

regulation of neurons, namely; N27 and N2a neuronal cell lines as follows:  

N9 microglia or C6 astrocytes were seeded on to transwell permeable membrane inserts 

and N27 or N2a cells were seeded on to 6-well plates. The permeable inserts containing 

glial cells were treated with 500 ng/mL of LPS and inserts were clipped on the top of the 

6 well plates containing the neuronal cell lines. Co-culture times were up to 24 hours and 

neuronal cells were subjected to iron uptake assays; NTB-55Fe and TB-55Fe (Section 2.7), 

phenol extraction followed by cDNA synthesis for qPCR assays measuring gene 

expression of iron transporters: ZIP14, DMT1, TfR1, FPN, and systemic iron regulator; 

hepcidin (Section 2.6). Ferritin protein expression was quantified in Neuro-2a 

neuroblastoma cells with ELISA (Section 2.8). In addition to LPS treatment, N9 

microglial cells and N27 neurons were loaded with NTBI species consisting of 100 µM 

FAC (Section 2.3) to further investigate the combined effect of inflammation with 

elevated iron concentrations on N27 neuronal iron regulation, utilizing all the above listed 

protocols (Figure 4.1). 
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Figure 4.1 Experimental design of in vitro studies 
N9 microglia or C6 astrocytes were seeded on to transwell permeable membrane inserts 
and N27 or N2a neuronal cells were seeded on to 6-well plates. The permeable inserts 
containing glial cells were treated with LPS (A, C) or FAC+LPS (B) and neurons which 
co-cultured with (B) also have been treated with FAC (B). Inserts were clipped on the top 
of the 6 well plates containing the neuronal cell lines and co-culture times were up to 24 
hours. Neuronal cells were subjected to iron uptake assays; NTB-55Fe and TB-55Fe, qPCR 
assays measuring gene expression of iron transporters: ZIP14, DMT1, TfR1, FPN, and 
the systemic iron regulator; hepcidin. Ferritin protein expression was quantified in N2a 
neuronal cells with ELISA (A).  
 
 

4.3 Results 

 

4.3.1 LPS activated N9 microglia alters iron related transporter genes and systemic 

iron regulator hormone; hepcidin in N27 neuronal cells 

 

LPS activated microglia had an enormous impact on the upregulation of ZIP14 transcripts 

in neurons at 2 hours by 63.91-fold (p<0.0001) and remained significantly expressed at 4 
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and 18 hours by 15.45–fold (p<0.0001) and 4.12-fold (p<0.05) (Figure 4-2.A) 

respectively. DMT1 gene expression was significantly elevated at all treatment time 

points; at 2 hours by 3.88-fold (p<0.05), 4 hours; 5.38-fold (p<0.01), 6 hours; 17.51-fold 

(p<0.0001), 12 hours; 8.18-fold (p<0.001), 18 hours; 7.43-fold (p<0.001) and at 24 hours; 

7.87-fold (p<0.001) (Figure 4-2.B). TfR1 transcript levels were upregulated very 

significantly at 2 hours; 1.76-fold (p<0.0001), 4 hours; 1.74-fold (p<0.0001), 6 hours; 

2.23-fold (p<0.0001), at 12, 18, 24 hours TfR1 mRNA normalised or dropped 

significantly below basal levels (Figure 4-2.C). FPN gene expression was significantly 

downregulated at all time points (Figure 4-2.D). Hepcidin mRNA peaked significantly 

at the acute phase of the activated microglial exposure at 6 hours by 1.68-fold (p<0.001) 

and at 2, 4, 12, 18 and 24 hour time points transcripts were either significantly 

downregulated or had no change from basal gene expression (Figure 4-2.E). 
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Figure 4-2 Effect of LPS activated N9 microglia on N27 neuronal hepcidin and iron 
transporter genes.  
N27 neurons were co-cultured with LPS activated N9 microglial inserts for 0, 2, 4, 6, 12, 
18 and 24 h as described in Experimental design. Total mRNA was obtained from control 
and treated cells for the quantitative real-time RT-PCR assay as described in Materials 
and Methods. The target gene was normalised against GAPDH. Results represent mean 
values ± SEM (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 



 

 199 

4.3.2 LPS activated N9 microglia increases iron uptake via NTB-55Fe and has no 

effect on TB-55Fe influx in N27 neurons 

 

Neuronal NTB-55Fe influx significantly increased at all treatment time points; 6 hours 

(p<0.01), 12 hours (p<0.0001) and at 24 hours (p<0.0001) (Figure 4-3). TB-55Fe influx 

in neurons exposed to activated microglia resulted in no significant change from controls 

(Figure 4-4).  

 

 

 

 

 

Figure 4-3 Effect of LPS activated N9 microglia on N27 neuronal NTB-55Fe uptake.  
N27 neurons were co-cultured with LPS activated N9 microglial inserts for 0, 6, 12 and 
24 h as described in Experimental design and NTB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent mean 
values ± SEM (**p<0.01; ****p<0.0001 (compared with untreated control samples by 
two-way ANOVA and the Sidak’s post hoc test; n=3)). 
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Figure 4-4 Effect of LPS activated N9 microglia on N27 neuronal TB-55Fe uptake.  
N27 neurons were co-cultured with LPS activated N9 microglial inserts for 0, 6, 12 and 
24 h as described in Experimental design and TB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent mean 
values ± SEM (compared with untreated control samples by two-way ANOVA and the 
Sidak’s post hoc test; n=3). 
 
 
 

4.3.3. FAC loading and inflammation alters iron transporter gene expression in N27 

neurons 

 

The purpose of this study was to investigate what effect does inflammation have on 

neurons when both microglia and neurons are loaded with iron.  In order to determine this 

microglia and neurons were both loaded with FAC species and microglia was also treated 

with LPS to elicit the inflammatory cascade. The qPCR studies show that ZIP14 gene 

expression in FAC loaded neurons co-cultured with LPS+FAC microglial inserts or 
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neurons co-cultured with LPS microglial inserts resulted in significant upregulation of 

these transcripts (Figure 4-5.A). Maximal fold change occurred at 2 hours by 66.08-fold 

(p<0.0001) and maintained highly elevated expression at 4 hours; 17.2-fold (p<0.0001) 

and a further significant peak occurred at 24 hours; 3.05-fold (p<0.01) in FAC loaded 

neurons exposed to the FAC+LPS microglial inserts compared to neurons co-cultured 

with untreated microglial inserts. LPS microglial inserts had almost identical effect on 

the neuronal ZIP14 transcript expression profile; peak fold changes occurred at 2 hours 

by 65.59-fold (p<0.0001) and maintained high expression at 4 hours; 17.64-fold 

(p<0.0001) and transcript expression fell to basal levels at 6, 12, and 24-hours.  FAC 

loaded neurons with FAC treated microglial inserts did not show any changes from basal 

gene expression. DMT1 transcripts were highly induced at all time points in FAC loaded 

neurons with FAC+LPS microglial inserts; 2 hours; 4.83-fold (p<0.0001), 4 hours; 5.8-

fold (p<0.0001), 6 hours; 6.57-fold (p<0.0001), 12 hours; 13.64-fold (p<0.0001) and at 

24 hours by 5.68-fold (p<0.0001) compared to neurons co-cultured with untreated 

microglial inserts. (Figure 4-5.B). LPS microglial inserts induced similar neuronal 

DMT1 mRNA expression profile to FAC+LPS microglial inserts combined with FAC 

loaded neurons. Except LPS microglial inserts caused a significantly higher peak at the 

6-hour time point; 17.51-fold (p<0.0001), compared to the 6.57-fold change (p<0.0001) 

in FAC loaded neurons with FAC+LPS treated microglial inserts. FAC treated neurons 

with FAC microglial inserts did not elicit any changes in DMT1 gene expression. TfR1 

mRNA expression was significantly upregulated at 2 and 4 hours by 1.22-fold (p<0.01) 

and 1.74-fold (p<0.0001) respectively and thereafter expression levels declined to basal 

levels in FAC treated neurons with FAC+LPS microglial inserts compared to neurons co-

cultured with untreated microglia inserts (Figure 4-5.C). LPS microglial inserts elicited 

the highest levels of neuronal TfR1 expression at 2, 4 and 6-hour time points; 1.77, 1.74 
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and by 2.23-fold (p<0.0001) respectively compared to neurons co-cultured with untreated 

microglia inserts. FAC treated neurons with FAC microglial inserts significantly 

downregulated TfR1 transcripts below basal gene expression levels at all time points 

(p<0.0001). FPN gene expression was upregulated at 2 and 4 hour time points; 1.22 and 

by 1.74-fold (p<0.05) (p<0.0001) respectively and between 6 and 24 hours transcripts 

were significantly downregulated below basal gene expression levels in FAC loaded 

neurons with FAC+LPS microglial inserts (Figure 4-5.D) compared to neurons co-

cultured with untreated microglia inserts. LPS microglial inserts had a significant down 

regulatory effect on neuronal FPN at all time points. FAC loaded neurons with FAC 

treated microglial inserts displayed significant FPN upregulation at 4 hours; 1.63-fold 

(p<0.0001), 6 hours; 1.26-fold (p<0.05) 12 hours; 1.66-fold (p<0.0001) and the highest 

peak at 24 hours; 2.17-fold (p<0.0001) compared to neurons co-cultured with untreated 

microglia inserts. 
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Figure 4-5 Effect of FAC loading and inflammation on N27 neuronal iron 
transporter genes.  
FAC loaded N27 neurons co-cultured with N9 microglial inserts with LPS+FAC or FAC 
only treatments. Untreated N27 cells co-cultured with N9 microglial inserts with or 
without LPS treatment. Incubation times were at 0, 2, 4, 6, 12 and 24 h as described in 
Experimental design. Total mRNA was obtained from control and treated cells for the 
quantitative real-time RT-PCR assay as described in Materials and Methods. The target 
gene was normalised against GAPDH. Results represent mean values ± SEM (*p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001 (multiple comparisons performed by two-way 
ANOVA and the Tukey’s post hoc test; n=3)). 
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4.3.4 FAC loading and inflammation increased NTB-55Fe uptake in N27 neurons 

and had no effect on TB-55Fe influx  

 

FAC loaded neurons with FAC+LPS treated microglial inserts displayed the most 

significant NTB-55Fe influx at 6, 12, 24 hours; by 1.56, 1.61 and 1.79-fold (p<0.0001) 

respectively compared to neurons co-cultured with untreated microglial inserts (Figure 

4-6). FAC loaded neuronal cells with FAC microglial inserts also induced significant 

neuronal NTB-55Fe influx at 6, 12 and 24 hours; by 1.45, 1.38 and 1.45-fold (p<0.0001) 

respectively compared to untreated samples. Neurons with LPS microglial inserts had 

similar levels of significance at 12 and 24 hours to FAC loaded neurons with FAC 

microglial inserts, by 1.43 and 1.42-fold (p<0.0001) respectively compared to untreated 

controls.  
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Figure 4-6 Effect of FAC loading and inflammation on N27 neuronal NTB-55Fe 
uptake.  
FAC loaded N27 neurons co-cultured with N9 microglial inserts with LPS+FAC or FAC 
only treatments. Untreated N27 cells co-cultured with N9 microglial inserts with or 
without LPS treatment. Incubation times were at 0, 6, 12 and 24 h as described in 
Experimental design and NTB-55Fe uptake was determined by radioisotope 
measurements described in Materials and Methods. Results represent mean values ± 
SEM (*p<0.05; ***p<0.001; ****p<0.0001 (multiple comparisons performed by two-
way ANOVA and the Tukey’s post hoc test; n=3)). 
 
 
FAC treated and non-treated neuronal TB-55Fe influx was significantly down regulated 

or unchanged at 6, 12 and 24 hours by all microglial insert treatments (Figure 4-7). 
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Figure 4-7 Effect of FAC loading and inflammation on N27 neuronal TB-55Fe 
uptake. 
FAC loaded N27 neurons co-cultured with N9 microglial inserts with LPS+FAC or FAC 
only treatments. Untreated N27 cells co-cultured with N9 microglial inserts with or 
without LPS treatment. Incubation times were at 0, 6, 12 and 24 h as described in 
Experimental design and TB-55Fe uptake was determined by radioisotope measurements 
described in Materials and Methods. Results represent mean values ± SEM (**p<0.01; 
***p<0.001; ****p<0.0001 (multiple comparisons performed by two-way ANOVA and 
the Tukey’s post hoc test; n=3)). 
 
 

 

4.3.5 LPS activated N9 microglia alters iron transporter genes and ferritin iron 

storage protein expression in N2a neurons 

 

LPS microglial inserts induced significant increase in ZIP14 mRNA expression at 4 hours 

by 1.56-fold and at 12 hours by 1.51-fold (p<0.05) and at other treatment times gene 

expression remained unchanged compared to the control samples (Figure 4.8.A). DMT1 

transcripts were significantly downregulated at 2, 4, and 6 hours and gene expression 

remained unchanged from basal levels at 12 and 24 hours (Figure 4.8.B). TfR1 mRNA 
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levels significantly peaked at 24 hours by 2.76-fold (p<0.001) (Figure 4.8.C). FPN gene 

expression remained on basal level of expression at most time points, except at 12 hours 

when it fell significantly below basal levels of expression (Figure 4.8.D). 

 

Ferritin protein concentration in neurons after 24-hour co-culture with LPS microglial 

inserts displayed a significant increase by 2.86-fold (p<0.001) compared to controls 

(Figure 4.9), 159.2 ± 2.03 ng/mL and 55.84 ± 3.71 ng/mL respectively quantified with 

ELISA. 
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Figure 4-8 Effect of LPS activated N9 microglia on N2a neuronal iron transporter 
genes.  
N2a neurons were co-cultured with LPS activated N9 microglial inserts for 0, 2, 4, 6, 12 
and 24 h as described in Experimental design. Total mRNA was obtained from control 
and treated cells for the quantitative real-time RT-PCR assay as described in Materials 
and Methods. The target gene was normalised against GAPDH. Results represent mean 
values ± SEM (*p<0.05 (compared with untreated control samples by one-way ANOVA 
and the Dunnett’s post hoc test; n=3)). 
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Figure 4-9 Effect of LPS activated N9 microglia on N2a neuronal ferritin protein 
levels. 
N2a neurons were co-cultured with LPS activated N9 microglial inserts for 24 h as 
described in Experimental design. Ferritin production was measured by ELISA as 
described in Materials and Methods. Results represent mean values ± SEM (**p<0.01 
(data analyzed by the Student’s t test; n=3)). 
 
 
 

4.3.6. LPS activated N9 microglia increase NTB-55Fe uptake in N2a neurons 

 

Neuronal NTB-55Fe uptake was significant at 12 hours and at 24 hours (p<0.0001) after 

co-culture with LPS treated microglial inserts (Figure 4-10). 
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Figure 4-10 Effect of LPS activated N9 microglia on N2a neuronal NTB-55Fe uptake.  
N2a neurons were co-cultured with N9 microglial inserts treated with LPS for 0, 6, 12 
and 24 h as described in Experimental design and NTB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent mean 
values ± SEM (****p<0.0001 (compared with untreated control samples by two-way 
ANOVA and the Sidak’s post hoc test; n=3)). 
 
 
 

4.3.7 LPS activated C6 astrocytes alter iron transporter gene expression in  

N27 neurons 

 

LPS astrocytic inserts induced significant ZIP14 transcript downregulation in neurons at 

all time points during the 24-hour co-culture. Neuronal DMT1 gene expression was 

upregulated significantly at 24 hours by 10.44-fold (p<0.001) (Figure 4-11) in response 

to LPS astrocyte inserts. 
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Figure 4-11 Effect of LPS activated C6 astrocytes on N27 neuronal iron transporter 
genes.  
N27 neurons were co-cultured with LPS activated C6 astrocytes inserts for 0, 2, 4, 6, 12 
and 24 h as described in Experimental design. Total mRNA was obtained from control 
and treated cells for the quantitative real-time RT-PCR assay as described in Materials 
and Methods. The target gene was normalised against GAPDH. Results represent mean 
values ± SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
 
 

 

4.3.8 LPS activated C6 astrocytes increase NTB-55Fe uptake in N27 neurons 

 

LPS treated astrocyte exposure on neurons did not induce any changes in NTB-55Fe influx 

initially at 6 and 12 hours compared to untreated neurons. However, a significant increase 

in NTB-55Fe uptake occurred later at 24 hours (p<0.05) in LPS astrocyte co-cultured 

neurons (Figure 4-12). 
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Figure 4-12 Effect of LPS activated C6 astrocytes on N27 neuronal NTB-55Fe 
uptake.  
N27 neurons were co-cultured with C6 astrocyte inserts treated with LPS for 0, 6, 12 and 
24 h as described in Experimental design and NTB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent mean 
values ± SEM (*p<0.05 (compared with untreated control samples by two-way ANOVA 
and the Sidak’s post hoc test; n=3)). 
 
 
 

4.4 Discussion 

 

Glial cells represent the innate immune system of the CNS and therefore any degree/form 

of danger stimuli in the brain’s microenvironment elicits an inflammatory response in 

order to fundamentally protect the surrounding cells of the CNS. However, if this 

inflammatory response fails to diminish over time and thus becomes chronic in nature, 

then neuronal health is strongly impacted (Hu et al., 2012; Mogi et al., 1996; Mu et al., 

2016). Inflammation can cause dysregulation of iron homeostatic genes in many cell 

types and tissue and hence the results presented in this Chapter show that the 

inflammatory process does indeed alter neuronal iron regulation. LPS induced 

inflammatory glial cells caused alterations in neuronal NTBI uptake by significantly 

elevating cellular iron influx and this was mirrored by the upregulation of NTBI 
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transporter transcripts, ZIP14 and or DMT1. Iron loading with inflammation induced a 

more profound impact on NTBI ingress into neuronal cells. Furthermore, the 

inflammatory response downregulated the iron exporter gene, FPN, which may implicate 

neuronal iron accumulation during the inflammatory exposure.  

 

4.4.1 The effect of pro-inflammatory microglia on neuronal iron homeostasis 

 

Both N27 dopaminergic and N2a neuroblastoma neurons co-cultured with activated 

microglial inserts show profound increase in NTB-55Fe ingress at 6, 12 and 24 hours 

(Figure 4-3), (Figure 4-10) respectively. Inflammation had no effect on neuronal TB-

55Fe influx (Figure 4-4). Hence, this is the first report showing that NTBI transport takes 

precedence over TBI uptake into neurons under inflammatory conditions in vitro. This 

finding is in agreement with a recent study conducted by Tripathi and colleagues in 2017, 

where they compared NTBI and TBI transport in mouse brains with LPS stimulation. 

They found that between 2-24 hours of LPS treatment there was significant increase in 

NTBI influx but not in TBI influx into mouse brain ventricles and parenchyma. 

Unfortunately, their study cannot provide information on the brain cell types which may 

have resulted in iron accumulation as they only analysed tissue sections with 

immunostaining or autoradiography (Tripathi et al., 2017). A more specific study on mice 

primary hippocampal neurons by Ji and colleagues (Ji & Kosman, 2015) investigated 

NTBI and TBI uptake under non-inflammatory conditions. Their findings concluded that 

neurons can accumulate iron from 59Fe2+-citrate, 59Fe3+-citrate and 59Fe3+-transferrin. 

Furthermore, they also compared the ingress efficiency between ferrous and ferric-citrate 

species into neurons via measuring their Vmax/ Km values and concluded that the iron 

uptake efficiency was higher with the 59Fe3+-citrate form. It would have been very 
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beneficial if they had also measured the efficiency of 59Fe3+-transferrin uptake and 

compare with the iron citrate forms. Additionally, in reference to possible future 

investigations to improve this research endeavor, it would be of primary importance to 

carry out a measure of uptake efficiency between TBI and NTBI species under normal 

physiological conditions to further establish the possible differences in neuronal iron 

regulation in comparison to the inflammatory climate. 

 

N27 neuronal gene expression levels of NTBI transporters are in support of the iron 

uptake results. Divalent metal transporters; ZIP14 displayed the most pronounced 

transcript fold change in response to the inflammatory process by a 65.59-fold change at 

2 hours and remained significantly elevated at 4 and 24 hours (Figure 4-2.A) and DMT1 

mRNA levels were upregulated between 3.88 and 17.51-fold at all time points (Figure 

4-2.B). TfR1 transcripts were significantly upregulated at 2, 4 and 6 hours but dropped 

below basal expression levels thereafter (Figure 4-2.C), supporting the non-significant 

TB-55Fe uptake between 6 and 24 hours. Interestingly, N2a neuroblastoma ZIP14 

transcripts were significantly up-regulated at 4 and at 12 hours (Figure 4-8.A), however, 

DMT1 mRNA levels were below basal degree of expression (Figure 4-8.B). Despite of 

the low DMT1 expression under inflammation, NTBI influx was greatly increased at 12 

and 24 hours (Figure 4-9). Under physiological conditions a specific isoform of DMT1; 

B+IRE found to be expressed in the brain (Hubert & Hentze, 2002). A study by Pelizzoni 

and colleagues (Pelizzoni, Zacchetti, Smith, Grohovaz, & Codazzi, 2012) in primary 

hippocampal neurons observed intracellular localization and poor iron transport 

capabilities by DMT1B+IRE under normal physiological conditions even after neuronal 

over-expression. On the other hand, when the alternative isoform; DMT1A+IRE was 

overexpressed in hippocampal neurons, significant influx of iron was observed. 
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DMT1A+IRE is normally detected in apical membranes of the duodenum and not in brain 

cells under physiological conditions (Hubert & Hentze, 2002). Other studies confirm the 

capability of DMT1A+IRE to effectively transport iron through a non-vesicular process 

within the plasma membrane of Xenopus oocytes (Mackenzie, Takanaga, Hubert, Rolfs, 

& Hediger, 2007), Caco- 2 cells (Hubert & Hentze, 2002) and of polarized HEp-2 cells 

(Yanatori et al., 2010). Therefore, there is good amount of evidence that DMT1A+IRE 

could promote NTBI transport into cells. It is reasonable to hypothesize that this isoform 

might be induced in neurons under various stressors as one study demonstrated that 

hypoxia has this effect on PC12 cells resembling the phenotype of sympathetic ganglion 

neurons when differentiated (Lis et al., 2005).  However, the main body of studies did not 

conduct their experiments under pathological environments. Therefore DMT1A+IRE and 

DMT1B+IRE isoforms could reveal a completely different expression profile in the 

diseased state, such as the impact of inflammation, a common theme in a plethora of 

maladies. Moreover, how do these isoforms engage with NTBI and TBI transport under 

these parameters. In support of the findings in N27 neuronal cells in this study, there are 

several reports on increased DMT1 expression in animal and cellular models of PD with 

iron accumulation present. Du et al demonstrated that treating cortical neurons with the 

neurotoxin; L-Dopa resulted in DMT1 upregulation and iron accumulation via NTBI 

influx (Du et al., 2009). Mice studies using the 1-methyl-4-phenyl-1,2,3,6- 

tetrahydropyridine (MPTP) PD intoxication model, resulted in high iron accumulation in 

the ventral mesencephalon, oxidative stress and dopaminergic neuronal cell loss due to 

increased DMT1 expression (Salazar et al., 2008). An inflammatory study using LPS, 

TNF-a or IL-6 on rat hippocampal neurons induced iron accumulation via increased 

expression of DMT1 mRNA and protein levels (Urrutia et al., 2013). A number of reports 

show that DMT1 expression is transcriptionally augmented by nuclear factor kappa-light-
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chain-enhancer of activated B cells (NF-kB)(Paradkar & Roth, 2006), which is induced 

downstream by a diverse number of cytokine receptors including the receptors for TNF-

a, LPS, and IL-1(Fischer et al., 2011; Hanke & Kielian, 2011). However, these reports, 

and including this study, did not differentiate between the DMT1A and B species of splice 

variants in brain tissue. The primers selected for this study were designed to recognise an 

internal segment of the mRNA common to all DMT1 isoforms. Furthermore, DMT1 

expression varies in brain regions and cell types, hence the differing expression of DMT1 

between the two neuronal cell models under inflammatory stimuli in this report could be 

explained by this variance of cell originality within the brain. A study by Buerdo and 

colleagues validated DMT1’s regional expression in the rat brain and found that the 

highest expression of DMT1 was in neurons in the striatum, cerebellum, thalamus, 

ependymal cells lining the third ventricle and vascular cells throughout the rat brain. 

However, they did not detect any degree of DMT1 expression within cerebral cortical 

neuronal cell populations (Burdo et al., 2001).  

 

ZIP14 transcript upregulation was observed in both neuronal cell models under pro-

inflammatory conditions (Figures 4-2A, 4-8A). Studies in multiple tissues types, 

including liver, adipose tissue and muscle reported significant increase in ZIP14 

expression after LPS induced inflammation (Aydemir et al., 2012). Investigations in 

primary mouse hepatocytes described direct stimulation of ZIP14 expression with a 

number of pro-inflammatory cytokines; IL-6, TNF-a, IL-1b and nitric oxide,  all of  

which embody the hallmark of multiple types of neurodegenerative diseases (Aydemir et 

al., 2012; Lichten, Liuzzi, & Cousins, 2009; Liuzzi et al., 2005).  Fujishiro and colleagues 

are the only group in conjunction with this study, who had used a neuronal cell line to 

carry out research under inflammatory conditions for ZIP14 expression. They confirmed 
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IL-6 induced ZIP14 upregulation and may have enhanced manganese accumulation in 

SH-SY5Y human neuroblastoma cells (Fujishiro, Yoshida, Nakano, & Himeno, 2014). 

Manganese regulation shares many metabolic pathways that are analogous with iron for 

absorption and cellular influx/efflux (Horning, Caito, Tipps, Bowman, & Aschner, 2015; 

J. Kim, Buckett, & Wessling-Resnick, 2013), which makes manganese transport, 

distribution and regional/cellular accumulation very relevant to iron’s metabolic 

behaviour under physiological or pathological environments within the CNS. A very 

recent study by Aydemir and colleagues (Aydemir et al., 2017) conducted in the mouse 

brain, characterising ZIP14’s role mostly in manganese physiology. Their experiments 

were using WT and ZIP14 KO animals and reported excess brain manganese 

accumulation in the hippocampus, striatum, and cerebellum in the ZIP14 KO genotype 

quantified with magnetic resonance imaging (MRI) without inflammation present.  They 

did not find iron or zinc accumulation in ZIP14 KO mouse brains. When systemic 

inflammation was introduced by LPS, they also found zinc accumulation as well as 

manganese in ZIP14 KO mice brains. Unfortunately, they did not measure iron 

concentrations in the brain under inflammation in WT and KO animals. However, 

Aydemir et al reported in a previous study that mice ZIP14 KO hepatocytes did 

accumulate iron under systemic inflammation induced by LPS (Aydemir et al., 2012), 

hence, iron may have been displaying the same accumulative character to zinc in the 

ZIP14 KO brain with inflammation. All together these studies by Aydemir et al show that 

ZIP14 may have a very important role in manganese efflux from brain cells under 

physiological conditions. However, under inflammatory stressors, ZIP14 may become a 

vital exporter of zinc along with manganese and possibly of iron.  
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This study is the first to show that inflammation reduces TfR1 transcripts levels and NTBI 

uptake becomes the preferred route over TBI influx into N27 dopaminergic neurons in an 

activated microglial trans well co-culture system. In N2a neuroblastoma cells, TfR1 

expression was below basal levels at all time points, however at the 24 hour inflammatory 

exposure, TfR1 transcripts increased significantly, which was surprising as ferritin 

protein levels measured by ELISA were 100 times more concentrated compared to the 

untreated controls at 24 hours (Figure 4-9). TfR1 (Lu, Hayashi, & Awai, 1989) and 

ferritin (Han, Day, Thomson, Connor, & Beard, 2000; You et al., 2015) expression levels 

are negatively and positively regulated by intracellular iron status respectively. In this 

study on N2a neurons, only NTBI uptake was conducted which resulted in significant 

influx of iron at 12 and 24 hours (Figure 4-10). The significant upregulation of TfR1 

transcripts at 24 hours may show that N2a cells also engage in TBI uptake as well as 

NTBI influx under pro-inflammatory parameters. However, TBI occurs at a much later 

stage of the inflammatory process compared to NTBI uptake by these cells. This needs to 

be further investigated by conducting TBI uptake studies under the same inflammatory 

stressors on N2a cells in the near future. A study by Wang and colleagues (Wang, Song, 

Jiang, Wang, & Xie, 2013) partially support this finding in the N2a neuronal model, they 

also reported TfR1 upregulation as well as DMT1 due to pro-inflammatory cytokines; 

TNF-α, IL-1β treatments on primary cultures of ventral mesencephalic neurons. They 

confirmed iron accumulation by measuring NTBI ferrous influx and iron efflux, but they 

did not perform TBI influx studies to establish the degree of contribution from the 

increased TfR1 protein levels under inflammation. TfR1 regulation under inflammatory 

conditions does vary in tissue/cell type. Macrophages exhibit TfR1 downregulation with 

inflammation (Recalcati et al., 2010), however, LPS treatment in rodent lung and heart 

tissue resulted in elevated TfR1 mRNA and protein in the lung but not in the heart (Upton 
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et al., 2003). There are a good number of reports on the mechanism of TfR1 regulation 

under inflammatory conditions. Under normal physiological conditions IRP1 and IRP2 

sense and maintain intracellular iron homeostasis by binding to IREs on the 3’ or 5’ 

untranslated regions of mRNAs encoding proteins involved in iron regulation, such as 

ferritin and TfR1 respectively. When cells are iron deficient IRPs bind to IREs to inhibit 

ferritin translation and stabilise TfR1 mRNA translation and when cells are iron replete, 

IRP1 is converted into an Fe-S cluster containing aconitase and IRP2 is degraded, 

resulting in TfR1 degradation and ferritin translation (Anderson, Shen, Eisenstein, & 

Leibold, 2012). A number of studies show that inflammation via ROS and NO can have 

a direct effect on IRP1, through removing the iron from its Fe-S cluster, resulting in the 

loss of its aconitase role and regaining its high affinity mRNA binding to IREs on ferritin 

and TfR1(Kennedy, Mende-Mueller, Blondin, & Beinert, 1992; Stys et al., 2011). Wang 

and colleagues (Wang et al., 2013) reported high expression of IRP1 induced by NO 

through IL1-b and TNF-a treatment on neurons, leading to TfR1 upregulation. TfR1 

expression is also reported to be controlled on a transcriptional level which involves the 

hypoxia-inducible factor 1a (HIF-1a), which anneals to a conserved binding sequence 

within the TfR1 promoter. HIF-1a is induced by hypoxia or by inflammatory stressors 

such as ROS and NO (Tacchini, Gammella, De Ponti, Recalcati, & Cairo, 2008). A study 

by Andriopoulos and colleagues investigated a mechanism that is independent from the 

transcriptional and post-transcriptional levels of control of TfR1 via HIF-1a or the 

IRP/IRE network respectively. They show that hydrogen peroxide secreted in abundance 

by inflammatory cells can stimulate TfR1 expression on a translational level in HeLa, 

HepG2, HCT116 and HT29 cells (Andriopoulos et al., 2007). On the other hand, several 

studies confirm TfR1 downregulation under inflammatory conditions with increased 

intracellular iron in macrophages via NO dependent IRP2 downregulation (Byrd & 
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Horwitz, 1993; S. Kim & Ponka, 1999, 2000; Ludwiczek, Aigner, Theurl, & Weiss, 2003; 

Mulero & Brock, 1999; Recalcati, Taramelli, Conte, & Cairo, 1998). These latter studies 

are in conflict with the NO modulated IRP1 activity on TfR1 mRNA upregulation under 

inflammatory parameters. Kim and Ponka (S. Kim & Ponka, 2002) have attempted to 

address this contrasting effect of NO on TfR1 expression. They proposed that these 

conflicting findings can be unveiled by NO’s redox state. NO in its reduced state (NO•) 

has a high affinity for iron including the Fe-S clusters of non-haem iron proteins (Stamler, 

Singel, & Loscalzo, 1992), such as IRP1 when it acts as an aconitase. However, when 

NO exists in its oxidized state; as nitrosonium ion (NO+), it elicits S-nitrosylation of thiol 

groups in numerous proteins (Jaffrey, Erdjument-Bromage, Ferris, Tempst, & Snyder, 

2001). Kim and Ponka treated RAW 264.7 murine macrophage cell line with an NO+ 

generator; sodium nitroprusside (SNP) and reported reduced IRP2 mRNA binding 

activity and IRP2 degradation resulting in diminished TfR1 mRNA levels and 

upregulation of ferritin. In contrast, when treating cells with an NO• generator; S-nitroso-

N-acetylpenicilamine (SNAP), it resulted in enhanced IRP1 binding activity that led to 

stabilization and upregulation of TfR1 mRNA and destabilization of ferritin transcript 

levels. Kim and Ponka also found that treating RAW 264.7 macrophages with LPS or 

interferon-g resulted in the same outcome as with SNP generating NO+ treatment on TfR1 

and ferritin mRNA levels. In summary, Kim and Ponka’s report; NO+ species resulted in 

the significant reduction of IRP1’s and IRP2’s mRNA binding activity perhaps through 

S-nitrosylation of their key sulfhydryl groups. Furthermore, IRP2 protein levels were 

significantly depressed during the SNP or LPS and or interferon-g treatments compared 

to IRP1’s, hence showing that the absence of IRP2 has a major impact on ferritin 

upregulation and TfR1 destabilisation. To further support the relevance of Kim and 

Ponka’s findings to our CNS cell studies, IRP2 protein is very highly expressed in brain 
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tissue (Meyron-Holtz et al., 2004) and IRP2 KO mice confirmed low TfR1 and high 

ferritin protein expression (Zumbrennen-Bullough et al., 2014). In conclusion, the 

possible factors that may have influenced the differential TfR1 expression profile in our 

neuronal cell models in response to the inflammatory exposure could be accounted for 

the following (a); different cellular genotypes; hence the variable response to stressors 

between N27 and N2a cells, (b); induction of HIF-1a by ROS and NO, (c); ratio of NO• 

to NO+ species released by activated microglia in co-culture. All these factors may have 

varying effects on IRP binding activity and their cytosolic protein concentrations, 

especially of IRP2 in N27 and N2a cell lines. Furthermore, TfR1 expression maybe also 

manipulated on a translational level by hydrogen peroxide released by activated 

microglia. 

 

FPN iron exporter expression was downregulated in both neuronal cell types (Figure 4-

2.D, 4-8.D) during the inflammatory exposure. In Chapter 3 of this thesis it was shown 

that LPS activated microglia synthesize high levels of NO and pro-inflammatory 

cytokines; TNF-a and IL-6 and the peptide hormone hepcidin. These products of 

inflammation have been confirmed to elicit a down regulatory effect on FPN in neuronal 

cells via various mechanisms. A study by Wang and colleagues (Wang et al., 2013) 

reported FPN downregulation in primary ventral mesencephalic neurons by treating cells 

with LPS, TNF-a or IL-1b.  They also measured IRP1 and hepcidin upregulation due to 

these pro-inflammatory treatments and therefore they show downregulation of FPN on 

post-transcriptional and post-translational levels in neurons. A study by Liu and 

colleagues (Liu, Nguyen, Marquess, Yang, & Haile, 2005) argue against that pro-

inflammatory cytokines; IL-6, TNF-a and IL-1b downregulate FPN. They tested FPN 

mRNA expression in mouse with gene deletions in IL-6, TNF-a and IL-1b after LPS 
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treatment and found that FPN was still downregulated. Hence, they also show a hepcidin 

independent pathway for FPN downregulation under inflammation. There is convincing 

evidence that NO could act as a post-transcriptional regulator of FPN by directly 

disassembling the Fe-S cluster on IRP1 with aconitase activity which  then concomitantly 

enhances IRP1’s high RNA binding capacity that results in the destabilization and 

inhibition of FPN translation  and also effect other proteins involved in neuronal iron 

metabolism (Jaffrey et al., 2001; Wang et al., 2013; Weiss et al., 1993). In this thesis, 

significant hepcidin release is observed by microglia (shown in Chapter 3) and by neurons 

with activated microglial inserts in a co-culture system (Figure 4-2.E). The upregulation 

of hepcidin is due to the high levels of IL-6 production by activated microglial cells which 

induces the STAT3 signalling pathway and hence strongly stimulating hepcidin 

expression (Nemeth et al., 2004; Wrighting & Andrews, 2006). Furthermore, the results  

presented in Chapter 3 show high levels of NO released from activated microglial cells, 

hence, hepcidin and NO are very likely candidates to strongly contribute to FPN 

downregulation in neurons under inflammatory environments. In summary, this study 

provides strong evidence for the two neuronal models accumulating iron during the 

inflammatory exposure from LPS activated microglial cell inserts. N27 neuronal cells 

exhibited very significant NTBI influx, elevated expression of ZIP14, DMT1, hepcidin 

and downregulation of FPN transcripts. N2a neuroblastoma cell line displayed very 

significant NTBI influx, ZIP14 mRNA and ferritin protein upregulation and significant 

downregulation of FPN mRNA. 
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4.4.2 The effect of iron loading and inflammation on neuronal iron homeostasis 

 

In Chapter 3 of this thesis, it was established that the elevation of iron levels in LPS 

activated microglia potentiated the release of pro-inflammatory cytokines; IL-6 and TNF-

a. It is well documented that high iron concentrations and amplified levels of pro-

inflammatory cytokines co-exist in brain regions associated with the type of 

neurodegenerative disease (Hunot & Hirsch, 2003; Ong & Farooqui, 2005; Sian-

Hulsmann et al., 2011; von Bernhardi & Eugenin, 2012). In order to understand how 

neuronal iron homeostasis is affected with the conjoint presence of inflammation and 

pathological levels of iron, neurons and microglia were loaded with iron in a transwell 

system and further activated microglial cells with LPS. Iron loading was in the form of 

FAC to generate a high concentration of the NTBI species in the cell media as NTBI 

levels increase with aging and in neurodegenerative disorders (Bradbury, 1997; Breuer, 

Hershko, & Cabantchik, 2000; Crichton & Charloteaux-Wauters, 1987). In this study, 

NTBI, TBI influx and iron regulatory gene expression was conducted in the N27 neuronal 

cell line. The obtained results from these experiments are the first to show that the 

preferred entry of iron into neuronal cells under these stressors is through NTBI pathways 

(Figure 4-6). Inflammation and elevated levels of iron in the cell media did not increase 

TBI influx, on the contrary TBI uptake was significantly diminished compared to 

untreated controls (Figure 4-7). In present scientific literature, there have been no studies 

conducted on neurons with these combined pathological elements or let alone studies of 

iron influx via NTB and TBI routes under these conditions. The reports which 

investigated NTBI and TBI in neurons were carried out under normal physiological 

parameters (Ji & Kosman, 2015) or conducted under inflammatory conditions on various 

brain regions, hence not addressing the specific cell type populations (Tripathi et al., 
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2017). In Chapter 3 it was shown that iron loading did not induce the inflammatory 

process in microglia, but NTBI influx was more significant than with inflammation alone. 

Iron loaded neurons resulted in the similar level of NTBI influx as with inflammation 

only neuronal samples (Figure 4-6). A report by Bishop and colleagues (Bishop, Dang, 

Dringen, & Robinson, 2011) are in agreement with these findings that neurons and 

microglia have a very high capacity to accumulate and inertly store iron when these cells 

were exposed to very high concentrations of NTBI species; 100 µM of FAC. They also 

show that neuronal and microglial cell viability was not affected by the high intracellular 

iron levels from the FAC exposure. However, when inflammation is also present with 

high levels of NTBI species, cellular iron regulation may be completely altered in a way 

that is detrimental to cell viability. The highest level of neuronal NTBI influx occurred 

with the combined FAC and inflammation treatment (Figure 4-6). The results in Chapter 

3 also show that the presence of iron facilitated a greater magnitude of LPS induced 

inflammation in microglial cells. This was observed by the enhanced secretion of pro-

inflammatory cytokines, greater NTBI influx, higher levels of ZIP14 and DMT1 gene 

expression compared to LPS treatment alone. In further support to these findings, a report 

by Wang and colleagues (Wang et al., 2013) show that LPS activated microglial cells 

under iron load produced more enhanced levels of inflammatory products and had higher 

levels of oxidative stress compared to just LPS activated microglial cells. These findings 

strongly suggest that pathological iron levels combined with inflammation significantly 

alter neuronal iron metabolic processes which may promote in multiple possible ways, 

cellular degeneration.  

 

To further establish how elevated iron levels with or without inflammation present can 

affect neuronal iron regulation, gene expression profiles of iron importers and exporters 
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were investigated. Iron loaded neurons show a ZIP14 and DMT1 independent NTBI 

uptake mechanism as these genes remained unchanged from basal expression (Figure 4-

5.A.B). Hence, these results confirm that these transporters are not involved in iron uptake 

in the absence of inflammation. A strong alternative candidate from ZIP14 and DMT1 

for NTBI uptake under physiological conditions was investigated by Ji and colleagues in 

primary hippocampal neurons. They show ZIP8; a member of the ZIP family of metal 

transporters as an active ferrous iron transporter into neurons. They have detected high 

mRNA and protein expression and cell surface localisation of ZIP8. A lentiviral shRNA 

delivery system was applied to silence the endogenous ZIP8 transcript, which resulted in 

a 50% reduction of mRNA levels and hence also reported proportional reduction of NTB-

59Fe ingress into neurons. In addition, they also show that Zn2+ competitively inhibited 

Fe2+ uptake (Ji & Kosman, 2015). Another form of entry for iron into neuronal cells 

within a physiological setting was reported by Gaasch and colleagues through voltage-

operated calcium channels (VOCCs), where Fe2+ is in competition with Ca2+ to enter the 

cell (Gaasch et al., 2007). The gene study results show a significant fall of TfR1 

transcripts below basal gene expression levels during the 24 hour course of iron loading 

(Figure 4-5.C), this indirectly confirms the accumulating neuronal iron status as TfR1 is 

negatively regulated by intracellular iron levels (Lu et al., 1989). FPN transcripts 

significantly increased at each time point (Figure 4-5.D), hence showing that neurons 

effectively secrete excess iron when exposed to high concentrations of NTBI species 

within the microenvironment. In support of these findings a report by Aguirre and 

colleagues show the effect of iron loading on  SH-SY5Y neuroblastoma cells and 

hippocampal neurons induce ferritin upregulation to store excess iron in a safe inert form 

and increase FPN levels for iron export (Aguirre, Mena, Tapia, Arredondo, & Nunez, 

2005). Furthermore, under iron loading conditions, if hepcidin was released by neurons, 
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then it did not have an impact on FPN degradation. There is conflicting evidence whether 

neurons secrete hepcidin under iron loading conditions. Iron loading has been reported to 

induce hepcidin expression in astrocytes and microglia, but reports are not in agreement 

over neurons. A study by Sun et al. measured hepcidin expression and FPN 

downregulation in MES23.5 dopaminergic cell line after 4 hours of FAC 100 µM 

exposure (Sun, Song, Xie, Xie, & Jiang, 2012). Urrutia and colleagues reported no 

hepcidin detection after iron loading primary hippocampal neurons. However, Urrutia’s 

report used different iron species, concentrations and cell treatment period; Fe-NTA, 40 

µM and 2 hours of treatment exposure respectively (Urrutia et al., 2013). The findings of 

this study in FAC loaded N27 neuronal cells may show that hepcidin is not secreted, as 

FPN transcripts were increasing at each time point between 2-24 hours. FPN upregulation 

most likely occurred post-transcriptionally by IRP1/IRE activation due to the high 

intracellular neuronal iron status supported by the increased NTBI uptake and 

downregulation of TfR1 mRNA levels. Furthermore, the results in this thesis convey that 

neurons and microglia display similar iron regulatory characteristics when exposed to 

high iron concentrations in the form of FAC. Both cell types accumulated iron, responded 

with the downregulation of ZIP14, DMT1, TfR1 and upregulation of FPN transcripts and 

significant iron ingress was via NTBI mechanisms.  

 

Neurons exposed to inflammation with iron loading displayed similar expression profiles 

of ZIP14 and DMT1 and FPN transcripts to inflammation-based treatments (Figure 4-

5.A.B.D). Iron loading did not further potentiate the effect of inflammation on the 

expression of these genes. Unlike in microglial cells, where iron loading did further 

enhance the upregulation of these iron transporters. However, elevated iron levels 

accompanied with inflammation did have an earlier down regulatory effect at 6 hours on 
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TfR1 transcripts compared to inflammation alone (Figure 4-5.C), which is logical due to 

higher levels of iron in the media which can enter the cell to be stored in ferritin or enter 

the labile iron pool resulting in the accumulation of iron. The most striking difference in 

the regulation of iron between neurons and microglia under FAC with inflammation 

present, is in their FPN expression profile. Neurons completely downregulated their FPN 

transcripts (Figure 4-5.D) and microglia significantly induced upregulation of FPN under 

these treatment conditions (Figure 3-12.D). Furthermore, in this study significant 

upregulation of neuronal hepcidin expression was observed under inflammation (Figure 

4-2.E), which will add to the downregulation of neuronal FPN along with the pro-

inflammatory cytokines, hepcidin and NO release by microglia in the co-culture system. 

These findings perhaps convey that neurons can manage high iron levels in their 

microenvironment, however, when inflammation is also present, neurons lose their iron 

homeostatic balance by the inability to store and export excess iron sufficiently. 

 

4.4.3 The effect of LPS activated astrocytes on neuronal iron homeostasis 

 

N27 dopaminergic neuron co-cultures with LPS activated C6 astrocytic inserts show an 

increase in NTB-55Fe ingress at 24 hours (Figure 4-12). Gene expression of ZIP14 was 

below basal levels at all time points and DMT1 transcripts were induced at 24 hours 

(Figure 4-11.A.B) which may support the NTB-55Fe uptake results. Clearly, these results 

show that activated astrocytes have a very different effect on neuronal iron regulation 

compared to activated microglial cells. The most outstanding result is the ZIP14 neuronal 

expression profile (Figure 4-11.A), as this gene is well documented to be strongly 

induced in multiple tissue types by pro-inflammatory cytokines; IL-6, TNF-a and IL-1b 

and by NO (Aydemir et al., 2012; Lichten et al., 2009; Liuzzi et al., 2005). In this study 
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neuronal ZIP14 mRNA was significantly down regulated at all time points, hence this 

result reflects how astrocytes produce significantly lower levels of pro-inflammatory 

cytokines when stimulated with LPS. Although, significant IL-6 transcript levels where 

measured in activated astrocytes in Chapter 3, but the level of microglial IL-6 production 

according to a study by You and colleagues (You et al., 2017) is much more elaborate 

compared to astrocytes. In fact, a report by Norden and colleagues (Norden, Trojanowski, 

Villanueva, Navarro, & Godbout, 2016) investigated the activation profile of microglia 

and astrocytes by measuring the expression of a wide range of pro-inflammatory 

cytokines with LPS stimulation over a 48-hour period. They have found that microglial 

cells produced very high mRNA levels of IL-6, TNF-a and IL-1b between 2 and 12 hours. 

However, astrocytes responded in the production of IL-6 and IL-1b on a much lower scale 

compared to microglia within the same time frame and astrocytic TNF-a transcript 

upregulation occurred at a much later stage between 12 and 24 hours. These former 

studies firmly support the obtained results on the neuronal ZIP14 expression profile, as 

astrocytes have been shown to display a much lower scale of pro-inflammatory cytokine 

release and a delay in the production of TNF-a in comparison to microglia. Consequently, 

LPS stimulated astrocytes may not have a detrimental impact on neuronal iron regulation 

in their acute stage of activation. They may however exhibit a significant level of 

deregulation of neuronal iron management at a more chronic phase of the LPS – TLR4 

signal transduction cascade (Gorina, Font-Nieves, Marquez-Kisinousky, Santalucia, & 

Planas, 2011). This somewhat can be seen in the gene study results for DMT1 expression 

(Figure 4-11.B) at the 24 hour time point, as transcript levels are highly induced and also 

ZIP14 transcripts are showing gradual increase in their expression profile (Figure 4-

11.A). This may correspond with the later release of TNF-a levels by astrocytes as 

reported by Norden and colleagues between 12 and 24 hours. 
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4.5 Conclusion 

 

The results presented in this Chapter provides a novel insight into unravelling the impact 

of pro-inflammatory glial cells on neuronal iron regulation in a transwell co-culture 

system. LPS activated microglia stimulated neuronal NTBI influx, but not TBI, hence, 

under inflammation neurons load iron via the former route. Furthermore, it was shown 

that different neuronal cell types exhibit differential gene expression profiles of iron 

transporters in response to inflammation. N27 neurons displayed upregulation of NTBI 

transporters; ZIP14 and DMT1 and elevated intracellular iron levels were reflected by the 

downregulation of TfR1 and FPN transcripts. N2a neuroblastoma cells resulted in the 

increase of ZIP14 mRNA, however, DMT1 transcripts were downregulated, therefore 

these cells may use a DMT1 independent pathway for NTBI influx when exposed to 

inflammatory environments. N2a cells also displayed iron accumulation via increase in 

ferritin protein concentrations and downregulation of FPN transcripts. 

 

N27 neurons exposed to elevated iron concentrations exhibited a ZIP14 and DMT1 

independent NTBI influx, however, high extracellular iron levels combined with 

inflammatory conditions resulted in the most profound neuronal NTBI ingress with strong 

upregulation of DMT1 and ZIP14 mRNA. Iron loading reveals that neurons may use 

alternative NTBI transporters to ZIP14 and DMT1, however, when inflammation is 

present these genes are strongly induced and may engage in NTBI transport.  

 

The impact of LPS activated pro-inflammatory astrocyte inserts on neuronal iron 

regulation was less deregulatory compared to LPS activated microglia. LPS treated 

astrocytes did not induce the inflammation sensitive ZIP14 gene in neurons, which 
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strongly suggests that the levels of pro-inflammatory cytokines produced by astrocytes 

are at a much lesser scale to microglial pro-inflammatory cytokine release within this 24-

hour study. These results do however confirm that activated astrocytes do elicit some 

degree of a deregulatory effect on neuronal iron homeostasis. This deregulation was 

observed to take effect at the end stage of the study at the 24 hour time point. On the other 

hand, activated microglial cells displayed their deregulatory effects on neuronal iron 

related genes as early as 2 hours into the inflammatory co-culture studies. 

 

Future research on neuronal iron regulation within physiological and pathological 

parameters must specifically identify the role of ZIP14 and DMT1 in terms of iron 

handling and further establish the identity of other neuronal iron importers under iron 

loading conditions. This study clearly shows the significance of neuronal NTBI transport 

under pathological stressors. In future investigations one must also elucidate the impact 

of the observed iron accumulative nature of neurons on neuronal health under 

inflammatory exposure. These investigations should establish how this excess iron is 

utilized by neurons and whether this high intracellular iron status contributes to neuronal 

degeneration and if so then by what specific mechanistic pathways. 

 

 

 

 

 

 



 

 231 

5. Effects of wild-type exogenous a-synuclein induced 

inflammation on iron homeostasis in astrocytes, microglia and 

neurons 

 

5.1 Introduction 

 

Parkinson’s disease (PD) is a common age-related neurodegenerative disorder affecting 

1-2% of the population over the age of 65. Clinically PD patients display symptoms of 

akinesia, resting tremor, muscle rigidity and postural imbalance. The cause of these 

cardinal symptoms of PD are associated with the progressive degeneration of 

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) which is 

associated with accumulation of aggregated a-synuclein (a-syn) protein in neuronal 

inclusions referred to as Lewy bodies (Fearnley & Lees, 1991; Lotharius & Brundin, 

2002; Moore, West, Dawson, & Dawson, 2005). The majority of PD cases are sporadic 

(90%) and are believed to involve a combination of genetic susceptibility, advanced aging 

and environmental stressors (Belaidi & Bush, 2016). Familial PD cases have been 

associated with mutations in the leucine-rich repeat kinase 2 (LRRK2), a-synuclein 

(SNCA), parkin, DJ-1, phosphatase and tensin homologue deleted on chromosome 10-

induced putative kinase 1 (PINK1), vacuolar protein sorting 35 (VPS35), DNAJC13, 

glucocerebrosidase (GBA1), and eukaryotic initiation factor 4G1 (EIF4G1) genes 

(Chartier-Harlin et al., 2011; I. Martin, Dawson, & Dawson, 2011; Scholz & Jeon, 2015; 

Vilarino-Guell et al., 2014; Vilarino-Guell et al., 2011; Zimprich et al., 2011).  
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Lewy bodies represent the pathological hallmark of PD and a-syn forms the primary 

protein component of these insoluble inclusions which are strongly associated with 

neuronal degeneration and neuroinflammation (Spillantini, Crowther, Jakes, Hasegawa, 

& Goedert, 1998).  a-Syn is a monomeric protein consisting of 140 amino acids and is 

unfolded in its native physiological state (Weinreb, Zhen, Poon, Conway, & Lansbury, 

1996). a-Syn is a member of the synuclein family consisting of three main genes, SNCA, 

SNCB and SNCG that code for the a, b and g-synuclein protein forms respectively (Dev, 

Hofele, Barbieri, Buchman, & van der Putten, 2003; Eriksen, Dawson, Dickson, & 

Petrucelli, 2003). a-Syn is present in diverse cell types throughout the body. Its main 

function remains ill-defined although a good number of different roles have been linked 

to this protein; including suppression of apoptosis through deactivation of NFkB (Jin et 

al., 2011), regulation of glucose levels by increasing tissue glucose uptake (Geng et al., 

2011), maintenance of polyunsaturated fatty acid levels by modulating lipid synthesis 

(Ruiperez, Darios, & Davletov, 2010), antioxidation by preventing caspase activation 

(Zhu, Qin, Hu, Munishkina, & Fink, 2006), neuronal differentiation (Chen et al., 2013; 

Fu, Subramanian, & Masters, 2000; Ostrerova et al., 1999) and regulation of dopamine 

biosynthesis (Peng, Tehranian, Dietrich, Stefanis, & Perez, 2005). It is highly expressed 

in presynaptic terminals of neurons where it has been strongly implicated in the regulation 

of vesicular release (L. Wang et al., 2014). There is continuous new research attempting 

to understand and revise other possible functions of a-syn under physiological conditions. 

However, the present main body of literature agree that under pathological conditions a-

syn adopts a b-sheet structure, it loses its membrane binding capacity and is very likely 

to form oligomers/aggregates. These a-syn aggregates can form inclusions in neurons 

and in glial cells which constitutes the pathological hallmark of PD, dementia with Lewy 

bodies (DLB) and multiple system atrophy (MSA), which all come under the umbrella of 
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a-synucleinopathies (Beyer & Ariza, 2007; Hasegawa et al., 2002; Spillantini, Crowther, 

Jakes, Cairns, et al., 1998). Key pathological feature of a-synucleinopathies is the 

increased presence of activated microglia and astrocytes which can cause neurotoxicity, 

tissue damage by the secretion of pro-inflammatory cytokines, ROS and NO (Hirsch, 

Hunot, & Hartmann, 2005; Qian, Flood, & Hong, 2010). Astrocytes and microglia both 

have been shown to be activated by extracellular wild-type a-syn (WT) forms as well as 

various mutant forms such as A30P, E46K and A53T. In a mouse model of PD, human 

WT a-syn was overexpressed by a recombinant adeno-associated virus vector and lead 

to increased NF-kB/p65 expression and pro-inflammatory cytokine production resulting 

in neurodegeneration triggered by microglial cells (Theodore, Cao, McLean, & Standaert, 

2008). Studies in cell culture models demonstrated that various pathological mutant forms 

of  a-syn A30P, E46K and A53T resulted in stronger microglial activation compared to 

WT  a-syn treatment (Roodveldt et al., 2010). In astrocytes increased expression of IL-6 

was observed with WT or mutated forms of a-syn treatments in vitro (Klegeris et al., 

2006).  

 

In addition to a-syn accumulation and an increase in activated glial cell populations 

within the SNpc in the PD brain, the presence of elevated labile iron levels are yet another 

pathognomonic hallmark of PD, that can promote excessive production of ROS levels 

which may also strongly contribute to PD (Dexter et al., 1991; Dexter et al., 1987; Dexter 

et al., 1989; Matak et al., 2016). In contrast, deficiency of iron impairs energy production 

(Belaidi & Bush, 2016) and can also cause dopaminergic neurodegeneration in mouse 

models (Matak et al., 2016). There is substantial evidence arising from an eclectic range 

of technological methods; biochemical, histological and imaging measurements, 

confirming significantly elevated iron concentrations in the SNpc of PD patients 
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compared to aged matched normal subjects (Dexter et al., 1991; Langkammer et al., 2016; 

Sofic, Paulus, Jellinger, Riederer, & Youdim, 1991). Furthermore, iron levels in the SNpc 

were shown to positively correlate with the severity of motor symptoms of PD patients 

(Guan et al., 2017; W. R. Martin, Wieler, & Gee, 2008; Pavese & Brooks, 2009; Wallis 

et al., 2008). It is also acknowledged and highlighted that iron mediated toxicity 

associated with neurodegenerative pathology is not only based on the presence of high 

concentration of iron, but more specifically the dysregulation of iron storage and transport 

mechanisms (Bishop, Dang, Dringen, & Robinson, 2011). In the toxin-based animal and 

cell models of PD which recapitulate nigrostriatal neurodegeneration, 1-Methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated mice and 6-Hydroxydopamine 

(OHDA) treated rats and MES23.5 cells displayed iron accumulation within the SN region 

associated with increased expression of iron importer; DMT1 and the decreased 

expression of FPN iron exporter (Jiang et al., 2010; Salazar et al., 2008; J. Wang et al., 

2009).  Furthermore, elevated iron and increased DMT1 expression were also detected in 

post-mortem brain tissue samples within the SN brain region of PD patients (Salazar et 

al., 2008). Furthermore, in 6-OHDA induced PD rats, it was shown that IRP1/2 

expression was upregulated and resulted in increased DMT1 upregulation and iron 

accumulation (Jiang et al., 2010). 

 

Glial cells play a major role in iron homeostasis within the CNS (Xu et al., 2017). Cell 

culture studies demonstrated that neurons, astrocytes and microglia, all have a profound 

capability to accumulate great quantities of iron. Most iron accumulation was observed 

in microglia, followed by astrocytes and the least  by neurons (Bishop et al., 2011). 

Astrocytes play a key role in the distribution of iron to microglia, oligodendrocytes and 

neurons, as astrocyte end-feet cover 95% of the capillary surface of the basement 
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membrane of the blood brain barrier (BBB) where iron is transported across from the 

systemic circulation into the CNS (Dringen, Bishop, Koeppe, Dang, & Robinson, 2007).  

Astrocytes possess a high capacity for iron accumulation as they express mainly the 

ferritin light chain which is efficient at iron storage (Bishop et al., 2011), however they 

characteristically store small amounts of iron under optimal physiological conditions as 

iron is distributed rapidly to other cells. Hence, astrocytes may provide the main source 

of iron to microglia and neurons. Microglia like astrocytes have a very high expression 

of ferritin light chain and has high efficiency in the storage of excess iron atoms. Neurons 

express the least ferritin within the CNS. The trace amounts of detectable neuronal ferritin 

are the sub-type H. Thus, suggesting that neurons store very little iron normally, instead 

iron is rapidly utilized and/or released via FPN to fulfil the iron demands within the local 

microenvironment (Moos, Rosengren Nielsen, Skjorringe, & Morgan, 2007). In models 

of PD, activated astrocytes and microglia were shown to alter neuronal iron regulation 

and ultimately culminate in degeneration of dopaminergic neurons (J. Wang, Song, Jiang, 

Wang, & Xie, 2013; W. Zhang et al., 2014) Furthermore, iron loaded astrocytes and 

microglia displayed a greater pro-inflammatory response to LPS or MPTP toxin 

compounds that also lead to iron accumulation in primary cultured ventral mesencephalic 

neurons (J. Wang et al., 2013; W. Zhang et al., 2014). 

 

In order to try to obtain a clearer understanding of the relationship between a-syn, pro-

inflammatory glia and iron regulation in the PD brain,  a-syn was utilized as an inducer 

of inflammation in glial cells to mimic PD pathology. This Chapter investigates the iron 

regulatory mechanisms in astrocytes, microglia and in neurons under a-syn propagated 

inflammatory responses.  
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The aims of this study were: 

 

    1. To investigate the impact of exogenous WT a-syn on microglial and  

     astrocyte activation. 

    2. To study the effect of exogenous WT a-syn on iron regulation in microglia  

     and astrocytes. 

    3.  To investigate the impact of exogenous WT a-syn activated microglia 

     or astrocytes on neuronal iron regulation. 

 

5.2 Methods 

 

The effect of exogenous WT human a-syn induced inflammation was investigated in 

microglia and astrocytes as follows; N9 microglia or C6 astrocytes were grown on 6-well 

plates for 24 hours and were treated with monomeric a-syn [25 µg/mL] for 2, 4, 6, 12 

and 24 hours. N9 microglial cell media was removed after each treatment time point to 

measure nitrite, TNF-a and ferritin concentrations with the Griess assay (Section 2.4) and 

ELISA respectively (Section 2.8). Quantitative-PCR was carried out for gene expression 

studies of; pro-inflammatory cytokine; IL-6, iron transporters; ZIP14, DMT1 and FPN in 

both cell types (Section 2.6). Additionally, TfR1, Cp and hepcidin gene expression was 

further analysed in C6 astrocytes. Iron influx studies were conducted with the radioactive 

isotope 55Fe via the non-transferrin bound-55Fe (NTB-55Fe) uptake route (Section 2.7). 

NTB-55Fe comprised of exposing cells to 1 µM 55Fe-ascorbate in serum free cell media 

for 60 minutes. After the radioactive exposure, cells were washed and lysed and 

subsequently gamma counted for determination of 55Fe activity (Figure 5-1 A, B).  
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The effects of WT exogenous a-syn activated glial cells on iron regulation in the N27 

neuronal cell line were investigated.  N9 microglia or C6 astrocytes were seeded on to 

transwell permeable membrane inserts and N27 cells were seeded on to 6-well plates. The 

permeable inserts containing glial cells were treated with [25 µg/mL] of monomeric a-

syn and inserts were clipped on the top of the 6 well plates containing the neuronal cell 

line. Co-culture times were up to 24 hours and neuronal cells were subjected to iron 

uptake assays; NTB-55Fe (Section 2.7), phenol extraction followed by cDNA synthesis 

for qPCR assays measuring gene expression of iron transporters: ZIP14, DMT1, TfR1, 

FPN, and systemic iron regulator; hepcidin (Figure 5-1 C, D), (Section 2.6).  
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Figure 5-1 Cell treatments and experiments conducted 

 

5.3 Results 

 

5.3.1 WT exogenous a-synuclein induced the release of key pro-inflammatory 

markers; nitrite, IL-6 and TNF-a from N9 microglia. 

 

Microglial cells treated with a-syn over a 24-hour period resulted in the production of 

elevated key markers of inflammation including nitrite, IL-6 and TNF-a. Nitrite levels 
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were significantly elevated at 12 and 24 hours of a-syn exposure (p<0.0001) compared 

with untreated controls (Figure 5-2). Microglial TNF-α protein release was also 

significantly increased at 12, and 24 hours of a-syn exposure (p<0.0001) compared to 

untreated controls (Figure 5-3).  IL-6 mRNA was significantly upregulated at 2 hours 

(29.38-fold) (p<0.001), 4 hours (80.10-fold) (p<0.0001), 6 hours (111.83-fold) 

(p<0.0001), 12 hours (63.96-fold) (p<0.0001) and at 24 hours (18.96-fold) (p<0.05) with 

a-syn treatments (Figure 5-4). 

 

 

 

 

Figure 5-2 Nitrite production by N9 microglial cells treated with WT exogenous a-
synuclein. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25µg/mL for 
0, 2, 4, 6, 12, 24 h. Nitrite production was measured in cell media by the Griess assay as 
described in Materials and Methods. Results represent mean values ± SEM 
(****p<0.0001 (compared with untreated control samples by two-way ANOVA and the 
Sidak’s post hoc test; n=3)). 
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Figure 5-3 TNF-α production by N9 microglial cells treated with WT exogenous a-
synuclein. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25 µg/mL 
for 0, 2, 4, 6, 12, 24 h as described in Experimental design. TNF-α production was 
measured in cell media by ELISA as described in Materials and Methods. Results 
represent mean values ± SEM (****p<0.0001 (compared with untreated control samples 
by two-way ANOVA and the Sidak’s post hoc test; n=3)). 
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Figure 5-4 Effect of WT exogenous a-synuclein on N9 microglial IL-6 mRNA 
expression. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25 µg/mL 
for 0, 2, 4, 6, 12, 24 h as described in Experimental design. Total mRNA was obtained 
from control and treated cells for the quantitative real-time RT-PCR assay as described 
in Materials and Methods. The target gene was normalised against GAPDH. Results 
represent mean values ± SEM (*p<0.05; ***p<0.001; ****p<0.0001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
 
 
 

5.3.2 WT exogenous a-synuclein treatment alters N9 microglial iron related 

transporter genes and ferritin iron storage protein expression 

 

 a-Syn stimulation induced a significant increase in ZIP14 mRNA expression at 2 hours 

(8.62-fold) (p<0.0001), 4 hours (4.08-fold) (p<0.0001) and at 24 hours (2.08-fold) 

(p<0.01) (Figure 5-5.A). DMT1 mRNA levels were upregulated at all treatment times; 2 

hours (3.38-fold) (p<0.0001), 4 hours (3.11-fold) (p<0.001), 6 hours (5.57-fold) 

(p<0.0001), 12 hours (4.82-fold) (p<0.0001) and at 24 hours (2.15-fold) (p<0.05) (Figure 

5-5.B). FPN transcripts were significantly downregulated below basal levels at 2 hours 
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(p<0.01), 4 hours (p<0.0001), 6 hours (p<0.0001) and at 24 hours (p<0.0001) (Figure 5-

5.C). 

 

Ferritin protein concentrations significantly increased after 24-hour a-syn treatment. 

Treated cells displayed a six-fold increase compared to untreated cells; 258 ± 9.82 ng/mL 

vs 40.72 ± 3.06 ng/mL (p<0.01) respectively, quantified with ELISA (Figure 5-6). 
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Figure 5-5 Effect of WT exogenous a-synuclein on N9 microglial iron transporter 
gene expression. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25 µg/mL 
for 0, 2, 4, 6, 12, 24 h as described in Experimental design. Total mRNA was obtained 
from control and treated cells for the quantitative real-time RT-PCR assay as described 
in Materials and Methods. The target gene was normalised against GAPDH. Results 
represent mean values ± SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 
(compared with untreated control samples by one-way ANOVA and the Dunnett’s post 
hoc test; n=3)). 
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Figure 5-6 Effect of WT exogenous a-synuclein on N9 microglial ferritin protein 
levels. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25 µg/mL 
for 24 h as described in Experimental design. Ferritin levels were measured by ELISA as 
described in Materials and Methods. Results represent mean values ± SEM (**p<0.01 
(data analysed by the Student’s t test; n=3)). 
 
 

 

5.3.3 WT exogenous  a-synuclein increases N9 microglial NTB-55Fe uptake 

 

Microglial NTB-55Fe uptake was significant after 6 hours, 12 hours (p<0.01) and 24 hours 

(p<0.0001) of  a-syn exposure (Figure 5-7) compared to untreated controls. 
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Figure 5-7 Effect of WT exogenous a-synuclein on NTB-55Fe uptake in N9 microglial 
cells. 
N9 microglial cells were treated with a-synuclein at a final concentration of 25 µg/mL 
for 0, 6, 12, 24 h as described in Experimental design. NTB-55Fe uptake was determined 
by radioisotope measurements described in Materials and Methods. Results represent 
mean values ± SEM (**p<0.01; ***p<0.001 (compared with untreated control samples 
by two-way ANOVA and the Sidak’s post hoc test; n=3)). 
 
 

 

5.3.4 WT exogenous a-synuclein induces gene expression of pro-inflammatory 

cytokine; IL-6 and the systemic iron regulator hormone; hepcidin in C6 astrocytes 

 

 a-Syn treated astrocytes displayed a very significant upregulation of key markers of 

inflammation; IL-6 and hepcidin transcripts. IL-6 mRNA levels were significantly 

upregulated at 2 hours (2.75-fold) (p<0.001), 4 hours (2.95-fold) (p<0.001) and at 6 hours 

(2.98-fold) (p<0.001) (Figure 5-8.A). Hepcidin mRNA levels were elevated at 4 hours 

(1.18-fold) (p<0.05), 6 hours (1.11-fold) and at 12 hours (1.19-fold) (p<0.01) and fell 

below basal expression of untreated samples (Figure 5-8.B). 
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Figure 5-8 Effect of WT exogenous a-synuclein on C6 astrocyte IL-6 and hepcidin 
gene expression. 
C6 astrocytes were treated with a-synuclein at a final concentration of 25 µg/mL for 0, 
2, 4, 6, 12, 24 h as described in Experimental design. Total mRNA was obtained from 
control and treated cells for the quantitative real-time RT-PCR assay as described in 
Materials and Methods. The target gene was normalised against GAPDH. Results 
represent mean values ± SEM (*p<0.05; **p<0.01; ***p<0.001 (compared with 
untreated control samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
 
 
 

5.3.5 WT exogenous a-synuclein alters iron transporter genes in C6 astrocytes 

 

 a-Syn treatments induced very significant increase in ZIP14 mRNA expression at 2 

hours (2.33-fold) (p<0.01), 4 hours (6.71-fold) (p<0.0001), 6 hours (2.41-fold) (p<0.01) 

and at 12 hours (2.98-fold) (p<0.001) (Figure 5-9.A) compared to untreated controls. 

DMT1 gene expression was elevated throughout the 24 hour treatment period; 2 hours 

(1.84-fold) (p<0.01), 4 hours (2.62-fold) (p<0.001), 6 hours (3.16-fold) (p<0.0001), 12 

hours (3.19-fold) (p<0.0001) and at 24 hours (2.99-fold) (p<0.0001) (Figure 5-9.B). 

TfR1 transcripts were downregulated below basal expression levels at all time points 

except at 4 hours that resulted in a significant increase in mRNA levels (1.41-fold) 

(p<0.05) (Figure 5-9.C). FPN gene expression was upregulated at 4 hours (1.53-fold) 
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(p<0.05) and remained at basal expression levels at all other treatment times (Figure 5-

9.D). Cp mRNA expression displayed an incremental increase at each time point; 2 hours 

(1.77-fold) (p<0.01), 4 hours (1.84-fold) (p<0.001), 6 hours (3.32-fold) (p<0.0001), 12 

hours (3.65-fold) (p<0.001) and at 24 hours (6.11-fold) (p<0.0001) (Figure 5-9.E). 
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Figure 5-9 Effect of WT exogenous a-synuclein on C6 astrocyte iron related 
transporter gene expression. 
C6 astrocytes were treated with a-synuclein at a final concentration of 25 µg/mL for 0, 
2, 4, 6, 12, 24 h as described in Experimental design. Total mRNA was obtained from 
control and treated cells for the quantitative real-time RT-PCR assay as described in 
Materials and Methods. The target gene was normalised against GAPDH. Results 
represent mean values ± SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 
(compared with untreated control samples by one-way ANOVA and the Dunnett’s post 
hoc test; n=3)). 
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5.3.6 WT exogenous a-synuclein induced an increase in C6 astrocytic NTB-55Fe 

uptake 

 

Astrocyte NTB-55Fe uptake was significantly increased at 6 hours with  a-syn treatment 

(p<0.0001) (Figure 5-10) compared to untreated controls. 

 

 

 

 

Figure 5-10 Effect of WT exogenous a-synuclein on NTB-55Fe uptake in C6 
astrocytes. 
C6 astrocytes were treated with a-synuclein at a final concentration of 25 µg/mL for 0, 
6, 12, 24 h as described in Experimental design. NTB-55Fe uptake was determined by 
radioisotope measurements described in Materials and Methods. Results represent mean 
values ± SEM (****p<0.001 (compared with untreated control samples by two-way 
ANOVA and the Sidak’s post hoc test; n=3)). 
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5.3.7 WT exogenous a-synuclein activated N9 microglia alters iron related 

transporter genes and systemic iron regulator hormone, hepcidin in N27 neurons 

 

a-Syn activated microglia induced a very significant increase in neuronal ZIP14 

transcripts at 12 hours by 2.21-fold (p<0.0001) and at 24 hours by 3.61-fold (p<0.0001) 

(Figure 5-11.A). DMT1 gene expression was significantly upregulated at 6 hours by 

4.42-fold (p<0.05) and all other time points transcript levels were down to basal level of 

expression (Figure 5.11.B). TfR1 mRNA expression displayed no significant change 

from basal levels (Figure 5.11.C). FPN and hepcidin gene expression was upregulated 

significantly at the 24-hour time point from the a-syn activated microglial exposure by 

2.27-fold (p<0.01) and by 1.98-fold (p<0.05) (Figure 5.11.E) respectively.  
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Figure 5-11 Effect of WT exogenous α-synuclein activated N9 microglia on N27 
neuronal hepcidin and iron transporter genes.  
N27 neurons were co-cultured with α-synuclein treated N9 microglial cells for 0, 2, 4, 6, 
12 and 24 h as described in Experimental design. Total mRNA was obtained from control 
and treated cells for the quantitative real-time RT-PCR assay as described in Materials 
and Methods. The target gene was normalised against GAPDH. Results represent mean 
values ± SEM (*p<0.05; **p<0.01; ****p<0.0001 (compared with untreated control 
samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
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5.3.8 WT exogenous a-synuclein activated N9 microglia increases NTB-55Fe uptake 

in N27 neurons 

 

Neurons exposed to a-syn activated microglial inserts displayed a highly significant 

increase in NTB-55Fe influx at 24 hours (p<0.0001) compared to neurons directly treated 

with a-syn or untreated neuronal samples (Figure 5-12). 
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Figure 5-12 Effect of WT exogenous α-synuclein activated N9 microglia on N27 
neuronal NTB-55Fe uptake.  
N27 neurons were co-cultured with N9 microglial cells treated with α-synuclein, for 0, 6, 
12 and 24 h as described in Experimental design and NTB-55Fe uptake was determined 
by radioisotope measurements described in Materials and Methods. Results represent 
mean values ± SEM (***p<0.001 (multiple comparisons performed by two-way ANOVA 
and the Tukey’s post hoc test; n=3)).  
 
 
 

5.3.9 WT exogenous a-synuclein activated C6 astrocytes alter iron transporter gene 

expression in N27 neurons 

 

a-Syn treated astrocytic inserts had a significant down-regulatory effect on neuronal 

ZIP14 expression at 2 hours (p<0.05) and neuronal ZIP14 gene expression stabilized to 

basal levels during the rest of the 24-hour a-syn activated astrocyte exposure (Figure 

5.13.A). Neuronal DMT1 gene expression was upregulated at 6 hours by 2.13-fold 

(p<0.01), significantly downregulated at 12 hours below basal levels (p<0.01) and DMT1 
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transcripts significantly increased again at 24 hours by 2.35-fold (p<0.001) (Figure 

5.13.B). 

 

 

 

Figure 5-13 Effect of WT exogenous α-synuclein activated C6 astrocytes on N27 
neuronal iron transporter genes.  
N27 neurons were co-cultured with α-synuclein treated C6 astrocytes for 0, 2, 4, 6, 12 
and 24 h as described in Experimental design. Total mRNA was obtained from control 
and treated cells for the quantitative real-time RT-PCR assay as described in Materials 
and Methods. The target gene was normalised against GAPDH. Results represent mean 
values ± SEM (*p<0.05; **p<0.01; ***p<0.001 (compared with untreated control 
samples by one-way ANOVA and the Dunnett’s post hoc test; n=3)). 
 
 

 

5.4 Discussion 

 

Inflammation is a key pathological feature of a-synucleinopathies characterized by the 

presence of activated microglia and astrocytes (Hirsch et al., 2005; Qian et al., 2010). Iron 

accumulation and deregulation of iron storage and transport mechanisms are strongly 

evident under inflammatory conditions in cells of the CNS and altogether lead to a 

compromised cellular state and ultimately cell death  (Ayton et al., 2013; Boll, Sotelo, 

Otero, Alcaraz-Zubeldia, & Rios, 1999; Connor, Snyder, Arosio, Loeffler, & LeWitt, 
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1995; Dexter et al., 1991; Olivieri et al., 2011; Salazar et al., 2008). There is substantial 

evidence for recognising a-syn as a key inducer of glial activation (Klegeris et al., 2006; 

Roodveldt et al., 2010; Theodore et al., 2008), therefore it stands as a strong candidate 

for the potentiation of neurodegenerative pathology. The overall results presented in this 

Chapter convey the impact of the innate inflammatory response induced by purified 

recombinant human WT  a-syn on gene expression that will influence iron metabolism 

of glial cells and neurons in vitro. The results in this Chapter show that microglia and 

astrocytes display increased NTBI influx and transcriptional upregulation of NTBI 

importers; DMT1 and ZIP14. Iron accumulation may be evident in a-syn activated 

microglia by the downregulation of FPN transcripts and increase in ferritin protein levels. 

a-Syn activated astrocytes may have displayed very significant export of iron, as Cp 

mRNA levels incrementally increased at each treatment time point, therefore significant 

accumulation of iron in these cells was less likely. In the transwell glial-neuronal co-

culture experiments it was shown that microglial cells activated by WT a-syn, induced 

expression of iron importer genes; ZIP14 and DMT1 and also increased NTBI influx in 

neuronal cell cultures. However, neuronal iron status may have not increased due to TfR1 

and FPN transcript upregulation. Furthermore, it was shown that there was significant 

hepcidin mRNA expression by neurons which did not result in downregulatory effect on 

neuronal FPN gene expression under these inflammatory parameters. a-Syn activated 

astrocyte-based inflammation induced an up regulatory effect on neuronal DMT1 gene 

expression but had no impact on ZIP14 gene expression during the 24-hour study. 
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5.4.1 The effect of WT exogenous a-synuclein on N9 microglial release of key pro-

inflammatory markers; nitrite, IL-6 and TNF-a 

 

The result show that a-syn treatment over 24 hours induced the activation process in N9 

microglial cells, a gradual change from a quiescent cellular morphology into a pro-

inflammatory phenotype. The activation process was validated by the significant levels 

of release of key pro-inflammatory cytokines and metabolites; IL-6, TNF-a and nitrite 

(Figure 5-2,3,4). A number of in vivo and in vitro studies demonstrated microglial 

activation with various a-syn forms. Harms et al found that viral overexpression of WT 

human  a-syn in mouse induced significant expression of major histocompatibility 

complex II (MHCII), a primary regulator of the cellular immune response and a 

prominent marker of reactive microglia, while KO studies of MHCII attenuated  a-syn 

induced microglial activation (Harms et al., 2013). Roodveldt et al studied the activation 

process on mouse primary microglia by using WT or aggregated a-syn forms and the 

familial PD mutants (A30P, E46K and A53T).  They have found the most significant 

release of IL-6, TNF-a and IL-1β by microglia treated with A30P and E46K mutants. 

WT a-syn was the third most significant inducer of microglial activation out of all the a-

syn variants (Roodveldt et al., 2010). Furthermore, it was reported that WT a-syn 

treatment on human primary microglial cells induced a concentration dependent release 

of pro-inflammatory products (Klegeris et al., 2008; Su et al., 2008). Studies conducted 

on the BV2 microglial cell line reported that WT or A53T mutant forms of a-syn derived 

from SH-SY5Y overexpressing neurons induced significant pro-inflammatory response, 

however, the mutant  a-syn type triggered the most marked release of NO,  IL-6 and 

TNF-a (Alvarez-Erviti, Couch, Richardson, Cooper, & Wood, 2011; Rojanathammanee, 
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Murphy, & Combs, 2011). The mechanism of microglial activation in a-

synucleinopathies is still being thoroughly researched. A number of reports suggest the 

strong involvement of TLR4 in the pathogenesis of a-synucleinopathies. TLR4 signalling 

culminates in the translocation of NF-κB to the nucleus which induces the expression of 

many pro-inflammatory genes (Okun et al., 2009). Elevated TLR4 expression is common 

in human post-mortem tissue deriving from a-synucleinopathies (Letiembre et al., 2009).  

The direct role of TLR4 in a-syn dependent microglial activation was investigated by 

Fellner et al in TLR4 WT and KO mice. They tested human WT, fibrillar and C-

terminally truncated a-syn protein forms to measure microglial activation. Fellner et al 

found NF-κB nuclear translocation in WT TLR4 mouse and no NF-κB nuclear 

translocation occurred in TLR4 KO mouse after a-syn treatment. Pro-inflammatory 

cytokines; IL-6, TNF-a and ROS were also highly produced by a-syn treated WT TLR4 

microglia but not in the TLR4 KO animals (L. Fellner et al., 2013). Furthermore, Fellner 

and colleagues also shown that TLR4 facilitates  microglial cells to phagocytose different 

forms of extracellular a-syn (Lisa Fellner et al., 2013). The abolition of TLR4 receptors 

culminated in the reduced clearance of a-syn by mouse microglia and this finding was 

coupled with aggravated nigral neurodegeneration (Stefanova et al., 2011). Thus, TLR4 

expression on microglia may act as a double-edged sword, first inducing the pro-

inflammatory response which may promote neurodegeneration but the TLR4 dependent 

microglial clearance of extracellular  a-syn excreted from dying neurons may act as an 

innate neuroprotective mechanism to prevent further activation of other glial cells within 

the local microenvironment. Another important protein in addition to a-syn in PD 

pathology is LRRK2 which can be also linked to microglial activation regulation and to 

a-syn. Mutations in the LRRK2 gene (PARK8, Dardarin, OMIM 609007) represents one 

of the most frequent genetic cause of PD, as much as 4% of all familial PD cases and 1% 



 

 258 

of sporadic PD cases (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). LRRK2 protein, 

also referred to as Dardarin, possesses multiple functional domains and may function as 

both an active GTPase and kinase  (Li et al., 2007; West et al., 2005). LRRK2 is highly 

expressed in microglia and other immune cells, including T cells, B cells and various sub-

types of monocytes (Gardet et al., 2010; Hakimi et al., 2011; Thevenet et al., 2011). 

Investigations in microglia found that LRRK2 expression and its phosphorylation were 

elevated upon TLR2 or TLR4 stimulation and both of these plasma membrane-based 

receptors have been shown to be stimulated upon a-syn induced microglial activation. 

Furthermore, LRRK2 KO rat studies demonstrated the release of lower levels of pro-

inflammatory factors by myeloid cells in the brain upon LPS or a-syn stimulation (Daher, 

Volpicelli-Daley, Blackburn, Moehle, & West, 2014). Also, LRRK2 KO studies observed 

diminished a-syn inclusion formation, neuronal loss and microglial activation in mice 

overexpressing PD mutant A53T a-syn (Lin et al., 2009). On the other hand, the same 

study found that the overexpression of LRRK2 in transgenic mouse greatly enhanced 

A53T a-syn aggregation and hence significantly enhanced the progression of a-syn 

mediated cytotoxicity in neurons (Lin et al., 2009). 

 

Together these reports and the findings within this Chapter confirm that a-syn is a potent 

inducer of microglial activation and is very likely to be involved in neurodegenerative 

pathology by promoting the growth of the microglial pro-inflammatory phenotype 

population in the CNS, which has a detrimental effect on neuronal health. Certainly, in 

future studies it would be highly advantageous to investigate the relationship between 

LRRK2, a-syn and microglial activation and their effects on neuronal iron metabolism 

and neuronal viability. 
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5.4.2 The effect of WT exogenous a-synuclein on N9 microglial iron transporter 

genes, ferritin iron storage protein expression and NTB-55Fe uptake 

 

Quiescent microglial cells reported to be the most efficient in accumulating iron, after 

astrocytes and neurons. A study by Bishop et al performed iron loading on astrocytes, 

microglia and neurons and microglial cells exhibited threefold increase in iron retention 

compared to neurons (Bishop et al., 2011). This iron accumulative nature of microglial 

cells was further supported by Healy et al in an organotypic hippocampal slice culture 

model, in which iron loading induced high expression of ferritin transcripts in microglia 

and oligodendrocytes, but not in astrocytes or neurons (Healy, McMahon, Owens, & 

FitzGerald, 2016). However, the accumulation of iron and ferritin levels are still not fully 

elucidated in activated microglia under the umbrella of neuroinflammation and 

neurodegeneration. Human post-mortem studies from the SNpc of PD patients 

distinctively show ferritin immunoreactivity in activated microglial cells (Mirza, 

Hadberg, Thomsen, & Moos, 2000). Furthermore, iron containing microglia are 

consistently present in specific brain regions associated with neurodegenerative 

pathology (Andersen, Johnsen, & Moos, 2014). The findings within this Chapter provide 

further evidence for the accumulation of iron in microglia due to the inflammatory 

conditions triggered by a-syn. In this study iron accumulation was measured indirectly 

by the analysis of ferritin protein expression in microglia after 24 hours of a-syn exposure 

and the obtained results confirmed a very significant raise in ferritin concentrations 

(Figure 5-6).   

 

To investigate the molecular mechanism responsible for the iron accumulation in 

microglial cells under a-syn induced inflammatory conditions, gene expression profiles 



 

 260 

of iron importer and exporter proteins was analysed. The results obtained show that FPN 

iron exporter gene expression was significantly down regulated at all time points with a-

syn treatment (Figure 5-5. C). NTBI uptake related protein expression was significantly 

elevated; ZIP14 transcripts were highly upregulated at the acute stages of  a-syn treatment 

at 2 and 4 hours and another significant peak occurred at 24 hours (Figure 5-5.A). DMT1 

mRNA levels were highly expressed all through the 24 hour a-syn exposure (Figure 5-

5.B). It was further reinforced that iron accumulation is very likely to have occurred due 

to the upregulation of NTBI importers by conducting NTB-55Fe influx studies that have 

resulted in very significant iron influx at 6, 12 and at 24 hours after a-syn exposure 

(Figure 5-7).  

 

A number of studies show that the inflammatory response can cause deregulation of iron 

related proteins. In these investigations it was shown that a-syn activated microglia 

highly express IL-6, TNF-a and NO and these pro-inflammatory molecules have been 

reported to strongly induce IRP1 activity, the primal regulator of intracellular iron 

metabolism. A study by Zhou et al demonstrated that IL-6 elicits activation and 

upregulation of IRP1 via the c-Jun N-terminal kinase (JNK) pathway, a major signalling 

component of the mitogen-activated protein kinase (MAPK) signalling pathway (Coffey, 

2014). As a result, they observed increased DMT1 expression and downregulation in FPN 

levels, culminating in iron accumulation in the BV2 microglial cell line (Zhou, Du, Xie, 

& Wang, 2017). The same group also demonstrated in an earlier study on primary cultures 

of mesencephalic neurons treated with IL-1b or TNF-a induced elevated production of 

ROS and NO, which lead to the upregulation and activation of IRP1. The resulting high 

IRP1 activity induced the upregulation of DMT1 transcripts and downregulation of FPN 

expression, culminating in neuronal iron accumulation (J. Wang et al., 2013). This thesis 
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is the first to investigate ZIP14 expression in a-syn activated microglial cells. The 

observed ZIP14 upregulation did not come as a surprise as this gene is very susceptible 

to pro-inflammatory cytokine signalling and a-syn exposure did induce the pro-

inflammatory microglial phenotype. Investigations in primary mouse hepatocytes 

described direct stimulation of ZIP14 expression with a number of pro-inflammatory 

cytokines; IL-6, TNF-a, IL-1b and nitric oxide which collectively embody the hallmark 

of a number of neurodegenerative diseases (Aydemir et al., 2012; Lichten, Liuzzi, & 

Cousins, 2009; Liuzzi et al., 2005). ZIP14 upregulation was observed after LPS 

stimulation in other tissue types, including adipose and muscle samples (Aydemir et al., 

2012). A study on brain tissue reports elevated ZIP14 expression induced by LPS or TNF-

a but not IL-6 (Galvez-Peralta, Wang, Bao, Knoell, & Nebert, 2014). The results in this 

Chapter are in agreement with the above-mentioned studies. The high levels of TNF-a 

and IL-6 (Figure 5-3,4) produced by microglia may indicate that these cytokines act as 

strong inducers of microglial ZIP14 expression (Figure 5-5.A). 

 

5.4.3 The effect of WT exogenous  a-synuclein on C6 astroglial gene expression of 

pro-inflammatory markers; IL-6 and hepcidin 

 

In astrocytes, a-syn exposure over a 24-hour period induced cellular activation to express 

the pro-inflammatory phenotype, which was confirmed by measuring significant 

upregulation of IL-6 and hepcidin mRNA levels (Figure 5-8.A.B). This thesis is the first 

to show that a-syn and in Chapter 3, LPS treatments, both induce IL-6 secretion by 

astrocytes that results in the upregulation of hepcidin mRNA in an autocrine fashion. A 

number of in vitro studies show that various forms of a-syn can induce the pro-

inflammatory astrocyte phenotype. A report by Klegeris et al, investigated the effect of 
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human a-syn WT and a-syn mutants; A30P, E46K, A53T on their ability to induce the 

activation process in human astrocytes. Their findings confirmed very high levels of IL-

6, TNF-a  astrocytic release and activation of the major mitogen-activated protein kinase 

(MAPK) pathways, especially by the mutant forms of  a-syn (Klegeris et al., 2006). Lee 

and colleagues exposed primary astrocytes to conditioned medium from a-syn expressing 

SH-SY5Y neuronal cells and examined genes associated with immunity with the 

application of microarray analysis. They observed a drastic increase in pro-inflammatory 

cytokine gene expression after a-syn exposure, including; IL-1a, IL-1b and IL-6 (Lee, 

Kim, & Lee, 2010). Fellner et al investigated the signalling mechanism of human WT, 

fibrillar and C-terminally truncated a-syn protein forms on astroglial activation in TLR4 

WT and KO mice. They reported a suppressed pro-inflammatory immune response and 

ROS production in TLR4 KO animals (Lisa Fellner et al., 2013), indicating the important 

role of TLR4 signalling in both microglial and astroglial activation. Furthermore, a good 

number of studies report on the capabilities of astrocytes to internalize extracellular or 

neuron derived a-syn via endocytosis (Braidy et al., 2013; L. Fellner et al., 2013; Lee, 

Kim, et al., 2010) and these a-syn inclusions are also capable of eliciting an inflammatory 

response (Lee, Suk, et al., 2010). Additionally, Fellner and colleagues reported that in 

TLR4 WT and KO mice  a-syn endocytosis was equally evident, hence uptake of a-syn 

by astrocytes are TLR4 independent (Lisa Fellner et al., 2013). These findings show that  

a-syn has a very neurodegenerative promoting effect through its engagement with 

astrocytes. Whether  a-syn interacts with TLR4 receptors or it enters astrocytes through 

endocytosis via TLR4 independent pathways forming cytoplasmic inclusions, both paths 

seem to culminate in the expression of the astrocytic pro-inflammatory phenotype. 
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5.4.4 The effect of WT exogenous a-synuclein on C6 astroglial iron transporter gene 

expression and NTB-55Fe uptake 

 

It is clear that the a-syn induced inflammatory process alters the expression of genes 

involved in iron homeostasis in astrocytes, however these cells may respond differently 

to iron regulation compared to a-syn activated microglia. The difference in iron handling 

between these glial cells was shown in Chapter 3 of this thesis. The LPS induced pro-

inflammatory microglial phenotype accumulated iron by significant influx of NTB-55Fe, 

increased expression of DMT1, ZIP14 mRNAs and ferritin protein and the 

downregulation of FPN transcripts. Whereas in LPS activated astrocytes iron 

accumulation was not observed as TfR1 receptor transcripts were significantly 

upregulated and displayed significant Tf-55Fe influx. The 24 hours a-syn exposure on 

astrocytes and microglia also show this difference in iron handling between these cells. 

These findings convey that a-syn treated astrocytes may exhibit equally significant iron 

influx to iron release. This conclusion was made by measuring the gene expression levels 

of NTBI uptake genes; ZIP14 and DMT1 that were highly upregulated (Figure 5-9.A.B) 

most likely due to elevated production of inflammatory factors; IL-6 and TNF-a 

(Aydemir et al., 2012; Lichten et al., 2009; Liuzzi et al., 2005; Urrutia et al., 2013). FPN 

iron exporter had no change in its gene expression from basal levels (Figure 5-9.D). 

However, Cp expression levels were upregulated incrementally at each time point, 

reinforcing (Figure 5-9.E) that FPN iron efflux activity was increasing without its 

upregulation. Astrocytes are the primary cell type in the brain which are renowned to 

strongly express Cp (Wu et al., 2018) which acts as a ferroxidase by oxidising newly 

released Fe2+ by FPN to Fe3+ into the cell media facilitating transferrin or non-transferrin 

incorporation. Furthermore, the NTB-55Fe uptake studies displayed a significant influx of 
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iron only at 6 hours and equalized to basal levels of iron ingress at 12 and 24 hours after 

a-syn exposure (Figure 5-10). All together these results can be interpreted as the rate of 

cellular iron uptake may have matched the rate of iron export by the activated astrocyte 

phenotype due to the significant gene expression of its iron influx transporter proteins; 

DMT1 and ZIP14 and the upregulation of its ferroxidase enzyme; Cp, that may signify 

the increased activity of FPN iron release. A study by Zhang et al also observed this 

characteristic of activated astrocytes in the 6-OHDA model of inflammation. They 

reported enhanced iron influx and efflux in primary cultured astrocytes after 24 hours of 

6-OHDA treatment. In accordance with this result, they also reported increased DMT1 

and FPN expression levels by astrocytes (Zhang et al., 2013). Urrutia and colleagues also 

confirm increased iron transport in rat cortical astrocytes after an 18-hour LPS exposure, 

they reported increased levels of DMT1 and no change in FPN expression with no evident 

accumulation of iron (Urrutia et al., 2013). This thesis is the first to report a-syn induced 

hepcidin release by astrocytes (Figure 5-8.B). Hepcidin production under inflammatory 

parameters is well documented to be induced by IL-6, as this study also shows that 

astrocytes had elevated expression of this cytokine (Figure 5-8.A). IL-6 activates Janus 

kinases (JAK)1/2, culminating in the phosphorylation and dimerization of STAT3, which 

translocates to the nucleus to stimulate hepcidin production (Nemeth et al., 2004; 

Wrighting & Andrews, 2006). Urrutia and colleagues show that in the absence of 

inflammation, hepcidin treatment on primary astrocytes resulted in FPN downregulation, 

however when inflammatory conditions are introduced, FPN levels stabilized to basal 

levels of expression (Urrutia et al., 2013). The results in this Chapter confirm this finding 

by Urrutia et al, as astrocytic FPN levels did not change under a-syn induced 

inflammation, even though hepcidin levels were significantly upregulated. It was also 

observed with LPS activated astrocytes in Chapter 3, that the FPN gene expression profile 
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was hepcidin independent under inflammation. TfR1 transcripts were mostly 

downregulated under  a-syn induced inflammation in astrocytes which may signify 

elevated iron status within these cells between 6 and 24 hours (Figure 5-9.C). 

Interestingly in Chapter 3, it was observed that TfR1 expression in LPS activated 

astrocytes was only downregulated at the 24-hour time point and TB-55Fe uptake studies 

were significant at 12 and 24 hours. Hence, under LPS induced inflammation astrocytes 

may have not accumulated iron in the acute stage of the treatment, whereas  a-syn 

exposure initiated an earlier iron accumulative state along with increased transport of iron 

in and out of the cell. 

 

5.4.5 Effect of WT exogenous a-synuclein activated N9 microglia on iron 

transporter genes, systemic iron regulator hormone; hepcidin and NTB-55Fe uptake 

in N27 neurons 

 

N27 dopaminergic neurons co-cultured with a-syn activated microglial inserts displayed 

a significant increase in NTB-55Fe ingress at 24 hours (Figure 5.12). NTBI importer gene 

studies support the NTB-55Fe uptake result via the significant increase in ZIP14 at 12 and 

24 hours and DMT1 transcripts at 6, 12 and 24 hours (Figure 5-11.A.B). Despite the 

increase in iron influx, intracellular iron status may not have increased within the 24 hour 

study as TfR1 expression levels remained at basal levels at all time points and FPN 

transcripts were very significantly upregulated at 24 hours (Figure 5-11.C.D). In section 

5.3.1 of this Chapter, levels of pro-inflammatory factors released by a-syn treated 

microglial cells were investigated and show very significant levels of TNF-a, IL-6 and 

NO release. These inflammatory products have been reported to influence iron related 

genes.  A good number of studies show the strong induction of ZIP14 under inflammatory 
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parameters in multiple tissue types due to direct IL-6 and TNF-a stimulation (Aydemir 

et al., 2012; Lichten et al., 2009; Liuzzi et al., 2005). Studies examining PD post-mortem 

samples report  increased expression of DMT1 (Salazar et al., 2008) which is also 

observed in animal and cell models of PD (Jiang et al., 2010; Salazar et al., 2008; J. Wang 

et al., 2009) and within this study (Figure 5-11.B). Whilst inflammation is jointly present 

with altered iron homeostasis within the SNpc region in the PD brain (Mogi et al., 1996; 

Mogi et al., 1994; Salazar et al., 2008; Shin et al., 2015), a number of reports show TNF-

a, IL-6 and NO strongly induce IRP1 upregulation, which then promotes DMT1 protein 

translation (Jiang et al., 2010; Salazar et al., 2008; J. Wang et al., 2013; J. Wang et al., 

2009). Interestingly, the findings within this study observed upregulation of FPN levels 

with a-syn stimulated microglial based inflammation in neurons (Figure 5-11.D). Many 

studies researching the effects of inflammation on neuronal iron metabolism, including 

the investigations with LPS based microglial inflammation in Chapter 4 of this thesis, 

reported downregulation of FPN transcripts and the accumulation of neuronal iron levels 

(Salazar et al., 2008; Urrutia et al., 2013; J. Wang et al., 2013; J. Wang et al., 2009). 

Furthermore, the results in this Chapter show that neuronal hepcidin expression was 

significantly upregulated (Figure 5-11.E). However, despite this upregulation of 

hepcidin transcripts, downregulation of FPN by hepcidin was not observed within these 

inflammatory parameters. A number of inflammation based studies show that neuronal 

FPN downregulation occurs either due to its direct interaction with hepcidin (You et al., 

2017) or via hepcidin independent mechanisms; namely through pro-inflammatory 

cytokines (Urrutia et al., 2013; Z. Zhang et al., 2014). However, in this study of a-syn 

based inflammation, FPN downregulation was not evident from hepcidin or via pro-

inflammatory factors; IL-6, TNF-a and NO which were all present in the microglial insert 

neuronal co-culture system. Furthermore, neuronal iron status may not have changed 
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during the 24- hour a-syn induced inflammatory study, as this was indirectly reflected by 

the basal levels of TfR1 mRNA expression profile (Figure 5-11.C) and TfR1expression 

levels have been shown to negatively correlate with intracellular iron levels (Lu, Hayashi, 

& Awai, 1989). 

 

When comparing the effects of a-syn to LPS activated microglia on neuronal iron 

regulation in this Chapter and in Chapter 4 respectively. LPS based activated microglial 

cells elicited an earlier and more amplified upregulation of ZIP14, DMT1, hepcidin and 

downregulation of FPN which may have resulted in elevated intracellular iron levels. 

However, this does not come as a surprise, as the ELISA results for TNF-a and NO 

measurements in LPS activated microglia were on a significantly greater scale compared 

to a-syn stimulated microglia. Furthermore, a number of reports show that specific forms 

of a-syn can induce greater pro-inflammatory cytokine release in microglia compared to 

the WT, such as the familial PD mutants; A30P, A53T and E46K (Alvarez-Erviti et al., 

2011; Rojanathammanee et al., 2011; Roodveldt et al., 2010). 

 

5.4.6 Effect of WT exogenous a-synuclein activated C6 astrocytes on iron 

transporter genes in N27 neurons 

 

N27 dopaminergic neurons co-cultured with a-syn activated astrocyte inserts displayed 

a significant increase in DMT1 gene expression at 6 and 24 hours. ZIP14 transcript levels 

were not affected during the 24 hour inflammatory study (Figure 5-13.A.B). The results 

in this Chapter show a differential impact between a-syn activated astrocytes and 

microglia on neuronal NTBI importers and also confirm the differences between LPS 

activated astrocytes and microglia on neuronal NTBI importers in Chapter 4. Particularly 
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the very different activated glial impact on neuronal ZIP14 expression. It is well 

documented that the ZIP14 gene is very highly expressed in response to pro-inflammatory 

products; IL-6, TNF-a and IL-1b and by NO in multiple tissue types (Aydemir et al., 

2012; Lichten et al., 2009; Liuzzi et al., 2005). The findings in this thesis show that 

neuronal ZIP14 responded in this manner with LPS or a-syn activated microglial inserts 

in co-culture. Also shown in this thesis that LPS or a-syn activation of astrocytes did 

result in very significant levels of inflammatory marker release and astrocytic ZIP14 

transcripts were highly upregulated in response to inflammatory signals. However, a 

study by Norden and colleagues investigated the level of pro-inflammatory products in 

LPS stimulated microglia and astrocytes over a 48-hour period and do show that 

microglial cells release more significant levels of IL-6, TNF-a and IL-b within 2-12 hours 

compared to astrocytes (Norden, Trojanowski, Villanueva, Navarro, & Godbout, 2016). 

Perhaps this explains why neuronal ZIP14 transcripts were not induced within the 24-

hour activated astrocyte exposure. However, if the inflammatory exposure was extended 

for a further 24 hours, perhaps a significant upregulation of the inflammation sensitive 

ZIP14 gene could be observed. In Chapter 4, a later induction of neuronal ZIP14 was 

observed at 24 hours after LPS treated astrocyte insert exposure. Furthermore, a stronger 

magnitude of pro-inflammatory cytokine production was evident by LPS activated 

astrocytes and microglia (Chapter 3) compared to WT a-syn activation of these cells.  

 

5.5 Conclusion 

 

The results presented in this Chapter provide a novel insight into the capabilities of 

exogenous WT a-syn to elicit a glial inflammatory response and to induce a deregulatory 

effect on glial and neuronal iron homeostatic mechanisms. In this study it was clearly 
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demonstrated that both microglia and astrocytes after a-syn treatment express the 

activated pro-inflammatory phenotype by releasing elevated levels of key inflammatory 

factors. However, iron handling displayed by these cells convey a different response to  

a-syn exposure. Iron accumulative nature of microglial cells was observed by 

upregulation of NTBI transporters, NTBI import, ferritin protein and downregulation of 

FPN. Astrocytes however, displayed a significant increase in NTBI influx and iron efflux 

which was mirrored by the upregulation of NTBI importer genes and Cp ferroxidase 

expression. 

 

The transwell co-culture studies provide a limited but novel insight on the impact of a-

syn induced pro-inflammatory glia on neuronal iron homeostatic mechanisms. Activated 

microglia stimulated neuronal NTBI influx and the increase of NTBI importers; ZIP14 

and DMT1. However, NTBI influx may have not resulted in the increase of neuronal 

intracellular iron levels as TfR1 and FPN transcripts displayed significant upregulation, 

which may indicate that iron efflux was also significantly elevated. Neuronal hepcidin 

transcripts were also upregulated due to the inflammatory cascade and importantly it was 

shown that the regulation of FPN was hepcidin independent under these circumstances. 

 

The impact of a-syn activated astrocyte inserts on the gene expression profile of neuronal 

NTBI importers were less significant compared to a-syn stimulated microglia. It was 

shown that a-syn stimulated astrocytes did not induce the inflammation sensitive ZIP14 

gene in neurons, however, a-syn activated microglia highly induced neuronal ZIP14. This 

strongly suggests that pro-inflammatory cytokines produced by astrocytes are at a much 

lesser magnitude compared to the microglial pro-inflammatory cytokine release within 

this 24-hour study. 
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6. General discussion 

 

6.1 Overview of the studies conducted during the course of my PhD scholarship. 

 

Iron excess, inflammation and oxidative stress are hallmarks of many neurodegenerative 

diseases, in particular Parkinson’s disease. The aim of this research project was to 

determine changes in iron homeostasis in cultured cells representing; microglia, 

astrocytes and neurons under inflammatory condition induced by LPS and a-synuclein. 

 

1. Investigated the effects of LPS induced inflammation in microglia and astrocytes in 

terms of their release of key pro-inflammatory factors and the effect of inflammation on 

gene expression of iron related transporters, protein expression levels of ferritin iron 

storage protein and NTB/TB iron cellular influx. Microglial cells were further exposed to 

iron loading as well as LPS based inflammation to study the effect of high concentrations 

of iron on the microglial inflammatory response and microglial iron regulation. (Chapter 

3). 

 

2. Investigated the effects of LPS activated glial cells on the iron regulation of neuronal 

cells in a transwell co-culture system. Neuronal cells where further exposed to iron 

loading by co-culturing FAC + LPS treated microglial inserts with FAC treated neurons 

to establish the combined effect of elevated iron concentrations and inflammation on 

neuronal iron homeostasis. (Chapter 4). 
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3. Investigated the inflammatory effect of a-synuclein in microglia and astrocytes by 

measuring the release of key pro-inflammatory factors and the impact of a-synuclein 

induced inflammation on iron regulation within microglia, astrocytes and in neuronal 

cells. (Chapter 5). 

 

The purpose of this research effort was to understand iron regulation in the CNS cells 

under physiological and pathological parameters induced in vitro to reproduce what is 

observed in control and neurodegenerative brains. This understanding could give rise to 

potential therapeutic targets for the slowing or even the prevention of neurodegenerative 

maladies in the future. 

 

6.2 Key findings 

 

From the research endeavour presented in this thesis, the following key findings were 

made on iron regulation in astrocytes, microglia and in neuronal cells under inflammatory 

conditions; 

 

6.2.1. LPS induced inflammation differently alters iron regulation in microglia and 

in astrocytes 

 

It was demonstrated that LPS induced the pro-inflammatory response in microglia by the 

significant release of key markers of inflammation; IL-6, TNF-a and NO (Section 3.3.1). 

LPS, an endotoxin derived from the outer membrane of Gram-negative bacteria is utilized 

in PD models as a common inducer of the inflammatory process to study the degeneration 

of the nigrostriatal pathway (Dutta, Zhang, & Liu, 2008). LPS activated microglia 
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exhibited increased influx of NTBI species which was accompanied by the upregulation 

of iron importer genes; ZIP14 and DMT1 (Sections 3.3.2 and 3.3.3). TB iron uptake was 

not evident in these cells under inflammatory conditions and this was reflected by the 

downregulation of TfR1 transcripts. Microglial cells responded to the increased iron 

influx by the significant upregulation of intracellular ferritin protein levels. FPN 

transcripts were also upregulated which may signify that microglia were possibly 

counteracting the build-up of intracellular iron levels. Hepcidin gene expression was 

greatly induced by LPS treatment (Section 3.3.1) and the increase of FPN transcripts in 

these cells may represent a hepcidin independent regulation of FPN under inflammatory 

stimuli. These findings support other studies on microglial cells exposed to inflammation 

with LPS. A recent report by McCarthy et al, showed that NTBI uptake was enhanced 

but TBI influx was minor and did not change significantly. Gene and protein expression 

studies showed that DMT1 and ferritin were upregulated and TfR1 was downregulated 

and no change in FPN expression. Furthermore, DMT1 was shown to be significantly 

involved in the NTBI uptake by the inhibition of its activity through ebselen, a 

pharmacological inhibitor and consequently NTBI was reduced with LPS treatment 

(McCarthy et al., 2018). Contrary to the findings in this thesis, McCarthy et al did not 

observe ZIP14 or hepcidin gene or protein upregulation after LPS treatment. Older reports 

also confirm an increase in microglial intracellular iron levels exposed to LPS (Urrutia et 

al., 2013). In relation to PD pathology, activated microglial cells with elevated cellular 

iron content are consistently present in the SN and striatum regions in PD brains 

(Andersen, Johnsen, & Moos, 2014). Altogether the observations made during this study 

and the information from literature may suggest that activated microglia increase their 

extracellular acquisition of iron via NTBI importers and intracellular iron status in order 

to perhaps prevent other cells from iron overload.  
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LPS treated astrocytes displayed different iron handling mechanisms compared to 

microglia by increasing the influx of both NTB/TB iron species which were reflected in 

the upregulation of iron importer genes; ZIP14, DMT1 and TfR1 (Sections 3.3.8 and 

3.3.9). Hepcidin mRNA was significantly induced by LPS treatment (Section 3.3.7) and 

FPN transcripts remained at basal expression levels, like microglia, astrocytes may also 

display a hepcidin independent regulation of FPN under inflammatory parameters. 

Previous studies on astrocytes reported upregulation of DMT1 transcripts and DMT1 

protein levels and no change in FPN mRNA or protein under inflammatory stimuli. Total 

cellular iron levels in astrocytes were also reported to remain unchanged under 

inflammatory conditions (Urrutia et al., 2013). Furthermore, neurotoxin; 6-OHDA, was 

shown to increase the rate of iron transport in primary astroglial cells by inducing high 

expression levels of DMT1 and FPN proteins through modulating IRP1 expression and 

activity (Zhang et al., 2013). All together these results presented here and the supporting 

studies listed above may suggest that astrocytes take up iron very efficiently under 

inflammatory conditions from NTBI and TBI species from their local environment and 

they rapidly efflux iron in order to prevent themselves and the surrounding cells from iron 

overload. 

 

6.2.2.  Iron loading amplified the LPS based inflammatory response and increased 

iron transport and storage mechanisms in microglia 

 

FAC loading of microglia alone did not result in the release of pro-inflammatory factors; 

IL-6, TNF-a or NO, however, the release of these compounds was significantly induced 

when microglia were activated with the endotoxin LPS and this activation process was 

further enhanced in FAC loaded microglia (Section 3.3.4). This strongly mimics the 
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pathological state of PD in the SNpc brain region where inflammation coexists with 

elevated iron levels with the presence of iron positive, activated microglia. This finding 

was also previously reported by Wang et al,  microglial cells were loaded with iron and 

treated with LPS  and the inflammatory response was amplified and also reported that 

FAC loaded microglia without LPS treatment did not release any pro-inflammatory 

factors (Wang, Song, Jiang, Wang, & Xie, 2013).  

 

Iron loading with LPS treatment resulted in a more enhanced fold change in ZIP14 and 

DMT1 transcript expression levels and a greater degree of NTBI uptake compared to LPS 

treatment alone (Sections 3.3.5 and 3.3.6). Ferritin protein expression was also 

upregulated along with FPN transcripts to perhaps counteract the increased iron influx to 

some degree. FAC loaded microglia without LPS treatment resulted in the most 

significant increase in NTBI uptake and the upregulation of ferritin protein, however, 

ZIP14 and DMT1 transcripts were not induced and this may show that under iron loading 

conditions NTBI species are not engaging with ZIP14 or DMT1 to enter these cells.  This 

was also observed in terms of DMT1 expression levels in a recent study by McCarthy et 

al, they performed FAC loading on microglia and did not detect DMT1 transcripts or 

protein expression even though NTBI uptake was significant under iron loading 

conditions (McCarthy et al., 2018). ZIP8 is another possible NTBI importer that is 

expressed in microglial cells and could be responsible for the influx of NTBI under 

physiological conditions without inflammation present (Jenkitkasemwong, Wang, 

Mackenzie, & Knutson, 2012; Li et al., 2016). However, iron loading studies conducted 

by McCarthy et al reported no trace of ZIP8 transcripts or protein in microglia (McCarthy 

et al., 2018). Therefore, the elucidation of the responsible NTBI importers in iron loaded 

microglia remains to be further investigated. Previous studies also show that iron loading 
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microglia with NTBI species results in the increase in their intracellular iron content 

(Bishop, Dang, Dringen, & Robinson, 2011) and this may have also occurred in FAC 

loaded microglia within these investigations from the observed downregulation of TfR1 

transcripts, TfR1 has been shown to be negatively regulated by cellular iron levels (Lu et 

al., 1989) and the increase in ferritin protein expression.  

 

6.2.3. LPS activated microglia altered neuronal iron transport mechanisms  

which may result in neuronal iron accumulation 

 

Neurons co-cultured with LPS activated microglial inserts displayed significant increase 

in NTBI influx which was reflected by the upregulated transcript levels of ZIP14 and 

DMT1 (Sections 4.3.1 and 4.3.2). It is very likely that neuronal iron accumulation 

occurred during the inflammatory exposure as the results of this investigation displayed 

increased ferritin protein levels (Section 4.3.5) and the downregulation of TfR1 and FPN 

transcripts. Neuronal hepcidin mRNA upregulation was also observed which may have 

resulted in the downregulation of neuronal FPN together with hepcidin released from 

microglia (Section 3.3.1) and from astrocytes (Section 3.3.7). Some of these results 

support previous studies on neuronal iron transport mechanisms observed under 

inflammatory conditions. A study by Wang et al treated neurons with TNF-a or IL-1β 

which resulted in the upregulation of DMT1, TfR1, IRP1 and the downregulation of FPN 

transcripts and protein. They further show that IRP1 is responsible for the upregulation 

of DMT1+IRE, TfR1 and FPN downregulation in response to these pro-inflammatory 

cytokines. Furthermore, they observed increased neuronal hepcidin expression which 

they also linked to FPN’s downregulation (Wang et al., 2013).   
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6.2.4. LPS activated astrocytes may have a less deregulatory effect on neuronal iron 

regulation compared to LPS activated microglia 

 

Neurons co-cultured with LPS activated astroglial inserts displayed significant NTBI 

influx at a much later stage compared to the microglial inflammatory phenotype co-

cultures (Sections 4.3.8 and 4.3.2). This was reflected by the very delayed response in the 

upregulation of neuronal DMT1 mRNA with the astroglial LPS inserts, compared to the 

DMT1 gene expression of neurons co-cultured with the pro-inflammatory microglia, 

where mRNA levels were upregulated at all time points in the study (Sections 4.3.7 and 

4.3.1.). These results perhaps show that astrocytes display a more neurotrophic nature 

under inflammatory conditions compared to microglia. Previous studies highlight the 

protective nature of astrocytes to neurons against oxidative stress and apoptosis with the 

release of brain-derived neurotrophic factor (BDNF) and glial cell line-derived 

neurotrophic factor (GDNF). Both of these neurotrophic factors have been shown to act 

on cytosolic IRPs and therefore post-transcriptionally destabilize DMT1 transcripts to 

prevent possible neuronal iron accumulation under inflammatory circumstances (Zhang, 

Song, Jiang, Bi, & Xie, 2014). 

 

6.2.5.   Iron loaded neurons display increased NTBI influx and iron efflux through  

the upregulation of FPN exporter 

 

FAC loaded neuronal cells exhibited significant NTBI influx, however, this was not 

supported by the transcript upregulation of DMT1 or ZIP14 (Sections 4.3.3 and 4.3.4). 

Clearly there are other neuronal NTBI importers involved when inflammation is not 

present. Previous reports show that ZIP8 (Ji & Kosman, 2015) and voltage-operated 
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calcium channels (Gaasch, Geldenhuys, Lockman, Allen, & Van der Schyf, 2007) hold 

promising candidates for NTBI import under NTBI loading of neurons without the 

presence of inflammation. FAC loaded neurons also displayed significant downregulation 

of TfR1 transcripts and upregulation of FPN mRNA, these results may suggest that 

neuronal iron levels were progressively increasing and the extreme fold changes in FPN 

transcripts could show that iron export was highly active in order to prevent intracellular 

iron overload. In support of these findings a report on neuronal FAC loading observed 

that neurons have a very high capacity to inertly store iron and neuronal cell viability was 

unaffected (Bishop et al., 2011).  

 

6.2.6. a-Synuclein induced inflammation differently alters iron regulation  

in microglia and astrocytes 

 

It was demonstrated that a-synuclein induced the pro-inflammatory response in microglia 

by the significant release of key markers of inflammation; IL-6, TNF-a and NO (Section 

5.3.1). a-Synuclein is a key pathological feature of PD (Fearnley & Lees, 1991; Lotharius 

& Brundin, 2002; Moore, West, Dawson, & Dawson, 2005) and it seems to play a vital 

role in microglial cell activation during the neurodegenerative process (Allen Reish & 

Standaert, 2015) and therefore it makes a very physiologically relevant link to the 

induction of the inflammatory response. a-Synuclein activated microglia exhibited 

increased influx of NTBI species which was supported by the upregulation of iron 

importer genes; ZIP14 and DMT1 (Sections 5.3.2 and 5.3.3) and may have also displayed 

accumulation of iron as ferritin protein levels increased along with the downregulation of 

FPN transcripts. LPS activation of microglia had a similar effect on iron regulatory 

mechanisms to a-synuclein induced activation. It would appear that microglia respond to 
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inflammation by the significant clearing of NTB iron species from extracellular space and 

increase their own iron status in order to minimize iron build up by other cells in the CNS. 

 

Astrocytes have responded to a-synuclein treatment with the expression of pro-

inflammatory marker genes; IL-6 and hepcidin (Section 5.3.4). NTBI uptake was 

significantly elevated and this was reflected by the upregulation of NTBI importer 

transcripts; ZIP14 and DMT1 (Sections 5.3.5 and 5.3.6). Iron exporter FPN remained at 

basal expression levels, however Cp ferroxidase transcripts were significantly 

upregulated, which may indicate high activity in the efflux of iron from these cells (Wu 

et al., 2018). LPS or a-synuclein based inflammation seem to have the same overall effect 

on iron metabolism in astrocytes by promoting increased uptake and efflux of iron. 

 

6.2.7. a-Synuclein activated microglia had a less deregulatory effect on neuronal  

iron transport mechanisms compared to LPS activated microglia 

 

Neurons co-cultured with a-synuclein activated microglial inserts displayed significant 

influx of NTBI which was reflected by the upregulated transcript levels of ZIP14 and 

DMT1 (Section 5.4.5) and possibly increased efflux of iron was also evident as FPN 

transcripts were also upregulated. LPS activated microglia exhibited a more amplified 

inflammatory response compared to a-synuclein stimulated microglia (Sections 3.3.1 and 

5.3.1), this was observed by the secretion of higher concentrations of pro-inflammatory 

factors into the cell media. As there are more pro-inflammatory factors present from LPS 

stimulation by microglia, it is more likely that these factors have a stronger effect on 

altering gene and protein expression of the studied iron transporters in neurons. IL-6 and 

TNF-a strongly induce the upregulation of ZIP14 (Aydemir et al., 2012; Lichten, Liuzzi, 
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& Cousins, 2009; Liuzzi et al., 2005). NO, TNF-a and IL-6 can also increase the 

expression levels of DMT1 (Jiang et al., 2010; Salazar et al., 2008; Wang et al., 2013; 

Wang et al., 2009) and downregulate FPN (Urrutia et al., 2013; Z. Zhang et al., 2014) 

through altering IRP1 expression and activity. Hence, LPS activated microglia elicited a 

greater fold change in neuronal ZIP14 and DMT1 transcripts and also resulted in the 

downregulation of neuronal FPN mRNA. Together these results may suggest that neurons 

are more prone to intracellular iron accumulation in response to a greater intensity of 

inflammatory bombardment, in this case elicited by LPS treated microglia.  

 

6.3 Hypothetical effects of inflammation on iron regulation in microglia, astrocytes  

and neurons 

 

From the results of these investigations a hypothetical concept was constructed to show 

the iron regulatory nature of microglia, astrocytes and of neurons under inflammatory 

parameters, a condition that is often observed in neurodegenerative maladies. This 

hypothetical concept assumes that microglia respond to danger stimuli in this case via 

LPS/a-synuclein through TLR4 signalling which induces the production of high levels 

of IL-6, TNF-a and NO. These proinflammatory factors alter microglial iron regulation 

in an autocrine manner, in which the uptake of NTBI species are greatly enhanced from 

the extracellular environment. Some of this iron is distributed onto ferritin for storage or 

excreted through FPN, but the majority of this free iron may be responsible for generating 

high levels of ROS in microglia. Astrocytes also release pro-inflammatory products in 

response to TLR4 signalling via LPS/ a-synuclein but on a much lesser scale compared 

to microglia. They exhibit very efficient iron sequestration through TB and NTBI uptake 

and very rapidly efflux iron back into the extracellular space. Neurons respond to these 
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products of inflammation secreted mainly from microglia by increasing their NTBI influx 

by upregulating NTBI importers ZIP14 and DMT1. Neuronal iron export significantly 

diminishes due to FPN transcript downregulation via IL-6, TNF-a and NO, all of which 

may affect IRP modulation and also through neuronal FPN protein degradation in 

response to hepcidin released by microglia, astrocytes and from themselves in an 

autocrine manner. Neuronal intracellular iron levels eventually exceed the storage 

capacity of ferritin and the free iron is utilised for the generation of ROS which ultimately 

could result in neuronal cell death (Figure 6-1). 
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Figure 6-1 Hypothetical iron regulation in microglia, astrocytes and neurons under 
inflammation. (1) Excessive activation of microglia induced by LPS or a-synuclein 
through TLR4 signalling under high interstitial extracellular iron levels results in the 
release of microglial NO, IL-6 and TNF-a, which could aggravate iron accumulation in 
neurons by stimulating the upregulation of DMT1, ZIP14 and downregulation of FPN. 
(2) Furthermore, these pro-inflammatory factors also encourage iron accumulation in an 
autocrine manner in microglia by inducing the upregulation of DMT1, ZIP14, ferritin and 
downregulation of FPN iron exporter expression. (3) Microglial hepcidin levels are 
upregulated by IL-6 which could inhibit neuronal iron export by promoting FPN protein 
degradation. (4) LPS/a-synuclein interacts via TLR4 on astrocytes that result in the 
release of IL-6, which stimulates astrocytes in an autocrine manner to release hepcidin. 
Like microglia, hepcidin released by astrocytes also has a direct effect on neuronal FPN 
protein degradation. (5) Astrocytes may not store iron under inflammatory conditions 
compared to microglia or neurons, rather they increase their uptake and efflux of iron. (6) 
Neuronal cell death may occur from the increasing intracellular labile iron pool promoting 
the production of ROS via Fenton chemistry.  
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6.4 Future investigations 

 

In this research effort, it has been shown that inflammation induced by LPS or a-

synuclein greatly affects gene expression levels of ZIP14, DMT1, TfR1, FPN, Cp, and 

hepcidin which are involved in iron import, export and regulation of iron in glial cells and 

neurons. In future investigations it is imperative to further validate protein expression 

levels and cellular protein localisation of these iron related genes within these cell types 

by western blotting and fluorescence microscopy in order to confirm their mRNA 

expression profiles.   

 

In this thesis it was demonstrated that LPS or a-synuclein induced inflammation altered 

NTBI and TBI influx in astrocytes, microglia and in neuronal cells. In future 

investigations it would be vital to measure iron efflux rates as well as total intracellular 

iron content in each cell type to attain a more complete understanding in the utilization 

of iron. 

 

Further investigations are necessary on the degree of involvement of DMT1 and ZIP14 

in NTBI influx under inflammatory conditions. It would be highly valuable to conduct 

siRNA silencing, gene knock out and overexpression studies on these iron importers 

within each cell type to establish their contribution to NTBI influx. 

 

In this thesis it was established that iron loading with NTBI species increased NTBI 

ingress into microglia and neurons without the upregulation of the studied NTBI 

importers; ZIP14 and DMT1. In future investigations it would be of great importance to 

establish the identity of the NTBI importers which are involved in the NTBI ingress into 
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these cells in the absence of inflammation. Strong candidates for these future 

investigations would be ZIP8 in microglia and in neurons and voltage-operated calcium 

channels in neurons. 

 

In these investigations it was shown that there was a more enhanced inflammatory 

response by LPS treated microglia with iron loading than with microglia treated with LPS 

alone. Iron loading with inflammation induced more significant alterations in iron 

regulation in microglia and in neurons. Future research should establish by what 

mechanisms these NTBI species amplify the cellular inflammatory cascade in the CNS. 

In particular, future studies should examine ferritin protein expression levels, size of the 

labile iron pool and intracellular ROS levels under iron loading in conjunction with 

inflammation, inflammation only and with iron loading only, in all of these cell types. 

 

In this thesis it was observed that microglia, astrocytes and neurons upregulate their 

hepcidin expression under inflammatory conditions and that the regulation of FPN levels 

in microglia and astrocytes may be independent of hepcidin. Hepcidin released by 

microglia and by astrocytes may have a downregulatory effect on neuronal FPN. Future 

investigations should establish in microglia and in astrocytes the signalling pathways 

involved in the modulation of FPN under inflammatory circumstances, with particular 

attention to IL-6, TNF-a and NO interaction with IRP1/IRP2 activity. Establish the direct 

effect of hepcidin released from microglia or from astrocytes on neuronal FPN regulation. 

Establish neuronal FPN regulation in response to treatment of individual pro-

inflammatory cytokines in hepcidin KO neuronal cells. 
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Once iron accumulation is confirmed in neuronal cells exposed to inflammatory stimulus,  

future investigations must establish whether the elevated intracellular iron load effects 

neuronal cell viability through the study of possible death markers of necrotic and 

apoptotic death mechanisms as these pathways have been reported to be active in brain 

iron overload conditions (Chen, Jing, Liu, Ruan, & Wang, 2013). 

 

When the above listed research milestones have been obtained, future experiments need 

to be set up in primary cells and in animal models in order to establish whether the nature 

of iron regulation transfers to more physiologically relevant cells and tissues from these 

present investigations on immortalized glia and neuronal cells. 

 

The ultimate goals of this type of research are: 

 

- To fully establish the normal iron homeostatic mechanisms under physiological 

conditions in the CNS and use as a template in order to effectively evaluate and 

recognise the degree of iron dysregulation in the CNS under inflammation and 

neurodegeneration. 

 
- Once these above measures have been identified, iron equilibrium may be re-

tuned via regional/cellular redistribution of iron through the manipulation in the 

expression levels of iron regulatory genes combined with effective chelation 

therapy to perhaps alleviate inflammation and neurodegeneration. 

 
 

 

 



 

 285 

7.  References 

 

Abbott, N. J., Ronnback, L., & Hansson, E. (2006). Astrocyte-endothelial interactions at 

             the blood-brain barrier. Nat Rev Neurosci, 7(1), 41-53. doi:10.1038/nrn1824 

Abboud, S., & Haile, D. J. (2000). A novel mammalian iron-regulated protein involved  

             in intracellular iron metabolism. J Biol Chem, 275(26), 19906-19912. 

doi:10.1074/jbc.M000713200 

Abeliovich, A., Schmitz, Y., Farinas, I., Choi-Lundberg, D., Ho, W. H., Castillo, P. E., 

Rosenthal, A. (2000). Mice lacking alpha-synuclein display functional deficits in  

            the nigrostriatal dopamine system. Neuron, 25(1), 239-252.  

Aguirre, P., Mena, N., Tapia, V., Arredondo, M., & Nunez, M. T. (2005). Iron 

homeostasis in neuronal cells: a role for IREG1. BMC Neurosci, 6, 3. 

doi:10.1186/1471-2202-6-3 

Agrawal, R., Sharma, P. K., & Rao, G. S. (2001). Release of iron from ferritin by  

             metabolites of benzene and superoxide radical generating agents. Toxicology,  

            168(3), 223-230.  

Aisen, P., Leibman, A., & Zweier, J. (1978). Stoichiometric and site characteristics of  

           the binding of iron to human transferrin. J Biol Chem, 253(6), 1930-1937.  

Akira, S. (2001). Toll-like receptors and innate immunity. Adv Immunol, 78, 1-56.  

Alam, Z. I., Daniel, S. E., Lees, A. J., Marsden, D. C., Jenner, P., & Halliwell, B. 

(1997). A generalised increase in protein carbonyls in the brain in Parkinson's 

but not incidental Lewy body disease. J Neurochem, 69(3), 1326-1329.  

Alfonso-Loeches, S., Pascual-Lucas, M., Blanco, A. M., Sanchez-Vera, I., & Guerri, C.  

            (2010). Pivotal role of TLR4 receptors in alcohol-induced neuroinflammation  

             and brain damage. J Neurosci, 30(24), 8285-8295. doi:10.1523/jneurosci. 



 

 286 

             0976-10.2010 

Aliev, G., Palacios, H. H., Lipsitt, A. E., Fischbach, K., Lamb, B. T., Obrenovich, M. 

E., .Bragin, V. (2009). Nitric oxide as an initiator of brain lesions during the  

            development  of Alzheimer disease. Neurotox Res, 16(3),  

            293-305. doi:10.1007/s12640-009-9066-5 

Allen Reish, H. E., & Standaert, D. G. (2015). Role of alpha-synuclein in inducing  

          innate and adaptive immunity in Parkinson disease. J Parkinsons Dis, 

           5(1), 1-19.doi:10.3233/jpd-140491 

Alvarez-Erviti, L., Couch, Y., Richardson, J., Cooper, J. M., & Wood, M. J. (2011).  

            Alpha-synuclein release by neurons activates the inflammatory response in a  

            microglial cell line. Neurosci Res, 69(4), 337-342.  

            doi:10.1016/j.neures.2010.12.020 

Amit, T., Avramovich-Tirosh, Y., Youdim, M. B., & Mandel, S. (2008).  

           Targeting multiple Alzheimer's disease etiologies with multimodal 

            neuroprotective and neurorestorative iron chelators. Faseb j, 22(5), 1296-1305. 

doi:10.1096/fj.07-8627rev 

Andersen, H. H., Johnsen, K. B., & Moos, T. (2014). Iron deposits in the chronically 

            inflamed central nervous system and contributes to neurodegeneration.  

            Cell Mol Life Sci, 71(9), 1607-1622. doi:10.1007/s00018-013-1509-8 

Anderson, C. P., Shen, M., Eisenstein, R. S., & Leibold, E. A. (2012). Mammalian iron, 

metabolism and its control by iron regulatory proteins. Biochim Biophys Acta 

            1823(9), 1468-1483. doi:10.1016/j.bbamcr.2012.05.010 

Andriopoulos, B., Hegedusch, S., Mangin, J., Riedel, H. D., Hebling, U., Wang, J., . . . 

Mueller, S. (2007). Sustained hydrogen peroxide induces iron uptake by 

transferrin receptor-1 independent of the iron regulatory protein/iron-responsive 



 

 287 

element network. J Biol Chem, 282(28), 20301-20308. 

doi:10.1074/jbc.M702463200 

Appel-Cresswell, S., Vilarino-Guell, C., Encarnacion, M., Sherman, H., Yu, I., Shah, 

B., .Farrer, M. J. (2013). Alpha-synuclein p.H50Q, a novel pathogenic mutation 

for Parkinson's disease. Mov Disord, 28(6), 811-813. doi:10.1002/mds.25421 

Aquino, D., Bizzi, A., Grisoli, M., Garavaglia, B., Bruzzone, M. G., Nardocci, N., . . . 

Chiapparini, L. (2009). Age-related iron deposition in the basal ganglia:  

            quantitative analysis in healthy subjects. Radiology, 252(1), 165-172. 

doi:10.1148/radiol.2522081399 

Aracena, P., Tang, W., Hamilton, S. L., & Hidalgo, C. (2005). Effects of  

            S-glutathionylation and S-nitrosylation on calmodulin binding to triads and  

            FKBP12 binding to type 1 calcium release channels. Antioxid Redox Signal,  

            7(7-8), 870-881. doi:10.1089/ars.2005.7.870 

Arimoto, T., & Bing, G. (2003). Up-regulation of inducible nitric oxide synthase in the 

substantia nigra by lipopolysaccharide causes microglial activation and 

neurodegeneration. Neurobiol Dis, 12(1), 35-45.  

Arosio, P., & Levi, S. (2010). Cytosolic and mitochondrial ferritins in the  

             regulation of cellular iron homeostasis and oxidative damage.  

             Biochim Biophys Acta, 1800(8), 783-792. doi:10.1016/j.bbagen.2010.02.005 

Arosio, P., Yokota, M., & Drysdale, J. W. (1976). Structural and immunological  

            relationships of isoferritins in normal and malignant cells. Cancer Res, 36(5),  

            1735-1739.  

Aydemir, T. B., Chang, S. M., Guthrie, G. J., Maki, A. B., Ryu, M. S., Karabiyik, A., & 

Cousins, R. J. (2012). Zinc transporter ZIP14 functions in hepatic zinc, iron and  

            glucose homeostasis during the innate immune response (endotoxemia). PLoS  



 

 288 

            One, 7(10), e48679. doi:10.1371/journal.pone.0048679 

Aydemir, T. B., Kim, M. H., Kim, J., Colon-Perez, L. M., Banan, G., Mareci, T. H., . . . 

Cousins, R. J. (2017). Metal Transporter Zip14 (Slc39a14) Deletion in Mice  

            Increases Manganese Deposition and Produces Neurotoxic Signatures and  

            Diminished Motor Activity. J Neurosci, 37(25), 5996-6006. 

doi:10.1523/jneurosci.0285-17.2017 

Ayton, S., Lei, P., Adlard, P. A., Volitakis, I., Cherny, R. A., Bush, A. I., &  

            Finkelstein, D. I. (2014). Iron accumulation confers neurotoxicity to a 

vulnerable population of nigral neurons: implications for Parkinson's disease.  

           Mol Neurodegener, 9, 27. doi:10.1186/1750-1326-9-27 

Ayton, S., Lei, P., & Bush, A. I. (2013). Metallostasis in Alzheimer's disease.  

           Free Radic Biol Med, 62, 76-89. doi:10.1016/j.freeradbiomed.2012.10.558 

Ayton, S., Lei, P., Duce, J. A., Wong, B. X., Sedjahtera, A., Adlard, P. A.,  

      . . . Finkelstein, D. I. (2013). Ceruloplasmin dysfunction and therapeutic potential 

for Parkinson disease. Ann Neurol, 73(4), 554-559. doi:10.1002/ana.23817 

Bachman, E., Travison, T. G., Basaria, S., Davda, M. N., Guo, W., Li, M., . . . Bhasin, 

S. (2014). Testosterone induces erythrocytosis via increased erythropoietin and  

            suppressed hepcidin: evidence for a new erythropoietin/hemoglobin set point. J 

Gerontol A Biol Sci Med Sci, 69(6), 725-735. doi:10.1093/gerona/glt154 

Barbierato, M., Facci, L., Argentini, C., Marinelli, C., Skaper, S. D., & Giusti, P.  

           (2013). Astrocyte-microglia cooperation in the expression of a pro-inflammatory 

phenotype. CNS Neurol Disord Drug Targets, 12(5), 608-618.  

Barnham, K. J., Masters, C. L., & Bush, A. I. (2004). Neurodegenerative diseases  

           and oxidative stress. Nat Rev Drug Discov, 3(3), 205-214. doi:10.1038/nrd1330 

Barthwal, M. K., Srivastava, N., & Dikshit, M. (2001). Role of nitric oxide in a  



 

 289 

            progressive neurodegeneration model of Parkinson's disease in the rat. Redox  

            Rep, 6(5), 297-302. doi:10.1179/135100001101536436 

Bartlett, W. P., Li, X. S., & Connor, J. R. (1991). Expression of transferrin mRNA  

              in the CNS of normal and jimpy mice. J Neurochem, 57(1), 318-322.  

Bartzokis, G., Lu, P. H., Tingus, K., Peters, D. G., Amar, C. P., Tishler, T. A.,  

           . .Connor, J. R. (2011). Gender and iron genes may modify associations  

              between brain iron and memory in healthy aging. Neuropsychopharmacology, 

              36(7),    1375-1384. doi:10.1038/npp.2011.22 

Bartzokis, G., Lu, P. H., Tishler, T. A., Fong, S. M., Oluwadara, B., Finn, J. P., . . . 

Perlman, S. (2007). Myelin breakdown and iron changes in Huntington's 

disease: pathogenesis and treatment implications. Neurochem Res, 32(10), 1655-

1664. doi:10.1007/s11064-007-9352-7 

Bartzokis, G., Tishler, T. A., Lu, P. H., Villablanca, P., Altshuler, L. L., Carter, M., . . . 

Mintz, J. (2007). Brain ferritin iron may influence age- and gender-related risks 

of neurodegeneration. Neurobiol Aging, 28(3), 414-423. 

doi:10.1016/j.neurobiolaging.2006.02.005 

Beard, J. L. (2001). Iron biology in immune function, muscle metabolism and neuronal 

functioning. J Nutr, 131(2s-2), 568S-579S; discussion 580S.  

Beard, J. L., Wiesinger, J. A., Li, N., & Connor, J. R. (2005). Brain iron uptake in 

hypotransferrinemic mice: influence of systemic iron status. J Neurosci Res, 

79(1-2), 254-261. doi:10.1002/jnr.20324 

Becker, G., & Berg, D. (2001). Neuroimaging in basal ganglia disorders: perspectives 

for transcranial ultrasound. Mov Disord, 16(1), 23-32.  



 

 290 

Belaidi, A. A., & Bush, A. I. (2016). Iron neurochemistry in Alzheimer's disease and 

Parkinson's disease: targets for therapeutics. J Neurochem, 139 Suppl 1, 179-

197. doi:10.1111/jnc.13425 

Benkovic, S. A., & Connor, J. R. (1993). Ferritin, transferrin, and iron in selected 

regions of the adult and aged rat brain. J Comp Neurol, 338(1), 97-113. 

doi:10.1002/cne.903380108 

Beyer, K., & Ariza, A. (2007). Protein aggregation mechanisms in synucleinopathies: 

commonalities and differences. J Neuropathol Exp Neurol, 66(11), 965-974. 

doi:10.1097/nen.0b013e3181587d64 

Bharathi, & Rao, K. S. (2007). Thermodynamics imprinting reveals differential binding 

of metals to alpha-synuclein: relevance to Parkinson's disease. Biochem Biophys 

Res Commun, 359(1), 115-120. doi:10.1016/j.bbrc.2007.05.060 

Bilgic, B., Pfefferbaum, A., Rohlfing, T., Sullivan, E. V., & Adalsteinsson, E. (2012). 

MRI estimates of brain iron concentration in normal aging using quantitative 

susceptibility mapping. Neuroimage, 59(3), 2625-2635. 

doi:10.1016/j.neuroimage.2011.08.077 

Bishop, G. M., Dang, T. N., Dringen, R., & Robinson, S. R. (2011). Accumulation of 

non-transferrin-bound iron by neurons, astrocytes, and microglia. Neurotox Res, 

19(3), 443-451. doi:10.1007/s12640-010-9195-x 

Bishop, G. M., & Robinson, S. R. (2001). Quantitative analysis of cell death and ferritin 

expression in response to cortical iron: implications for hypoxia-ischemia and 

stroke. Brain Res, 907(1-2), 175-187.  

Bishop, G. M., Scheiber, I. F., Dringen, R., & Robinson, S. R. (2010). Synergistic 

accumulation of iron and zinc by cultured astrocytes. J Neural Transm (Vienna), 

117(7), 809-817. doi:10.1007/s00702-010-0420-9 



 

 291 

Block, M. L., & Hong, J. S. (2005). Microglia and inflammation-mediated 

neurodegeneration: multiple triggers with a common mechanism. Prog 

Neurobiol, 76(2), 77-98. doi:10.1016/j.pneurobio.2005.06.004 

Block, M. L., Zecca, L., & Hong, J. S. (2007). Microglia-mediated neurotoxicity: 

uncovering the molecular mechanisms. Nat Rev Neurosci, 8(1), 57-69. 

doi:10.1038/nrn2038 

Boka, G., Anglade, P., Wallach, D., Javoy-Agid, F., Agid, Y., & Hirsch, E. C. (1994). 

Immunocytochemical analysis of tumor necrosis factor and its receptors in 

Parkinson's disease. Neurosci Lett, 172(1-2), 151-154.  

Boldt, D. H. (1999). New perspectives on iron: an introduction. Am J Med Sci, 318(4), 

207-212.  

Boll, M. C., Sotelo, J., Otero, E., Alcaraz-Zubeldia, M., & Rios, C. (1999). Reduced 

ferroxidase activity in the cerebrospinal fluid from patients with Parkinson's 

disease. Neurosci Lett, 265(3), 155-158.  

Bonifati, V., Rizzu, P., Squitieri, F., Krieger, E., Vanacore, N., van Swieten, J. C., . . . 

Heutink, P. (2003). DJ-1( PARK7), a novel gene for autosomal recessive, early 

onset parkinsonism. Neurol Sci, 24(3), 159-160. doi:10.1007/s10072-003-0108-

0 

Boserup, M. W., Lichota, J., Haile, D., & Moos, T. (2011). Heterogenous distribution of 

ferroportin-containing neurons in mouse brain. Biometals, 24(2), 357-375. 

doi:10.1007/s10534-010-9405-2 

Bowman, C. C., Rasley, A., Tranguch, S. L., & Marriott, I. (2003). Cultured astrocytes 

express toll-like receptors for bacterial products. Glia, 43(3), 281-291. 

doi:10.1002/glia.10256 



 

 292 

Braak, H., Sastre, M., & Del Tredici, K. (2007). Development of alpha-synuclein 

immunoreactive astrocytes in the forebrain parallels stages of intraneuronal 

pathology in sporadic Parkinson's disease. Acta Neuropathol, 114(3), 231-241. 

doi:10.1007/s00401-007-0244-3 

Bradbury, M. W. (1997). Transport of iron in the blood-brain-cerebrospinal fluid 

system. J Neurochem, 69(2), 443-454.  

Bradbury, M. W. (1997). Transport of iron in the blood-brain-cerebrospinal fluid 

system. J Neurochem, 69(2), 443-454.  

Braidy, N., Gai, W. P., Xu, Y. H., Sachdev, P., Guillemin, G. J., Jiang, X. M., . . . Chan, 

D. K. (2013). Uptake and mitochondrial dysfunction of alpha-synuclein in 

human astrocytes, cortical neurons and fibroblasts. Transl Neurodegener, 2(1), 

20. doi:10.1186/2047-9158-2-20 

Brasse-Lagnel, C., Karim, Z., Letteron, P., Bekri, S., Bado, A., & Beaumont, C. (2011). 

Intestinal DMT1 cotransporter is down-regulated by hepcidin via proteasome 

internalization and degradation. Gastroenterology, 140(4), 1261-1271.e1261. 

doi:10.1053/j.gastro.2010.12.037 

Breuer, W., Greenberg, E., & Cabantchik, Z. I. (1997). Newly delivered transferrin iron 

and oxidative cell injury. FEBS Lett, 403(2), 213-219.  

Breuer, W., Hershko, C., & Cabantchik, Z. I. (2000). The importance of non-transferrin 

bound iron in disorders of iron metabolism. Transfus Sci, 23(3), 185-192.  

Brown, A. M., & Ransom, B. R. (2007). Astrocyte glycogen and brain energy 

metabolism. Glia, 55(12), 1263-1271. doi:10.1002/glia.20557 

Bryan, H. K., Olayanju, A., Goldring, C. E., & Park, B. K. (2013). The Nrf2 cell 

defence pathway: Keap1-dependent and -independent mechanisms of regulation. 

Biochem Pharmacol, 85(6), 705-717. doi:10.1016/j.bcp.2012.11.016 



 

 293 

Burdo, J. R., Menzies, S. L., Simpson, I. A., Garrick, L. M., Garrick, M. D., Dolan, K. 

G., . . . Connor, J. R. (2001). Distribution of divalent metal transporter 1 and 

metal transport protein 1 in the normal and Belgrade rat. J Neurosci Res, 66(6), 

1198-1207. doi:10.1002/jnr.1256 

Bush, A. I., & Curtain, C. C. (2008). Twenty years of metallo-neurobiology: where to 

now? Eur Biophys J, 37(3), 241-245. doi:10.1007/s00249-007-0228-1 

Bush, A. I., & Tanzi, R. E. (2002). The galvanization of beta-amyloid in Alzheimer's 

disease. Proc Natl Acad Sci U S A, 99(11), 7317-7319. 

doi:10.1073/pnas.122249699 

Butovsky, O., Talpalar, A. E., Ben-Yaakov, K., & Schwartz, M. (2005). Activation of 

microglia by aggregated beta-amyloid or lipopolysaccharide impairs MHC-II 

expression and renders them cytotoxic whereas IFN-gamma and IL-4 render 

them protective. Mol Cell Neurosci, 29(3), 381-393. 

doi:10.1016/j.mcn.2005.03.005 

Byrd, T. F., & Horwitz, M. A. (1993). Regulation of transferrin receptor expression and 

ferritin content in human mononuclear phagocytes. Coordinate upregulation by 

iron transferrin and downregulation by interferon gamma. J Clin Invest, 91(3), 

969-976. doi:10.1172/jci116318 

Cairo, G., & Pietrangelo, A. (2000). Iron regulatory proteins in pathobiology. Biochem 

J, 352 Pt 2, 241-250.  

Caldwell, J. H., Klevanski, M., Saar, M., & Muller, U. C. (2013). Roles of the amyloid 

precursor protein family in the peripheral nervous system. Mech Dev, 130(6-8), 

433-446. doi:10.1016/j.mod.2012.11.001 

Canali, S., Zumbrennen-Bullough, K. B., Core, A. B., Wang, C. Y., Nairz, M., Bouley, 

R., . . . Babitt, J. L. (2017). Endothelial cells produce bone morphogenetic 



 

 294 

protein 6 required for iron homeostasis in mice. Blood, 129(4), 405-414. 

doi:10.1182/blood-2016-06-721571 

Caso, J. R., Pradillo, J. M., Hurtado, O., Lorenzo, P., Moro, M. A., & Lizasoain, I. 

(2007). Toll-like receptor 4 is involved in brain damage and inflammation after 

experimental stroke. Circulation, 115(12), 1599-1608. 

doi:10.1161/circulationaha.106.603431 

Castellani, R. J., Siedlak, S. L., Perry, G., & Smith, M. A. (2000). Sequestration of iron 

by Lewy bodies in Parkinson's disease. Acta Neuropathol, 100(2), 111-114.  

Cermak, J., & Neuwirt, J. (1986). [A half century since the isolation of crystalline 

ferritin by Professor Laufberger]. Vnitr Lek, 32(9), 833-835.  

Cermak, J., & Neuwirt, J. (1986). [A half century since the isolation of crystalline 

ferritin by Professor Laufberger]. Vnitr Lek, 32(9), 833-835.  

Chan, A., & Shea, T. B. (2006). Dietary and genetically-induced oxidative stress alter 

tau phosphorylation: influence of folate and apolipoprotein E deficiency. J 

Alzheimers Dis, 9(4), 399-405.  

Chartier-Harlin, M. C., Dachsel, J. C., Vilarino-Guell, C., Lincoln, S. J., Lepretre, F., 

Hulihan, M. M., . . . Farrer, M. J. (2011). Translation initiator EIF4G1 mutations 

in familial Parkinson disease. Am J Hum Genet, 89(3), 398-406. 

doi:10.1016/j.ajhg.2011.08.009 

Chartier-Harlin, M. C., Kachergus, J., Roumier, C., Mouroux, V., Douay, X., Lincoln, 

S., . . . Destee, A. (2004). Alpha-synuclein locus duplication as a cause of 

familial Parkinson's disease. Lancet, 364(9440), 1167-1169. doi:10.1016/s0140-

6736(04)17103-1 

Chasteen, N. D., & Harrison, P. M. (1999). Mineralization in ferritin: an efficient means 

of iron storage. J Struct Biol, 126(3), 182-194. doi:10.1006/jsbi.1999.4118 



 

 295 

Chen, D., Kanthasamy, A. G., & Reddy, M. B. (2015). EGCG Protects against 6-

OHDA-Induced Neurotoxicity in a Cell Culture Model. Parkinsons Dis, 2015, 

843906. doi:10.1155/2015/843906 

Chen, G., Jing, C. H., Liu, P. P., Ruan, D., & Wang, L. (2013). Induction of autophagic 

cell death in the rat brain caused by iron. Am J Med Sci, 345(5), 369-374. 

doi:10.1097/MAJ.0b013e318271c031 

Chen, H., Attieh, Z. K., Su, T., Syed, B. A., Gao, H., Alaeddine, R. M., . . . Vulpe, C. D. 

(2004). Hephaestin is a ferroxidase that maintains partial activity in sex-linked 

anemia mice. Blood, 103(10), 3933-3939. doi:10.1182/blood-2003-09-3139 

Chen, H., Attieh, Z. K., Syed, B. A., Kuo, Y. M., Stevens, V., Fuqua, B. K., . . . 

McArdle, H. J. (2010). Identification of zyklopen, a new member of the 

vertebrate multicopper ferroxidase family, and characterization in rodents and 

human cells. J Nutr, 140(10), 1728-1735. doi:10.3945/jn.109.117531 

Chen, J., Marks, E., Lai, B., Zhang, Z., Duce, J. A., Lam, L. Q., . . . Fox, J. H. (2013). 

Iron accumulates in Huntington's disease neurons: protection by deferoxamine. 

PLoS One, 8(10), e77023. doi:10.1371/journal.pone.0077023 

Chen, R. H., Wislet-Gendebien, S., Samuel, F., Visanji, N. P., Zhang, G., Marsilio, D., . 

. . Tandon, A. (2013). alpha-Synuclein membrane association is regulated by the 

Rab3a recycling machinery and presynaptic activity. J Biol Chem, 288(11), 

7438-7449. doi:10.1074/jbc.M112.439497 

Chen, T. T., Li, L., Chung, D. H., Allen, C. D., Torti, S. V., Torti, F. M., . . . Daws, M. 

R. (2005). TIM-2 is expressed on B cells and in liver and kidney and is a 

receptor for H-ferritin endocytosis. J Exp Med, 202(7), 955-965. 

doi:10.1084/jem.20042433 



 

 296 

Cherny, R. A., Ayton, S., Finkelstein, D. I., Bush, A. I., McColl, G., & Massa, S. M. 

(2012). PBT2 Reduces Toxicity in a C. elegans Model of polyQ Aggregation 

and Extends Lifespan, Reduces Striatal Atrophy and Improves Motor 

Performance in the R6/2 Mouse Model of Huntington's Disease. J Huntingtons 

Dis, 1(2), 211-219. doi:10.3233/jhd-120029 

Choi, W., Zibaee, S., Jakes, R., Serpell, L. C., Davletov, B., Crowther, R. A., & 

Goedert, M. (2004). Mutation E46K increases phospholipid binding and 

assembly into filaments of human alpha-synuclein. FEBS Lett, 576(3), 363-368. 

doi:10.1016/j.febslet.2004.09.038 

Chomczynski, P., & Sacchi, N. (1987). Single-step method of RNA isolation by acid 

guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem, 162(1), 

156-159. doi:10.1006/abio.1987.9999 

Clardy, S. L., Wang, X., Boyer, P. J., Earley, C. J., Allen, R. P., & Connor, J. R. (2006). 

Is ferroportin-hepcidin signalling altered in restless legs syndrome? J Neurol Sci, 

247(2), 173-179. doi:10.1016/j.jns.2006.04.008 

Codazzi, F., Pelizzoni, I., Zacchetti, D., & Grohovaz, F. (2015). Iron entry in neurons 

and astrocytes: a link with synaptic activity. Front Mol Neurosci, 8, 18. 

doi:10.3389/fnmol.2015.00018 

Coffey, E. T. (2014). Nuclear and cytosolic JNK signalling in neurons. Nat Rev 

Neurosci, 15(5), 285-299. doi:10.1038/nrn3729 

Coffey, R., & Knutson, M. D. (2017). The plasma membrane metal-ion transporter 

ZIP14 contributes to nontransferrin-bound iron uptake by human beta-cells. Am 

J Physiol Cell Physiol, 312(2), C169-c175. doi:10.1152/ajpcell.00116.2016 

Conde, J. R., & Streit, W. J. (2006). Microglia in the aging brain. J Neuropathol Exp 

Neurol, 65(3), 199-203. doi:10.1097/01.jnen.0000202887.22082.63 



 

 297 

Connor, J. R., & Benkovic, S. A. (1992). Iron regulation in the brain: histochemical, 

biochemical, and molecular considerations. Ann Neurol, 32 Suppl, S51-61.  

Connor, J. R., Boeshore, K. L., Benkovic, S. A., & Menzies, S. L. (1994). Isoforms of 

ferritin have a specific cellular distribution in the brain. J Neurosci Res, 37(4), 

461-465. doi:10.1002/jnr.490370405 

Connor, J. R., & Menzies, S. L. (1995). Cellular management of iron in the brain. J 

Neurol Sci, 134 Suppl, 33-44.  

Connor, J. R., Menzies, S. L., St Martin, S. M., & Mufson, E. J. (1990). Cellular 

distribution of transferrin, ferritin, and iron in normal and aged human brains. J 

Neurosci Res, 27(4), 595-611. doi:10.1002/jnr.490270421 

Connor, J. R., Menzies, S. L., St Martin, S. M., & Mufson, E. J. (1992). A 

histochemical study of iron, transferrin, and ferritin in Alzheimer's diseased 

brains. J Neurosci Res, 31(1), 75-83. doi:10.1002/jnr.490310111 

Connor, J. R., Snyder, B. S., Arosio, P., Loeffler, D. A., & LeWitt, P. (1995). A 

quantitative analysis of isoferritins in select regions of aged, parkinsonian, and 

Alzheimer's diseased brains. J Neurochem, 65(2), 717-724.  

Connor, J. R., Snyder, B. S., Beard, J. L., Fine, R. E., & Mufson, E. J. (1992). Regional 

distribution of iron and iron-regulatory proteins in the brain in aging and 

Alzheimer's disease. J Neurosci Res, 31(2), 327-335. doi:10.1002/jnr.490310214 

Conway, K. A., Harper, J. D., & Lansbury, P. T. (1998). Accelerated in vitro fibril 

formation by a mutant alpha-synuclein linked to early-onset Parkinson disease. 

Nat Med, 4(11), 1318-1320. doi:10.1038/3311 

Coulouarn, C., Derambure, C., Lefebvre, G., Daveau, R., Hiron, M., Scotte, M., . . . 

Salier, J. P. (2005). Global gene repression in hepatocellular carcinoma and fetal 

liver, and suppression of dudulin-2 mRNA as a possible marker for the 



 

 298 

cirrhosis-to-tumor transition. J Hepatol, 42(6), 860-869. 

doi:10.1016/j.jhep.2005.01.027 

Crichton, R. R., & Charloteaux-Wauters, M. (1987). Iron transport and storage. Eur J 

Biochem, 164(3), 485-506.  

Crichton, R. R., Dexter, D. T., & Ward, R. J. (2011). Brain iron metabolism and its 

perturbation in neurological diseases. J Neural Transm (Vienna), 118(3), 301-

314. doi:10.1007/s00702-010-0470-z 

Croisier, E., & Graeber, M. B. (2006). Glial degeneration and reactive gliosis in alpha-

synucleinopathies: the emerging concept of primary gliodegeneration. Acta 

Neuropathol, 112(5), 517-530. doi:10.1007/s00401-006-0119-z 

Daher, J. P., Volpicelli-Daley, L. A., Blackburn, J. P., Moehle, M. S., & West, A. B. 

(2014). Abrogation of alpha-synuclein-mediated dopaminergic 

neurodegeneration in LRRK2-deficient rats. Proc Natl Acad Sci U S A, 111(25), 

9289-9294. doi:10.1073/pnas.1403215111 

Darshan, D., Frazer, D. M., Wilkins, S. J., & Anderson, G. J. (2010). Severe iron 

deficiency blunts the response of the iron regulatory gene Hamp and pro-

inflammatory cytokines to lipopolysaccharide. Haematologica, 95(10), 1660-

1667. doi:10.3324/haematol.2010.022426 

Dautry-Varsat, A., Ciechanover, A., & Lodish, H. F. (1983). pH and the recycling of 

transferrin during receptor-mediated endocytosis. Proc Natl Acad Sci U S A, 

80(8), 2258-2262.  

Davies, P., Moualla, D., & Brown, D. R. (2011). Alpha-synuclein is a cellular 

ferrireductase. PLoS One, 6(1), e15814. doi:10.1371/journal.pone.0015814 

Dawson, V. L., & Dawson, T. M. (1998). Nitric oxide in neurodegeneration. Prog Brain 

Res, 118, 215-229.  



 

 299 

de Arriba Zerpa, G. A., Saleh, M. C., Fernandez, P. M., Guillou, F., Espinosa de los 

Monteros, A., de Vellis, J., . . . Baron, B. (2000). Alternative splicing prevents 

transferrin secretion during differentiation of a human oligodendrocyte cell line. 

J Neurosci Res, 61(4), 388-395. doi:10.1002/1097-

4547(20000815)61:4<388::Aid-jnr5>3.0.Co;2-q 

De Domenico, I., Vaughn, M. B., Li, L., Bagley, D., Musci, G., Ward, D. M., & 

Kaplan, J. (2006). Ferroportin-mediated mobilization of ferritin iron precedes 

ferritin degradation by the proteasome. Embo j, 25(22), 5396-5404. 

doi:10.1038/sj.emboj.7601409 

De Domenico, I., Ward, D. M., di Patti, M. C., Jeong, S. Y., David, S., Musci, G., & 

Kaplan, J. (2007). Ferroxidase activity is required for the stability of cell surface 

ferroportin in cells expressing GPI-ceruloplasmin. Embo j, 26(12), 2823-2831. 

doi:10.1038/sj.emboj.7601735 

Dehmer, T., Lindenau, J., Haid, S., Dichgans, J., & Schulz, J. B. (2000). Deficiency of 

inducible nitric oxide synthase protects against MPTP toxicity in vivo. J 

Neurochem, 74(5), 2213-2216.  

Deschemin, J. C., & Vaulont, S. (2013). Role of hepcidin in the setting of hypoferremia 

during acute inflammation. PLoS One, 8(4), e61050. 

doi:10.1371/journal.pone.0061050 

Dev, K. K., Hofele, K., Barbieri, S., Buchman, V. L., & van der Putten, H. (2003). Part 

II: alpha-synuclein and its molecular pathophysiological role in 

neurodegenerative disease. Neuropharmacology, 45(1), 14-44.  

Dexter, D., Carter, C., Agid, F., Agid, Y., Lees, A. J., Jenner, P., & Marsden, C. D. 

(1986). Lipid peroxidation as cause of nigral cell death in Parkinson's disease. 

Lancet, 2(8507), 639-640.  



 

 300 

Dexter, D. T., Carayon, A., Javoy-Agid, F., Agid, Y., Wells, F. R., Daniel, S. E., . . . 

Marsden, C. D. (1991). Alterations in the levels of iron, ferritin and other trace 

metals in Parkinson's disease and other neurodegenerative diseases affecting the 

basal ganglia. Brain, 114 ( Pt 4), 1953-1975.  

Dexter, D. T., Holley, A. E., Flitter, W. D., Slater, T. F., Wells, F. R., Daniel, S. E., . . . 

Marsden, C. D. (1994). Increased levels of lipid hydroperoxides in the 

parkinsonian substantia nigra: an HPLC and ESR study. Mov Disord, 9(1), 92-

97. doi:10.1002/mds.870090115 

Dexter, D. T., Wells, F. R., Agid, F., Agid, Y., Lees, A. J., Jenner, P., & Marsden, C. D. 

(1987). Increased nigral iron content in postmortem parkinsonian brain. Lancet, 

2(8569), 1219-1220.  

Dexter, D. T., Wells, F. R., Lees, A. J., Agid, F., Agid, Y., Jenner, P., & Marsden, C. D. 

(1989). Increased nigral iron content and alterations in other metal ions 

occurring in brain in Parkinson's disease. J Neurochem, 52(6), 1830-1836.  

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. 

E., . . . Stockwell, B. R. (2012). Ferroptosis: an iron-dependent form of 

nonapoptotic cell death. Cell, 149(5), 1060-1072. doi:10.1016/j.cell.2012.03.042 

Donovan, A., Brownlie, A., Zhou, Y., Shepard, J., Pratt, S. J., Moynihan, J., . . . Zon, L. 

I. (2000). Positional cloning of zebrafish ferroportin1 identifies a conserved 

vertebrate iron exporter. Nature, 403(6771), 776-781. doi:10.1038/35001596 

Donovan, A., Lima, C. A., Pinkus, J. L., Pinkus, G. S., Zon, L. I., Robine, S., & 

Andrews, N. C. (2005). The iron exporter ferroportin/Slc40a1 is essential for 

iron homeostasis. Cell Metab, 1(3), 191-200. doi:10.1016/j.cmet.2005.01.003 

Dostert, P. (1994). Can our knowledge of monoamine oxidase (MAO) help in the 

design of better MAO inhibitors? J Neural Transm Suppl, 41, 269-279.  



 

 301 

Drayer, B., Burger, P., Darwin, R., Riederer, S., Herfkens, R., & Johnson, G. A. (1986). 

MRI of brain iron. AJR Am J Roentgenol, 147(1), 103-110. 

doi:10.2214/ajr.147.1.103 

Dringen, R., Bishop, G. M., Koeppe, M., Dang, T. N., & Robinson, S. R. (2007). The 

pivotal role of astrocytes in the metabolism of iron in the brain. Neurochem Res, 

32(11), 1884-1890. doi:10.1007/s11064-007-9375-0 

Du, F., Qian, C., Qian, Z. M., Wu, X. M., Xie, H., Yung, W. H., & Ke, Y. (2011). 

Hepcidin directly inhibits transferrin receptor 1 expression in astrocytes via a 

cyclic AMP-protein kinase A pathway. Glia, 59(6), 936-945. 

doi:10.1002/glia.21166 

Du, F., Qian, Z. M., Luo, Q., Yung, W. H., & Ke, Y. (2015). Hepcidin Suppresses Brain 

Iron Accumulation by Downregulating Iron Transport Proteins in Iron-

Overloaded Rats. Mol Neurobiol, 52(1), 101-114. doi:10.1007/s12035-014-

8847-x 

Du, F., Qian, Z. M., Zhu, L., Wu, X. M., Yung, W. H., Tsim, T. Y., & Ke, Y. (2009). L-

DOPA neurotoxicity is mediated by up-regulation of DMT1-IRE expression. 

PLoS One, 4(2), e4593. doi:10.1371/journal.pone.0004593 

Duce, J. A., Tsatsanis, A., Cater, M. A., James, S. A., Robb, E., Wikhe, K., . . . Bush, A. 

I. (2010). Iron-export ferroxidase activity of beta-amyloid precursor protein is 

inhibited by zinc in Alzheimer's disease. Cell, 142(6), 857-867. 

doi:10.1016/j.cell.2010.08.014 

Dutta, G., Zhang, P., & Liu, B. (2008). The lipopolysaccharide Parkinson's disease 

animal model: mechanistic studies and drug discovery. Fundam Clin 

Pharmacol, 22(5), 453-464. doi:10.1111/j.1472-8206.2008.00616.x 



 

 302 

Eisenstein, R. S. (2000). Iron regulatory proteins and the molecular control of 

mammalian iron metabolism. Annu Rev Nutr, 20, 627-662. 

doi:10.1146/annurev.nutr.20.1.627 

el-Agnaf, O. M., & Irvine, G. B. (2002). Aggregation and neurotoxicity of alpha-

synuclein and related peptides. Biochem Soc Trans, 30(4), 559-565. 

doi:10.1042/ 

El-Hage, N., Podhaizer, E. M., Sturgill, J., & Hauser, K. F. (2011). Toll-like receptor 

expression and activation in astroglia: differential regulation by HIV-1 Tat, 

gp120, and morphine. Immunol Invest, 40(5), 498-522. 

doi:10.3109/08820139.2011.561904 

Eliezer, D., Kutluay, E., Bussell, R., Jr., & Browne, G. (2001). Conformational 

properties of alpha-synuclein in its free and lipid-associated states. J Mol Biol, 

307(4), 1061-1073. doi:10.1006/jmbi.2001.4538 

Eriksen, J. L., Dawson, T. M., Dickson, D. W., & Petrucelli, L. (2003). Caught in the 

act: alpha-synuclein is the culprit in Parkinson's disease. Neuron, 40(3), 453-

456.  

Erikson, K. M., & Aschner, M. (2006). Increased manganese uptake by primary 

astrocyte cultures with altered iron status is mediated primarily by divalent metal 

transporter. Neurotoxicology, 27(1), 125-130. doi:10.1016/j.neuro.2005.07.003 

Espinosa de los Monteros, A., Kumar, S., Zhao, P., Huang, C. J., Nazarian, R., Pan, T., . 

. . de Vellis, J. (1999). Transferrin is an essential factor for myelination. 

Neurochem Res, 24(2), 235-248.  

Fares, M. B., Ait-Bouziad, N., Dikiy, I., Mbefo, M. K., Jovicic, A., Kiely, A., . . . 

Lashuel, H. A. (2014). The novel Parkinson's disease linked mutation G51D 

attenuates in vitro aggregation and membrane binding of alpha-synuclein, and 



 

 303 

enhances its secretion and nuclear localization in cells. Hum Mol Genet, 23(17), 

4491-4509. doi:10.1093/hmg/ddu165 

Farrall, A. J., & Wardlaw, J. M. (2009). Blood-brain barrier: ageing and microvascular 

disease--systematic review and meta-analysis. Neurobiol Aging, 30(3), 337-352. 

doi:10.1016/j.neurobiolaging.2007.07.015 

Faux, N. G., Rembach, A., Wiley, J., Ellis, K. A., Ames, D., Fowler, C. J., . . . Bush, A. 

I. (2014). An anemia of Alzheimer's disease. Mol Psychiatry, 19(11), 1227-

1234. doi:10.1038/mp.2013.178 

Fearnley, J. M., & Lees, A. J. (1991). Ageing and Parkinson's disease: substantia nigra 

regional selectivity. Brain, 114 ( Pt 5), 2283-2301.  

Febbraro, F., Giorgi, M., Caldarola, S., Loreni, F., & Romero-Ramos, M. (2012). alpha-

Synuclein expression is modulated at the translational level by iron. 

Neuroreport, 23(9), 576-580. doi:10.1097/WNR.0b013e328354a1f0 

Fellner, L., Irschick, R., Schanda, K., Reindl, M., Klimaschewski, L., Poewe, W., . . . 

Stefanova, N. (2013). Toll-like receptor 4 is required for alpha-synuclein 

dependent activation of microglia and astroglia. Glia, 61(3), 349-360. 

doi:10.1002/glia.22437 

Fellner, L., Jellinger, K. A., Wenning, G. K., & Stefanova, N. (2011). Glial dysfunction 

in the pathogenesis of alpha-synucleinopathies: emerging concepts. Acta 

Neuropathol, 121(6), 675-693. doi:10.1007/s00401-011-0833-z 

Fillebeen, C., Descamps, L., Dehouck, M. P., Fenart, L., Benaissa, M., Spik, G., . . . 

Pierce, A. (1999). Receptor-mediated transcytosis of lactoferrin through the 

blood-brain barrier. J Biol Chem, 274(11), 7011-7017.  

Fischer, R., Maier, O., Siegemund, M., Wajant, H., Scheurich, P., & Pfizenmaier, K. 

(2011). A TNF receptor 2 selective agonist rescues human neurons from 



 

 304 

oxidative stress-induced cell death. PLoS One, 6(11), e27621. 

doi:10.1371/journal.pone.0027621 

Fisher, J., Devraj, K., Ingram, J., Slagle-Webb, B., Madhankumar, A. B., Liu, X., . . . 

Connor, J. R. (2007). Ferritin: a novel mechanism for delivery of iron to the 

brain and other organs. Am J Physiol Cell Physiol, 293(2), C641-649. 

doi:10.1152/ajpcell.00599.2006 

Flanagan, J. M., Truksa, J., Peng, H., Lee, P., & Beutler, E. (2007). In vivo imaging of 

hepcidin promoter stimulation by iron and inflammation. Blood Cells Mol Dis, 

38(3), 253-257. doi:10.1016/j.bcmd.2007.01.004 

Fleming, M. D., Romano, M. A., Su, M. A., Garrick, L. M., Garrick, M. D., & 

Andrews, N. C. (1998). Nramp2 is mutated in the anemic Belgrade (b) rat: 

evidence of a role for Nramp2 in endosomal iron transport. Proc Natl Acad Sci 

U S A, 95(3), 1148-1153.  

Fleming, M. D., Trenor, C. C., 3rd, Su, M. A., Foernzler, D., Beier, D. R., Dietrich, W. 

F., & Andrews, N. C. (1997). Microcytic anaemia mice have a mutation in 

Nramp2, a candidate iron transporter gene. Nat Genet, 16(4), 383-386. 

doi:10.1038/ng0897-383 

Fleming, R. E. (2007). Hepcidin activation during inflammation: make it STAT. 

Gastroenterology, 132(1), 447-449. doi:10.1053/j.gastro.2006.11.049 

Fleming, R. E., Migas, M. C., Holden, C. C., Waheed, A., Britton, R. S., Tomatsu, S., . . 

. Sly, W. S. (2000). Transferrin receptor 2: continued expression in mouse liver 

in the face of iron overload and in hereditary hemochromatosis. Proc Natl Acad 

Sci U S A, 97(5), 2214-2219. doi:10.1073/pnas.040548097 

Frank-Cannon, T. C., Tran, T., Ruhn, K. A., Martinez, T. N., Hong, J., Marvin, M., . . . 

Tansey, M. G. (2008). Parkin deficiency increases vulnerability to 



 

 305 

inflammation-related nigral degeneration. J Neurosci, 28(43), 10825-10834. 

doi:10.1523/jneurosci.3001-08.2008 

Frazier, M. D., Mamo, L. B., Ghio, A. J., & Turi, J. L. (2011). Hepcidin expression in 

human airway epithelial cells is regulated by interferon-gamma. Respir Res, 12, 

100. doi:10.1186/1465-9921-12-100 

Friedlich, A. L., Tanzi, R. E., & Rogers, J. T. (2007). The 5'-untranslated region of 

Parkinson's disease alpha-synuclein messengerRNA contains a predicted iron 

responsive element. Mol Psychiatry, 12(3), 222-223. doi:10.1038/sj.mp.4001937 

Fu, H., Subramanian, R. R., & Masters, S. C. (2000). 14-3-3 proteins: structure, 

function, and regulation. Annu Rev Pharmacol Toxicol, 40, 617-647. 

doi:10.1146/annurev.pharmtox.40.1.617 

Fujishiro, H., Yoshida, M., Nakano, Y., & Himeno, S. (2014). Interleukin-6 enhances 

manganese accumulation in SH-SY5Y cells: implications of the up-regulation of 

ZIP14 and the down-regulation of ZnT10. Metallomics, 6(4), 944-949. 

doi:10.1039/c3mt00362k 

Fuqua, B. K., Lu, Y., Darshan, D., Frazer, D. M., Wilkins, S. J., Wolkow, N., . . . 

Vulpe, C. D. (2014). The multicopper ferroxidase hephaestin enhances intestinal 

iron absorption in mice. PLoS One, 9(6), e98792. 

doi:10.1371/journal.pone.0098792 

Gaasch, J. A., Geldenhuys, W. J., Lockman, P. R., Allen, D. D., & Van der Schyf, C. J. 

(2007). Voltage-gated calcium channels provide an alternate route for iron 

uptake in neuronal cell cultures. Neurochem Res, 32(10), 1686-1693. 

doi:10.1007/s11064-007-9313-1 

Galvez-Peralta, M., Wang, Z., Bao, S., Knoell, D. L., & Nebert, D. W. (2014). Tissue-

Specific Induction of Mouse ZIP8 and ZIP14 Divalent Cation/Bicarbonate 



 

 306 

Symporters by, and Cytokine Response to, Inflammatory Signals. Int J Toxicol, 

33(3), 246-258. doi:10.1177/1091581814529310 

Gao, H. M., Liu, B., Zhang, W., & Hong, J. S. (2003). Critical role of microglial 

NADPH oxidase-derived free radicals in the in vitro MPTP model of 

Parkinson's disease. Faseb j, 17(13), 1954-1956. doi:10.1096/fj.03-0109fje 

Gao, J., Zhao, N., Knutson, M. D., & Enns, C. A. (2008). The hereditary 

hemochromatosis protein, HFE, inhibits iron uptake via down-regulation of 

Zip14 in HepG2 cells. J Biol Chem, 283(31), 21462-21468. 

doi:10.1074/jbc.M803150200 

Gardet, A., Benita, Y., Li, C., Sands, B. E., Ballester, I., Stevens, C., . . . Podolsky, D. 

K. (2010). LRRK2 is involved in the IFN-gamma response and host response to 

pathogens. J Immunol, 185(9), 5577-5585. doi:10.4049/jimmunol.1000548 

Garrick, M. D., Dolan, K. G., Horbinski, C., Ghio, A. J., Higgins, D., Porubcin, M., . . . 

Garrick, L. M. (2003). DMT1: a mammalian transporter for multiple metals. 

Biometals, 16(1), 41-54.  

Geng, X., Lou, H., Wang, J., Li, L., Swanson, A. L., Sun, M., . . . Drain, P. (2011). 

alpha-Synuclein binds the K(ATP) channel at insulin-secretory granules and 

inhibits insulin secretion. Am J Physiol Endocrinol Metab, 300(2), E276-286. 

doi:10.1152/ajpendo.00262.2010 

Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A., . . . Brooks, 

D. J. (2006). In vivo imaging of microglial activation with [11C](R)-PK11195 

PET in idiopathic Parkinson's disease. Neurobiol Dis, 21(2), 404-412. 

doi:10.1016/j.nbd.2005.08.002 



 

 307 

Giampa, C., DeMarch, Z., Patassini, S., Bernardi, G., & Fusco, F. R. (2007). 

Immunohistochemical localization of TRPC6 in the rat substantia nigra. 

Neurosci Lett, 424(3), 170-174. doi:10.1016/j.neulet.2007.07.049 

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., . . . Merad, M. 

(2010). Fate mapping analysis reveals that adult microglia derive from primitive 

macrophages. Science, 330(6005), 841-845. doi:10.1126/science.1194637 

Girijashanker, K., He, L., Soleimani, M., Reed, J. M., Li, H., Liu, Z., . . . Nebert, D. W. 

(2008). Slc39a14 gene encodes ZIP14, a metal/bicarbonate symporter: 

similarities to the ZIP8 transporter. Mol Pharmacol, 73(5), 1413-1423. 

doi:10.1124/mol.107.043588 

Gkouvatsos, K., Papanikolaou, G., & Pantopoulos, K. (2012). Regulation of iron 

transport and the role of transferrin. Biochim Biophys Acta, 1820(3), 188-202. 

doi:10.1016/j.bbagen.2011.10.013 

Glezer, I., Simard, A. R., & Rivest, S. (2007). Neuroprotective role of the innate 

immune system by microglia. Neuroscience, 147(4), 867-883. 

doi:10.1016/j.neuroscience.2007.02.055 

Gnana-Prakasam, J. P., Martin, P. M., Mysona, B. A., Roon, P., Smith, S. B., & 

Ganapathy, V. (2008). Hepcidin expression in mouse retina and its regulation 

via lipopolysaccharide/Toll-like receptor-4 pathway independent of Hfe. 

Biochem J, 411(1), 79-88. doi:10.1042/bj20071377 

Gomme, P. T., McCann, K. B., & Bertolini, J. (2005). Transferrin: structure, function 

and potential therapeutic actions. Drug Discov Today, 10(4), 267-273. 

doi:10.1016/s1359-6446(04)03333-1 

Goodman, L. (1953). Alzheimer's disease; a clinico-pathologic analysis of twenty-three 

cases with a theory on pathogenesis. J Nerv Ment Dis, 118(2), 97-130.  



 

 308 

Goodnough, J. B., Ramos, E., Nemeth, E., & Ganz, T. (2012). Inhibition of hepcidin 

transcription by growth factors. Hepatology, 56(1), 291-299. 

doi:10.1002/hep.25615 

Gorina, R., Font-Nieves, M., Marquez-Kisinousky, L., Santalucia, T., & Planas, A. M. 

(2011). Astrocyte TLR4 activation induces a proinflammatory environment 

through the interplay between MyD88-dependent NFkappaB signalling, MAPK, 

and Jak1/Stat1 pathways. Glia, 59(2), 242-255. doi:10.1002/glia.21094 

Goswami, T., & Andrews, N. C. (2006). Hereditary hemochromatosis protein, HFE, 

interaction with transferrin receptor 2 suggests a molecular mechanism for 

mammalian iron sensing. J Biol Chem, 281(39), 28494-28498. 

doi:10.1074/jbc.C600197200 

Gotz, M. E., Double, K., Gerlach, M., Youdim, M. B., & Riederer, P. (2004). The 

relevance of iron in the pathogenesis of Parkinson's disease. Ann N Y Acad Sci, 

1012, 193-208.  

Granic, I., Dolga, A. M., Nijholt, I. M., van Dijk, G., & Eisel, U. L. (2009). 

Inflammation and NF-kappaB in Alzheimer's disease and diabetes. J Alzheimers 

Dis, 16(4), 809-821. doi:10.3233/jad-2009-0976 

Greenough, M. A., Camakaris, J., & Bush, A. I. (2013). Metal dyshomeostasis and 

oxidative stress in Alzheimer's disease. Neurochem Int, 62(5), 540-555. 

doi:10.1016/j.neuint.2012.08.014 

Greer, S. N., Metcalf, J. L., Wang, Y., & Ohh, M. (2012). The updated biology of 

hypoxia-inducible factor. Embo j, 31(11), 2448-2460. 

doi:10.1038/emboj.2012.125 



 

 309 

Griffiths, P. D., & Crossman, A. R. (1993). Distribution of iron in the basal ganglia and 

neocortex in postmortem tissue in Parkinson's disease and Alzheimer's disease. 

Dementia, 4(2), 61-65.  

Gruenheid, S., Cellier, M., Vidal, S., & Gros, P. (1995). Identification and 

characterization of a second mouse Nramp gene. Genomics, 25(2), 514-525.  

Grzybicki, D., Gebhart, G. F., & Murphy, S. (1996). Expression of nitric oxide synthase 

type II in the spinal cord under conditions producing thermal hyperalgesia. J 

Chem Neuroanat, 10(3-4), 221-229.  

Gu, X. L., Long, C. X., Sun, L., Xie, C., Lin, X., & Cai, H. (2010). Astrocytic 

expression of Parkinson's disease-related A53T alpha-synuclein causes 

neurodegeneration in mice. Mol Brain, 3, 12. doi:10.1186/1756-6606-3-12 

Guan, X., Xuan, M., Gu, Q., Huang, P., Liu, C., Wang, N., . . . Zhang, M. (2017). 

Regionally progressive accumulation of iron in Parkinson's disease as measured 

by quantitative susceptibility mapping. NMR Biomed, 30(4). 

doi:10.1002/nbm.3489 

Guerreiro, C., Silva, B., Crespo, A. C., Marques, L., Costa, S., Timoteo, A., . . . Costa, 

L. (2015). Decrease in APP and CP mRNA expression supports impairment of 

iron export in Alzheimer's disease patients. Biochim Biophys Acta, 1852(10 Pt 

A), 2116-2122. doi:10.1016/j.bbadis.2015.07.017 

Gunshin, H., Fujiwara, Y., Custodio, A. O., Direnzo, C., Robine, S., & Andrews, N. C. 

(2005). Slc11a2 is required for intestinal iron absorption and erythropoiesis but 

dispensable in placenta and liver. J Clin Invest, 115(5), 1258-1266. 

doi:10.1172/jci24356 



 

 310 

Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. F., Boron, W. F., . 

. . Hediger, M. A. (1997). Cloning and characterization of a mammalian proton-

coupled metal-ion transporter. Nature, 388(6641), 482-488. doi:10.1038/41343 

Gunshin, H., Starr, C. N., Direnzo, C., Fleming, M. D., Jin, J., Greer, E. L., . . . 

Andrews, N. C. (2005). Cybrd1 (duodenal cytochrome b) is not necessary for 

dietary iron absorption in mice. Blood, 106(8), 2879-2883. doi:10.1182/blood-

2005-02-0716 

Guo, W., Bachman, E., Li, M., Roy, C. N., Blusztajn, J., Wong, S., . . . Bhasin, S. 

(2013). Testosterone administration inhibits hepcidin transcription and is 

associated with increased iron incorporation into red blood cells. Aging Cell, 

12(2), 280-291. doi:10.1111/acel.12052 

Haacke, E. M., Cheng, N. Y., House, M. J., Liu, Q., Neelavalli, J., Ogg, R. J., . . . 

Obenaus, A. (2005). Imaging iron stores in the brain using magnetic resonance 

imaging. Magn Reson Imaging, 23(1), 1-25. doi:10.1016/j.mri.2004.10.001 

Hadziahmetovic, M., Dentchev, T., Song, Y., Haddad, N., He, X., Hahn, P., . . . 

Dunaief, J. L. (2008). Ceruloplasmin/hephaestin knockout mice model 

morphologic and molecular features of AMD. Invest Ophthalmol Vis Sci, 49(6), 

2728-2736. doi:10.1167/iovs.07-1472 

Hakimi, M., Selvanantham, T., Swinton, E., Padmore, R. F., Tong, Y., Kabbach, G., . . . 

Schlossmacher, M. G. (2011). Parkinson's disease-linked LRRK2 is expressed in 

circulating and tissue immune cells and upregulated following recognition of 

microbial structures. J Neural Transm (Vienna), 118(5), 795-808. 

doi:10.1007/s00702-011-0653-2 



 

 311 

Haldar, S., Bevers, L. E., Tosha, T., & Theil, E. C. (2011). Moving Iron through ferritin 

protein nanocages depends on residues throughout each four alpha-helix bundle 

subunit. J Biol Chem, 286(29), 25620-25627. doi:10.1074/jbc.M110.205278 

Hallgren, B., & Sourander, P. (1958). The effect of age on the non-haemin iron in the 

human brain. J Neurochem, 3(1), 41-51.  

Halliday, G. M., & Stevens, C. H. (2011). Glia: initiators and progressors of pathology 

in Parkinson's disease. Mov Disord, 26(1), 6-17. doi:10.1002/mds.23455 

Han, J., Day, J. R., Thomson, K., Connor, J. R., & Beard, J. L. (2000). Iron deficiency 

alters H- and L-ferritin expression in rat brain. Cell Mol Biol (Noisy-le-grand), 

46(3), 517-528.  

Hanke, M. L., & Kielian, T. (2011). Toll-like receptors in health and disease in the 

brain: mechanisms and therapeutic potential. Clin Sci (Lond), 121(9), 367-387. 

doi:10.1042/cs20110164 

Harada, N., Kanayama, M., Maruyama, A., Yoshida, A., Tazumi, K., Hosoya, T., . . . 

Itoh, K. (2011). Nrf2 regulates ferroportin 1-mediated iron efflux and 

counteracts lipopolysaccharide-induced ferroportin 1 mRNA suppression in 

macrophages. Arch Biochem Biophys, 508(1), 101-109. 

doi:10.1016/j.abb.2011.02.001 

Hare, D. J., Doecke, J. D., Faux, N. G., Rembach, A., Volitakis, I., Fowler, C. J., . . . 

Roberts, B. R. (2015). Decreased plasma iron in Alzheimer's disease is due to 

transferrin desaturation. ACS Chem Neurosci, 6(3), 398-402. 

doi:10.1021/cn5003557 

Hare, D. J., Grubman, A., Ryan, T. M., Lothian, A., Liddell, J. R., Grimm, R., . . . 

Roberts, B. R. (2013). Profiling the iron, copper and zinc content in primary 

neuron and astrocyte cultures by rapid online quantitative size exclusion 



 

 312 

chromatography-inductively coupled plasma-mass spectrometry. Metallomics, 

5(12), 1656-1662. doi:10.1039/c3mt00227f 

Harms, A. S., Cao, S., Rowse, A. L., Thome, A. D., Li, X., Mangieri, L. R., . . . 

Standaert, D. G. (2013). MHCII is required for alpha-synuclein-induced 

activation of microglia, CD4 T cell proliferation, and dopaminergic 

neurodegeneration. J Neurosci, 33(23), 9592-9600. doi:10.1523/jneurosci.5610-

12.2013 

Harris, Z. L., Durley, A. P., Man, T. K., & Gitlin, J. D. (1999). Targeted gene disruption 

reveals an essential role for ceruloplasmin in cellular iron efflux. Proc Natl Acad 

Sci U S A, 96(19), 10812-10817.  

Harrison, P. M., Fischbach, F. A., Hoy, T. G., & Haggis, G. H. (1967). Ferric 

oxyhydroxide core of ferritin. Nature, 216(5121), 1188-1190.  

Hasegawa, M., Fujiwara, H., Nonaka, T., Wakabayashi, K., Takahashi, H., Lee, V. M., . 

. . Iwatsubo, T. (2002). Phosphorylated alpha-synuclein is ubiquitinated in 

alpha-synucleinopathy lesions. J Biol Chem, 277(50), 49071-49076. 

doi:10.1074/jbc.M208046200 

Hashimoto, M., Hsu, L. J., Xia, Y., Takeda, A., Sisk, A., Sundsmo, M., & Masliah, E. 

(1999). Oxidative stress induces amyloid-like aggregate formation of 

NACP/alpha-synuclein in vitro. Neuroreport, 10(4), 717-721.  

Hayley, S., Mangano, E., Crowe, G., Li, N., & Bowers, W. J. (2011). An in vivo animal 

study assessing long-term changes in hypothalamic cytokines following 

perinatal exposure to a chemical mixture based on Arctic maternal body burden. 

Environ Health, 10, 65. doi:10.1186/1476-069x-10-65 

He, C., & Mishina, Y. (2004). Modeling non-heme iron proteins. Current Opinion in 

Chemical Biology, 8(2), 201-208. doi:https://doi.org/10.1016/j.cbpa.2004.02.002 



 

 313 

Healy, S., McMahon, J., Owens, P., & FitzGerald, U. (2016). Significant glial 

alterations in response to iron loading in a novel organotypic hippocampal slice 

culture model. Sci Rep, 6, 36410. doi:10.1038/srep36410 

Hebbrecht, G. (1999). Brain trace elements and aging. Nuclear Instruments and 

Methods in Physics Research, 150, 208-213.  

 

Hemadi, M., Kahn, P. H., Miquel, G., & El Hage Chahine, J. M. (2004). Transferrin's 

mechanism of interaction with receptor 1. Biochemistry, 43(6), 1736-1745. 

doi:10.1021/bi030142g 

Hentze, M. W., & Kuhn, L. C. (1996). Molecular control of vertebrate iron metabolism: 

mRNA-based regulatory circuits operated by iron, nitric oxide, and oxidative 

stress. Proc Natl Acad Sci U S A, 93(16), 8175-8182.  

Hentze, M. W., Muckenthaler, M. U., Galy, B., & Camaschella, C. (2010). Two to 

tango: regulation of Mammalian iron metabolism. Cell, 142(1), 24-38. 

doi:10.1016/j.cell.2010.06.028 

Hewett, J. A., & Hewett, S. J. (2012). Induction of nitric oxide synthase-2 expression 

and measurement of nitric oxide production in enriched primary cortical 

astrocyte cultures. Methods Mol Biol, 814, 251-263. doi:10.1007/978-1-61779-

452-0_17 

Hirayama, M., Kohgo, Y., Kondo, H., Shintani, N., Fujikawa, K., Sasaki, K., . . . Niitsu, 

Y. (1993). Regulation of iron metabolism in HepG2 cells: a possible role for 

cytokines in the hepatic deposition of iron. Hepatology, 18(4), 874-880.  

Hirsch, E. C., Brandel, J. P., Galle, P., Javoy-Agid, F., & Agid, Y. (1991). Iron and 

aluminum increase in the substantia nigra of patients with Parkinson's disease: 

an X-ray microanalysis. J Neurochem, 56(2), 446-451.  



 

 314 

Hirsch, E. C., & Hunot, S. (2009). Neuroinflammation in Parkinson's disease: a target 

for neuroprotection? Lancet Neurol, 8(4), 382-397. doi:10.1016/s1474-

4422(09)70062-6 

Hirsch, E. C., Hunot, S., & Hartmann, A. (2005). Neuroinflammatory processes in 

Parkinson's disease. Parkinsonism Relat Disord, 11 Suppl 1, S9-s15. 

doi:10.1016/j.parkreldis.2004.10.013 

Hoepken, H. H., Korten, T., Robinson, S. R., & Dringen, R. (2004). Iron accumulation, 

iron-mediated toxicity and altered levels of ferritin and transferrin receptor in 

cultured astrocytes during incubation with ferric ammonium citrate. J 

Neurochem, 88(5), 1194-1202.  

Honda, K., Casadesus, G., Petersen, R. B., Perry, G., & Smith, M. A. (2004). Oxidative 

stress and redox-active iron in Alzheimer's disease. Ann N Y Acad Sci, 1012, 

179-182.  

Horning, K. J., Caito, S. W., Tipps, K. G., Bowman, A. B., & Aschner, M. (2015). 

Manganese Is Essential for Neuronal Health. Annu Rev Nutr, 35, 71-108. 

doi:10.1146/annurev-nutr-071714-034419 

House, E., Esiri, M., Forster, G., Ince, P. G., & Exley, C. (2012). Aluminium, iron and 

copper in human brain tissues donated to the Medical Research Council's 

Cognitive Function and Ageing Study. Metallomics, 4(1), 56-65. 

doi:10.1039/c1mt00139f 

Hozumi, I., Hasegawa, T., Honda, A., Ozawa, K., Hayashi, Y., Hashimoto, K., . . . 

Inuzuka, T. (2011). Patterns of levels of biological metals in CSF differ among 

neurodegenerative diseases. J Neurol Sci, 303(1-2), 95-99. 

doi:10.1016/j.jns.2011.01.003 



 

 315 

Hu, X., Li, P., Guo, Y., Wang, H., Leak, R. K., Chen, S., . . . Chen, J. (2012). 

Microglia/macrophage polarization dynamics reveal novel mechanism of injury 

expansion after focal cerebral ischemia. Stroke, 43(11), 3063-3070. 

doi:10.1161/strokeaha.112.659656 

Huang, E., Ong, W. Y., Go, M. L., & Connor, J. R. (2006). Upregulation of iron 

regulatory proteins and divalent metal transporter-1 isoforms in the rat 

hippocampus after kainate induced neuronal injury. Exp Brain Res, 170(3), 376-

386. doi:10.1007/s00221-005-0220-x 

Huang, X., Atwood, C. S., Moir, R. D., Hartshorn, M. A., Tanzi, R. E., & Bush, A. I. 

(2004). Trace metal contamination initiates the apparent auto-aggregation, 

amyloidosis, and oligomerization of Alzheimer's Abeta peptides. J Biol Inorg 

Chem, 9(8), 954-960. doi:10.1007/s00775-004-0602-8 

Huang, X., Cuajungco, M. P., Atwood, C. S., Hartshorn, M. A., Tyndall, J. D., Hanson, 

G. R., . . . Bush, A. I. (1999). Cu(II) potentiation of alzheimer abeta 

neurotoxicity. Correlation with cell-free hydrogen peroxide production and 

metal reduction. J Biol Chem, 274(52), 37111-37116.  

Hubert, N., & Hentze, M. W. (2002). Previously uncharacterized isoforms of divalent 

metal transporter (DMT)-1: implications for regulation and cellular function. 

Proc Natl Acad Sci U S A, 99(19), 12345-12350. doi:10.1073/pnas.192423399 

Hunot, S., Brugg, B., Ricard, D., Michel, P. P., Muriel, M. P., Ruberg, M., . . . Hirsch, 

E. C. (1997). Nuclear translocation of NF-kappaB is increased in dopaminergic 

neurons of patients with parkinson disease. Proc Natl Acad Sci U S A, 94(14), 

7531-7536.  

Hunot, S., & Hirsch, E. C. (2003). Neuroinflammatory processes in Parkinson's disease. 

Ann Neurol, 53 Suppl 3, S49-58; discussion S58-60. doi:10.1002/ana.10481 



 

 316 

Hwang, E. M., Kim, S. K., Sohn, J. H., Lee, J. Y., Kim, Y., Kim, Y. S., & Mook-Jung, 

I. (2006). Furin is an endogenous regulator of alpha-secretase associated APP 

processing. Biochem Biophys Res Commun, 349(2), 654-659. 

doi:10.1016/j.bbrc.2006.08.077 

Ibanez, P., Bonnet, A. M., Debarges, B., Lohmann, E., Tison, F., Pollak, P., . . . Brice, 

A. (2004). Causal relation between alpha-synuclein gene duplication and 

familial Parkinson's disease. Lancet, 364(9440), 1169-1171. doi:10.1016/s0140-

6736(04)17104-3 

Imamura, K., Hishikawa, N., Sawada, M., Nagatsu, T., Yoshida, M., & Hashizume, Y. 

(2003). Distribution of major histocompatibility complex class II-positive 

microglia and cytokine profile of Parkinson's disease brains. Acta Neuropathol, 

106(6), 518-526. doi:10.1007/s00401-003-0766-2 

Isaac, G., Fredriksson, A., Danielsson, R., Eriksson, P., & Bergquist, J. (2006). Brain 

lipid composition in postnatal iron-induced motor behavior alterations following 

chronic neuroleptic administration in mice. Febs j, 273(10), 2232-2243. 

doi:10.1111/j.1742-4658.2006.05236.x 

Ishii, K., Sheng, H., Warner, T. D., Forstermann, U., & Murad, F. (1991). A simple and 

sensitive bioassay method for detection of EDRF with RFL-6 rat lung 

fibroblasts. Am J Physiol, 261(2 Pt 2), H598-603. 

doi:10.1152/ajpheart.1991.261.2.H598 

Iwai, K., Drake, S. K., Wehr, N. B., Weissman, A. M., LaVaute, T., Minato, N., . . . 

Rouault, T. A. (1998). Iron-dependent oxidation, ubiquitination, and degradation 

of iron regulatory protein 2: implications for degradation of oxidized proteins. 

Proc Natl Acad Sci U S A, 95(9), 4924-4928.  



 

 317 

Jaffrey, S. R., Cohen, N. A., Rouault, T. A., Klausner, R. D., & Snyder, S. H. (1994). 

The iron-responsive element binding protein: a target for synaptic actions of 

nitric oxide. Proc Natl Acad Sci U S A, 91(26), 12994-12998.  

Jaffrey, S. R., Erdjument-Bromage, H., Ferris, C. D., Tempst, P., & Snyder, S. H. 

(2001). Protein S-nitrosylation: a physiological signal for neuronal nitric oxide. 

Nat Cell Biol, 3(2), 193-197. doi:10.1038/35055104 

Jarvis, J. H., & Jacobs, A. (1974). Morphological abnormalities in lymphocyte 

mitochondria associated with iron-deficiency anaemia. J Clin Pathol, 27(12), 

973-979.  

Jefferies, W. A., Brandon, M. R., Hunt, S. V., Williams, A. F., Gatter, K. C., & Mason, 

D. Y. (1984). Transferrin receptor on endothelium of brain capillaries. Nature, 

312(5990), 162-163.  

Jenkitkasemwong, S., Wang, C. Y., Coffey, R., Zhang, W., Chan, A., Biel, T., . . . 

Knutson, M. D. (2015). SLC39A14 Is Required for the Development of 

Hepatocellular Iron Overload in Murine Models of Hereditary 

Hemochromatosis. Cell Metab, 22(1), 138-150. doi:10.1016/j.cmet.2015.05.002 

Jenkitkasemwong, S., Wang, C. Y., Mackenzie, B., & Knutson, M. D. (2012). 

Physiologic implications of metal-ion transport by ZIP14 and ZIP8. Biometals, 

25(4), 643-655. doi:10.1007/s10534-012-9526-x 

Jensen, P. H., Hojrup, P., Hager, H., Nielsen, M. S., Jacobsen, L., Olesen, O. F., . . . 

Jakes, R. (1997). Binding of Abeta to alpha- and beta-synucleins: identification 

of segments in alpha-synuclein/NAC precursor that bind Abeta and NAC. 

Biochem J, 323 ( Pt 2), 539-546.  

Jeong, S. Y., Crooks, D. R., Wilson-Ollivierre, H., Ghosh, M. C., Sougrat, R., Lee, J., . . 

. Rouault, T. A. (2011). Iron insufficiency compromises motor neurons and their 



 

 318 

mitochondrial function in Irp2-null mice. PLoS One, 6(10), e25404. 

doi:10.1371/journal.pone.0025404 

Jeong, S. Y., & David, S. (2003). Glycosylphosphatidylinositol-anchored ceruloplasmin 

is required for iron efflux from cells in the central nervous system. J Biol Chem, 

278(29), 27144-27148. doi:10.1074/jbc.M301988200 

Jeong, S. Y., & David, S. (2006). Age-related changes in iron homeostasis and cell 

death in the cerebellum of ceruloplasmin-deficient mice. J Neurosci, 26(38), 

9810-9819. doi:10.1523/jneurosci.2922-06.2006 

Ji, C., & Kosman, D. J. (2015). Molecular mechanisms of non-transferrin-bound and 

transferring-bound iron uptake in primary hippocampal neurons. J Neurochem, 

133(5), 668-683. doi:10.1111/jnc.13040 

Jiang, H., Song, N., Xu, H., Zhang, S., Wang, J., & Xie, J. (2010). Up-regulation of 

divalent metal transporter 1 in 6-hydroxydopamine intoxication is IRE/IRP 

dependent. Cell Res, 20(3), 345-356. doi:10.1038/cr.2010.20 

Jiang, R., Hua, C., Wan, Y., Jiang, B., Hu, H., Zheng, J., . . . Chen, H. (2015). 

Hephaestin and ceruloplasmin play distinct but interrelated roles in iron 

homeostasis in mouse brain. J Nutr, 145(5), 1003-1009. 

doi:10.3945/jn.114.207316 

Jimenez-Jimenez, F. J., Molina, J. A., Aguilar, M. V., Meseguer, I., Mateos-Vega, C. J., 

Gonzalez-Munoz, M. J., . . . Martinez-Para, M. C. (1998). Cerebrospinal fluid 

levels of transition metals in patients with Parkinson's disease. J Neural Transm 

(Vienna), 105(4-5), 497-505. doi:10.1007/s007020050073 

Jin, H., Kanthasamy, A., Ghosh, A., Yang, Y., Anantharam, V., & Kanthasamy, A. G. 

(2011). alpha-Synuclein negatively regulates protein kinase Cdelta expression to 

suppress apoptosis in dopaminergic neurons by reducing p300 histone 



 

 319 

acetyltransferase activity. J Neurosci, 31(6), 2035-2051. 

doi:10.1523/jneurosci.5634-10.2011 

Jomova, K., Vondrakova, D., Lawson, M., & Valko, M. (2010). Metals, oxidative stress 

and neurodegenerative disorders. Mol Cell Biochem, 345(1-2), 91-104. 

doi:10.1007/s11010-010-0563-x 

Jung, H. W., Chung, Y. S., Kim, Y. S., & Park, Y. K. (2007). Celastrol inhibits 

production of nitric oxide and proinflammatory cytokines through MAPK signal 

transduction and NF-kappaB in LPS-stimulated BV-2 microglial cells. Exp Mol 

Med, 39(6), 715-721. doi:10.1038/emm.2007.78 

Kaplan, P., Matejovicova, M., & Mezesova, V. (1997). Iron-induced inhibition of Na+, 

K(+)-ATPase and Na+/Ca2+ exchanger in synaptosomes: protection by the 

pyridoindole stobadine. Neurochem Res, 22(12), 1523-1529.  

Karpinska, A., & Gromadzka, G. (2013). [Oxidative stress and natural antioxidant 

mechanisms: the role in neurodegeneration. From molecular mechanisms to 

therapeutic strategies]. Postepy Hig Med Dosw (Online), 67, 43-53.  

Kaufman, S. (1995). Tyrosine hydroxylase. Adv Enzymol Relat Areas Mol Biol, 70, 

103-220.  

Kaur, C., & Ling, E. A. (1995). Transient expression of transferrin receptors and 

localisation of iron in amoeboid microglia in postnatal rats. J Anat, 186 ( Pt 1), 

165-173.  

Kautz, L., Jung, G., Nemeth, E., & Ganz, T. (2014). Erythroferrone contributes to 

recovery from anemia of inflammation. Blood, 124(16), 2569-2574. 

doi:10.1182/blood-2014-06-584607 



 

 320 

Kautz, L., Jung, G., Valore, E. V., Rivella, S., Nemeth, E., & Ganz, T. (2014). 

Identification of erythroferrone as an erythroid regulator of iron metabolism. Nat 

Genet, 46(7), 678-684. doi:10.1038/ng.2996 

Ke, Y., & Ming Qian, Z. (2003). Iron misregulation in the brain: a primary cause of 

neurodegenerative disorders. Lancet Neurol, 2(4), 246-253.  

Keel, S. B., Doty, R. T., Yang, Z., Quigley, J. G., Chen, J., Knoblaugh, S., . . . 

Abkowitz, J. L. (2008). A heme export protein is required for red blood cell 

differentiation and iron homeostasis. Science, 319(5864), 825-828. 

doi:10.1126/science.1151133 

Keep, R. F., & Jones, H. C. (1990). A morphometric study on the development of the 

lateral ventricle choroid plexus, choroid plexus capillaries and ventricular 

ependyma in the rat. Brain Res Dev Brain Res, 56(1), 47-53.  

Kennedy, M. C., Mende-Mueller, L., Blondin, G. A., & Beinert, H. (1992). Purification 

and characterization of cytosolic aconitase from beef liver and its relationship to 

the iron-responsive element binding protein. Proc Natl Acad Sci U S A, 89(24), 

11730-11734.  

Kidane, T. Z., Sauble, E., & Linder, M. C. (2006). Release of iron from ferritin requires 

lysosomal activity. Am J Physiol Cell Physiol, 291(3), C445-455. 

doi:10.1152/ajpcell.00505.2005 

Kielian, T. (2006). Toll-like receptors in central nervous system glial inflammation and 

homeostasis. J Neurosci Res, 83(5), 711-730. doi:10.1002/jnr.20767 

Kiely, A. P., Asi, Y. T., Kara, E., Limousin, P., Ling, H., Lewis, P., . . . Holton, J. L. 

(2013). alpha-Synucleinopathy associated with G51D SNCA mutation: a link 

between Parkinson's disease and multiple system atrophy? Acta Neuropathol, 

125(5), 753-769. doi:10.1007/s00401-013-1096-7 



 

 321 

Kim, J., Buckett, P. D., & Wessling-Resnick, M. (2013). Absorption of manganese and 

iron in a mouse model of hemochromatosis. PLoS One, 8(5), e64944. 

doi:10.1371/journal.pone.0064944 

Kim, S., & Ponka, P. (1999). Control of transferrin receptor expression via nitric oxide-

mediated modulation of iron-regulatory protein 2. J Biol Chem, 274(46), 33035-

33042.  

Kim, S., & Ponka, P. (2000). Effects of interferon-gamma and lipopolysaccharide on 

macrophage iron metabolism are mediated by nitric oxide-induced degradation 

of iron regulatory protein 2. J Biol Chem, 275(9), 6220-6226.  

Kim, S., & Ponka, P. (2002). Nitrogen monoxide-mediated control of ferritin synthesis: 

implications for macrophage iron homeostasis. Proc Natl Acad Sci U S A, 

99(19), 12214-12219. doi:10.1073/pnas.192316099 

Kim, T. D., Paik, S. R., & Yang, C. H. (2002). Structural and functional implications of 

C-terminal regions of alpha-synuclein. Biochemistry, 41(46), 13782-13790.  

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S., . . . 

Shimizu, N. (1998). Mutations in the parkin gene cause autosomal recessive 

juvenile parkinsonism. Nature, 392(6676), 605-608. doi:10.1038/33416 

Kiyota, T., Yamamoto, M., Xiong, H., Lambert, M. P., Klein, W. L., Gendelman, H. E., 

. . . Ikezu, T. (2009). CCL2 accelerates microglia-mediated Abeta oligomer 

formation and progression of neurocognitive dysfunction. PLoS One, 4(7), 

e6197. doi:10.1371/journal.pone.0006197 

Klegeris, A., Giasson, B. I., Zhang, H., Maguire, J., Pelech, S., & McGeer, P. L. (2006). 

Alpha-synuclein and its disease-causing mutants induce ICAM-1 and IL-6 in 

human astrocytes and astrocytoma cells. Faseb j, 20(12), 2000-2008. 

doi:10.1096/fj.06-6183com 



 

 322 

Klegeris, A., Pelech, S., Giasson, B. I., Maguire, J., Zhang, H., McGeer, E. G., & 

McGeer, P. L. (2008). Alpha-synuclein activates stress signalling protein 

kinases in THP-1 cells and microglia. Neurobiol Aging, 29(5), 739-752. 

doi:10.1016/j.neurobiolaging.2006.11.013 

Knutson, M. D. (2007). Steap proteins: implications for iron and copper metabolism. 

Nutr Rev, 65(7), 335-340.  

Koening, C. L., Miller, J. C., Nelson, J. M., Ward, D. M., Kushner, J. P., Bockenstedt, 

L. K., . . . De Domenico, I. (2009). Toll-like receptors mediate induction of 

hepcidin in mice infected with Borrelia burgdorferi. Blood, 114(9), 1913-1918. 

doi:10.1182/blood-2009-03-209577 

Kokovay, E., & Cunningham, L. A. (2005). Bone marrow-derived microglia contribute 

to the neuroinflammatory response and express iNOS in the MPTP mouse 

model of Parkinson's disease. Neurobiol Dis, 19(3), 471-478. 

doi:10.1016/j.nbd.2005.01.023 

Koppenol, W. H. (2001). The Haber-Weiss cycle--70 years later. Redox Rep, 6(4), 229-

234. doi:10.1179/135100001101536373 

Kosman, D. J. (2002). FET3P, ceruloplasmin, and the role of copper in iron 

metabolism. Adv Protein Chem, 60, 221-269.  

Kostka, M., Hogen, T., Danzer, K. M., Levin, J., Habeck, M., Wirth, A., . . . Giese, A. 

(2008). Single particle characterization of iron-induced pore-forming alpha-

synuclein oligomers. J Biol Chem, 283(16), 10992-11003. 

doi:10.1074/jbc.M709634200 

Kraml, P. J., Klein, R. L., Huang, Y., Nareika, A., & Lopes-Virella, M. F. (2005). Iron 

loading increases cholesterol accumulation and macrophage scavenger receptor I 



 

 323 

expression in THP-1 mononuclear phagocytes. Metabolism, 54(4), 453-459. 

doi:10.1016/j.metabol.2004.10.012 

Krause, A., Neitz, S., Magert, H. J., Schulz, A., Forssmann, W. G., Schulz-Knappe, P., 

& Adermann, K. (2000). LEAP-1, a novel highly disulfide-bonded human 

peptide, exhibits antimicrobial activity. FEBS Lett, 480(2-3), 147-150.  

Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS. 

Trends Neurosci, 19(8), 312-318.  

Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., . . . Riess, O. 

(1998). Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson's 

disease. Nat Genet, 18(2), 106-108. doi:10.1038/ng0298-106 

Lakhal-Littleton, S., Wolna, M., Chung, Y. J., Christian, H. C., Heather, L. C., Brescia, 

M., . . . Robbins, P. A. (2016). An essential cell-autonomous role for hepcidin in 

cardiac iron homeostasis. Elife, 5. doi:10.7554/eLife.19804 

Langkammer, C., Pirpamer, L., Seiler, S., Deistung, A., Schweser, F., Franthal, S., . . . 

Schwingenschuh, P. (2016). Quantitative Susceptibility Mapping in Parkinson's 

Disease. PLoS One, 11(9), e0162460. doi:10.1371/journal.pone.0162460 

Latunde-Dada, G. O., Simpson, R. J., & McKie, A. T. (2008). Duodenal cytochrome B 

expression stimulates iron uptake by human intestinal epithelial cells. J Nutr, 

138(6), 991-995. doi:10.1093/jn/138.6.991 

Latunde-Dada, G. O., Takeuchi, K., Simpson, R. J., & McKie, A. T. (2006). Haem 

carrier protein 1 (HCP1): Expression and functional studies in cultured cells. 

FEBS Lett, 580(30), 6865-6870. doi:10.1016/j.febslet.2006.11.048 

Lauritzen, M., Dreier, J. P., Fabricius, M., Hartings, J. A., Graf, R., & Strong, A. J. 

(2011). Clinical relevance of cortical spreading depression in neurological 

disorders: migraine, malignant stroke, subarachnoid and intracranial 



 

 324 

hemorrhage, and traumatic brain injury. J Cereb Blood Flow Metab, 31(1), 17-

35. doi:10.1038/jcbfm.2010.191 

Lawen, A., & Lane, D. J. (2013). Mammalian iron homeostasis in health and disease: 

uptake, storage, transport, and molecular mechanisms of action. Antioxid Redox 

Signal, 18(18), 2473-2507. doi:10.1089/ars.2011.4271 

Le, W., Rowe, D., Xie, W., Ortiz, I., He, Y., & Appel, S. H. (2001). Microglial 

activation and dopaminergic cell injury: an in vitro model relevant to 

Parkinson's disease. J Neurosci, 21(21), 8447-8455.  

Lee, H. J., Kim, C., & Lee, S. J. (2010). Alpha-synuclein stimulation of astrocytes: 

Potential role for neuroinflammation and neuroprotection. Oxid Med Cell 

Longev, 3(4), 283-287. doi:10.4161/oxim.3.4.12809 

Lee, H. J., Suk, J. E., Bae, E. J., Lee, J. H., Paik, S. R., & Lee, S. J. (2008). Assembly-

dependent endocytosis and clearance of extracellular alpha-synuclein. Int J 

Biochem Cell Biol, 40(9), 1835-1849. doi:10.1016/j.biocel.2008.01.017 

Lee, H. J., Suk, J. E., Patrick, C., Bae, E. J., Cho, J. H., Rho, S., . . . Lee, S. J. (2010). 

Direct transfer of alpha-synuclein from neuron to astroglia causes inflammatory 

responses in synucleinopathies. J Biol Chem, 285(12), 9262-9272. 

doi:10.1074/jbc.M109.081125 

Lee, H. J., Suk, J. E., Patrick, C., Bae, E. J., Cho, J. H., Rho, S., . . . Lee, S. J. (2010). 

Direct transfer of alpha-synuclein from neuron to astroglia causes inflammatory 

responses in synucleinopathies. J Biol Chem, 285(12), 9262-9272. 

doi:10.1074/jbc.M109.081125 

Lee, P., Peng, H., Gelbart, T., Wang, L., & Beutler, E. (2005). Regulation of hepcidin 

transcription by interleukin-1 and interleukin-6. Proc Natl Acad Sci U S A, 

102(6), 1906-1910. doi:10.1073/pnas.0409808102 



 

 325 

Lee, P. L., Gelbart, T., West, C., Halloran, C., & Beutler, E. (1998). The human 

Nramp2 gene: characterization of the gene structure, alternative splicing, 

promoter region and polymorphisms. Blood Cells Mol Dis, 24(2), 199-215. 

doi:10.1006/bcmd.1998.0186 

Lehericy, S., Bardinet, E., Poupon, C., Vidailhet, M., & Francois, C. (2014). 7 Tesla 

magnetic resonance imaging: a closer look at substantia nigra anatomy in 

Parkinson's disease. Mov Disord, 29(13), 1574-1581. doi:10.1002/mds.26043 

Lehnardt, S. (2010). Innate immunity and neuroinflammation in the CNS: the role of 

microglia in Toll-like receptor-mediated neuronal injury. Glia, 58(3), 253-263. 

doi:10.1002/glia.20928 

Lei, P., Ayton, S., Finkelstein, D. I., Spoerri, L., Ciccotosto, G. D., Wright, D. K., . . . 

Bush, A. I. (2012). Tau deficiency induces parkinsonism with dementia by 

impairing APP-mediated iron export. Nat Med, 18(2), 291-295. 

doi:10.1038/nm.2613 

Leitner, D. F., & Connor, J. R. (2012). Functional roles of transferrin in the brain. 

Biochim Biophys Acta, 1820(3), 393-402. doi:10.1016/j.bbagen.2011.10.016 

Letiembre, M., Liu, Y., Walter, S., Hao, W., Pfander, T., Wrede, A., . . . Fassbender, K. 

(2009). Screening of innate immune receptors in neurodegenerative diseases: a 

similar pattern. Neurobiol Aging, 30(5), 759-768. 

doi:10.1016/j.neurobiolaging.2007.08.018 

Levy, J. E., Jin, O., Fujiwara, Y., Kuo, F., & Andrews, N. C. (1999). Transferrin 

receptor is necessary for development of erythrocytes and the nervous system. 

Nat Genet, 21(4), 396-399. doi:10.1038/7727 

Lhermitte, J., Kraus, W. M., & McAlpine, D. (1924). Original Papers: ON THE 

OCCURRENCE OF ABNORMAL DEPOSITS OF IRON IN THE BRAIN IN 



 

 326 

PARKINSONISM WITH SPECIAL REFERENCE TO ITS LOCALISATION. 

J Neurol Psychopathol, 5(19), 195-208.  

Li, D., Wang, G., Han, D., Bi, J., Li, C., Wang, H., . . . Mei, X. (2016). MP Resulting in 

Autophagic Cell Death of Microglia through Zinc Changes against Spinal Cord 

Injury. Biomed Res Int, 2016, 6090316. doi:10.1155/2016/6090316 

Li, J. Y., Paragas, N., Ned, R. M., Qiu, A., Viltard, M., Leete, T., . . . Barasch, J. (2009). 

Scara5 is a ferritin receptor mediating non-transferrin iron delivery. Dev Cell, 

16(1), 35-46. doi:10.1016/j.devcel.2008.12.002 

Li, Q. X., Campbell, B. C., McLean, C. A., Thyagarajan, D., Gai, W. P., Kapsa, R. M., . 

. . Culvenor, J. G. (2002). Platelet alpha- and gamma-synucleins in Parkinson's 

disease and normal control subjects. J Alzheimers Dis, 4(4), 309-315.  

Li, R., Huang, Y. G., Fang, D., & Le, W. D. (2004). (-)-Epigallocatechin gallate inhibits 

lipopolysaccharide-induced microglial activation and protects against 

inflammation-mediated dopaminergic neuronal injury. J Neurosci Res, 78(5), 

723-731. doi:10.1002/jnr.20315 

Li, W., Jiang, H., Song, N., & Xie, J. (2011). Oxidative stress partially contributes to 

iron-induced alpha-synuclein aggregation in SK-N-SH cells. Neurotox Res, 

19(3), 435-442. doi:10.1007/s12640-010-9187-x 

Li, W. Y., Li, F. M., Zhou, Y. F., Wen, Z. M., Ma, J., Ya, K., & Qian, Z. M. (2016). 

Aspirin down Regulates Hepcidin by Inhibiting NF-kappaB and 

IL6/JAK2/STAT3 Pathways in BV-2 Microglial Cells Treated with 

Lipopolysaccharide. Int J Mol Sci, 17(12). doi:10.3390/ijms17121921 

Li, X., Tan, Y. C., Poulose, S., Olanow, C. W., Huang, X. Y., & Yue, Z. (2007). 

Leucine-rich repeat kinase 2 (LRRK2)/PARK8 possesses GTPase activity that is 



 

 327 

altered in familial Parkinson's disease R1441C/G mutants. J Neurochem, 103(1), 

238-247. doi:10.1111/j.1471-4159.2007.04743.x 

Lichten, L. A., Liuzzi, J. P., & Cousins, R. J. (2009). Interleukin-1beta contributes via 

nitric oxide to the upregulation and functional activity of the zinc transporter 

Zip14 (Slc39a14) in murine hepatocytes. Am J Physiol Gastrointest Liver 

Physiol, 296(4), G860-867. doi:10.1152/ajpgi.90676.2008 

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., 

Schirmer, L., . . . Barres, B. A. (2017). Neurotoxic reactive astrocytes are 

induced by activated microglia. Nature, 541(7638), 481-487. 

doi:10.1038/nature21029 

Lim, J. E., Jin, O., Bennett, C., Morgan, K., Wang, F., Trenor, C. C., 3rd, . . . Andrews, 

N. C. (2005). A mutation in Sec15l1 causes anemia in hemoglobin deficit (hbd) 

mice. Nat Genet, 37(11), 1270-1273. doi:10.1038/ng1659 

Lin, H. H., & Connor, J. R. (1989). The development of the transferrin-transferrin 

receptor system in relation to astrocytes, MBP and galactocerebroside in normal 

and myelin-deficient rat optic nerves. Brain Res Dev Brain Res, 49(2), 281-293.  

Lin, X., Parisiadou, L., Gu, X. L., Wang, L., Shim, H., Sun, L., . . . Cai, H. (2009). 

Leucine-rich repeat kinase 2 regulates the progression of neuropathology 

induced by Parkinson's-disease-related mutant alpha-synuclein. Neuron, 64(6), 

807-827. doi:10.1016/j.neuron.2009.11.006 

Lipinski, B. (2011). Hydroxyl radical and its scavengers in health and disease. Oxid 

Med Cell Longev, 2011, 809696. doi:10.1155/2011/809696 

Lis, A., Paradkar, P. N., Singleton, S., Kuo, H. C., Garrick, M. D., & Roth, J. A. (2005). 

Hypoxia induces changes in expression of isoforms of the divalent metal 



 

 328 

transporter (DMT1) in rat pheochromocytoma (PC12) cells. Biochem 

Pharmacol, 69(11), 1647-1655. doi:10.1016/j.bcp.2005.03.023 

Liu, B., Gao, H. M., & Hong, J. S. (2003). Parkinson's disease and exposure to 

infectious agents and pesticides and the occurrence of brain injuries: role of 

neuroinflammation. Environ Health Perspect, 111(8), 1065-1073.  

Liu, B., Moloney, A., Meehan, S., Morris, K., Thomas, S. E., Serpell, L. C., . . . 

Crowther, D. C. (2011). Iron promotes the toxicity of amyloid beta peptide by 

impeding its ordered aggregation. J Biol Chem, 286(6), 4248-4256. 

doi:10.1074/jbc.M110.158980 

Liu, X.-B., Nguyen, N.-B. H., Marquess, K. D., Yang, F., & Haile, D. J. (2005). 

Regulation of hepcidin and ferroportin expression by lipopolysaccharide in 

splenic macrophages. Blood Cells, Molecules, and Diseases, 35(1), 47-56. 

doi:https://doi.org/10.1016/j.bcmd.2005.04.006 

Liu, X. B., Hill, P., & Haile, D. J. (2002). Role of the ferroportin iron-responsive 

element in iron and nitric oxide dependent gene regulation. Blood Cells Mol Dis, 

29(3), 315-326.  

Liu, X. B., Yang, F., & Haile, D. J. (2005). Functional consequences of ferroportin 1 

mutations. Blood Cells Mol Dis, 35(1), 33-46. doi:10.1016/j.bcmd.2005.04.005 

Liuzzi, J. P., Aydemir, F., Nam, H., Knutson, M. D., & Cousins, R. J. (2006). Zip14 

(Slc39a14) mediates non-transferrin-bound iron uptake into cells. Proc Natl 

Acad Sci U S A, 103(37), 13612-13617. doi:10.1073/pnas.0606424103 

Liuzzi, J. P., Lichten, L. A., Rivera, S., Blanchard, R. K., Aydemir, T. B., Knutson, M. 

D., . . . Cousins, R. J. (2005). Interleukin-6 regulates the zinc transporter Zip14 

in liver and contributes to the hypozincemia of the acute-phase response. Proc 

Natl Acad Sci U S A, 102(19), 6843-6848. doi:10.1073/pnas.0502257102 



 

 329 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data 

using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 

25(4), 402-408. doi:10.1006/meth.2001.1262 

Loke, S. Y., Siddiqi, N. J., Alhomida, A. S., Kim, H. C., & Ong, W. Y. (2013). 

Expression and localization of duodenal cytochrome b in the rat hippocampus 

after kainate-induced excitotoxicity. Neuroscience, 245, 179-190. 

doi:10.1016/j.neuroscience.2013.04.008 

Long-Smith, C. M., Sullivan, A. M., & Nolan, Y. M. (2009). The influence of microglia 

on the pathogenesis of Parkinson's disease. Prog Neurobiol, 89(3), 277-287. 

doi:10.1016/j.pneurobio.2009.08.001 

Lopes, K. O., Sparks, D. L., & Streit, W. J. (2008). Microglial dystrophy in the aged 

and Alzheimer's disease brain is associated with ferritin immunoreactivity. Glia, 

56(10), 1048-1060. doi:10.1002/glia.20678 

Loria, F., Vargas, J. Y., Bousset, L., Syan, S., Salles, A., Melki, R., & Zurzolo, C. 

(2017). alpha-Synuclein transfer between neurons and astrocytes indicates that 

astrocytes play a role in degradation rather than in spreading. Acta Neuropathol, 

134(5), 789-808. doi:10.1007/s00401-017-1746-2 

Lotharius, J., & Brundin, P. (2002). Pathogenesis of Parkinson's disease: dopamine, 

vesicles and alpha-synuclein. Nat Rev Neurosci, 3(12), 932-942. 

doi:10.1038/nrn983 

Lou, D. Q., Nicolas, G., Lesbordes, J. C., Viatte, L., Grimber, G., Szajnert, M. F., . . . 

Vaulont, S. (2004). Functional differences between hepcidin 1 and 2 in 

transgenic mice. Blood, 103(7), 2816-2821. doi:10.1182/blood-2003-07-2524 



 

 330 

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J. L., & Markesbery, W. R. 

(1998). Copper, iron and zinc in Alzheimer's disease senile plaques. J Neurol 

Sci, 158(1), 47-52.  

Lovell, M. A., Xiong, S., Xie, C., Davies, P., & Markesbery, W. R. (2004). Induction of 

hyperphosphorylated tau in primary rat cortical neuron cultures mediated by 

oxidative stress and glycogen synthase kinase-3. J Alzheimers Dis, 6(6), 659-

671; discussion 673-681.  

Lu, J. P., Hayashi, K., & Awai, M. (1989). Transferrin receptor expression in normal, 

iron-deficient and iron-overloaded rats. Acta Pathol Jpn, 39(12), 759-764.  

Ludwiczek, S., Aigner, E., Theurl, I., & Weiss, G. (2003). Cytokine-mediated 

regulation of iron transport in human monocytic cells. Blood, 101(10), 4148-

4154. doi:10.1182/blood-2002-08-2459 

MacGillivray, R. T., Mendez, E., Shewale, J. G., Sinha, S. K., Lineback-Zins, J., & 

Brew, K. (1983). The primary structure of human serum transferrin. The 

structures of seven cyanogen bromide fragments and the assembly of the 

complete structure. J Biol Chem, 258(6), 3543-3553.  

Mackenzie, B., Takanaga, H., Hubert, N., Rolfs, A., & Hediger, M. A. (2007). 

Functional properties of multiple isoforms of human divalent metal-ion 

transporter 1 (DMT1). Biochem J, 403(1), 59-69. doi:10.1042/bj20061290 

Maktabi, M. A., Heistad, D. D., & Faraci, F. M. (1990). Effects of angiotensin II on 

blood flow to choroid plexus. Am J Physiol, 258(2 Pt 2), H414-418. 

doi:10.1152/ajpheart.1990.258.2.H414 

Malecki, E. A., Cook, B. M., Devenyi, A. G., Beard, J. L., & Connor, J. R. (1999). 

Transferrin is required for normal distribution of 59Fe and 54Mn in mouse 

brain. J Neurol Sci, 170(2), 112-118.  



 

 331 

Mantyh, P. W., Ghilardi, J. R., Rogers, S., DeMaster, E., Allen, C. J., Stimson, E. R., & 

Maggio, J. E. (1993). Aluminum, iron, and zinc ions promote aggregation of 

physiological concentrations of beta-amyloid peptide. J Neurochem, 61(3), 

1171-1174.  

Marro, S., Chiabrando, D., Messana, E., Stolte, J., Turco, E., Tolosano, E., & 

Muckenthaler, M. U. (2010). Heme controls ferroportin1 (FPN1) transcription 

involving Bach1, Nrf2 and a MARE/ARE sequence motif at position -7007 of 

the FPN1 promoter. Haematologica, 95(8), 1261-1268. 

doi:10.3324/haematol.2009.020123 

Marta, M. (2009). Toll-like receptors in multiple sclerosis mouse experimental models. 

Ann N Y Acad Sci, 1173, 458-462. doi:10.1111/j.1749-6632.2009.04849.x 

Martin, I., Dawson, V. L., & Dawson, T. M. (2011). Recent advances in the genetics of 

Parkinson's disease. Annu Rev Genomics Hum Genet, 12, 301-325. 

doi:10.1146/annurev-genom-082410-101440 

Martin, W. R., Wieler, M., & Gee, M. (2008). Midbrain iron content in early Parkinson 

disease: a potential biomarker of disease status. Neurology, 70(16 Pt 2), 1411-

1417. doi:10.1212/01.wnl.0000286384.31050.b5 

Masini, A., Trenti, T., Caramazza, I., Predieri, G., Gallesi, D., & Ceccarelli, D. (1994). 

Dietary iron deficiency in the rat. II. Recovery from energy metabolism 

derangement of the hepatic tissue by iron therapy. Biochim Biophys Acta, 

1188(1-2), 53-57.  

Mastrogiannaki, M., Matak, P., Keith, B., Simon, M. C., Vaulont, S., & Peyssonnaux, 

C. (2009). HIF-2alpha, but not HIF-1alpha, promotes iron absorption in mice. J 

Clin Invest, 119(5), 1159-1166. doi:10.1172/jci38499 



 

 332 

Matak, P., Matak, A., Moustafa, S., Aryal, D. K., Benner, E. J., Wetsel, W., & 

Andrews, N. C. (2016). Disrupted iron homeostasis causes dopaminergic 

neurodegeneration in mice. Proc Natl Acad Sci U S A, 113(13), 3428-3435. 

doi:10.1073/pnas.1519473113 

Mattson, M. P. (2004). Metal-catalyzed disruption of membrane protein and lipid 

signaling in the pathogenesis of neurodegenerative disorders. Ann N Y Acad Sci, 

1012, 37-50.  

McCabe, K., Concannon, R. M., McKernan, D. P., & Dowd, E. (2017). Time-course of 

striatal Toll-like receptor expression in neurotoxic, environmental and 

inflammatory rat models of Parkinson's disease. J Neuroimmunol, 310, 103-106. 

doi:10.1016/j.jneuroim.2017.07.007 

McCarthy, R. C., & Kosman, D. J. (2013). Ferroportin and exocytoplasmic ferroxidase 

activity are required for brain microvascular endothelial cell iron efflux. J Biol 

Chem, 288(24), 17932-17940. doi:10.1074/jbc.M113.455428 

McCarthy, R. C., Park, Y. H., & Kosman, D. J. (2014). sAPP modulates iron efflux 

from brain microvascular endothelial cells by stabilizing the ferrous iron 

exporter ferroportin. EMBO Rep, 15(7), 809-815. doi:10.15252/embr.201338064 

McCarthy, R. C., Sosa, J. C., Gardeck, A. M., Baez, A. S., Lee, C. H., & Wessling-

Resnick, M. (2018). Inflammation-induced Iron Transport and Metabolism by 

Brain Microglia. J Biol Chem. doi:10.1074/jbc.RA118.001949 

McDowall, J. S., Ntai, I., Hake, J., Whitley, P. R., Mason, J. M., Pudney, C. R., & 

Brown, D. R. (2017). Steady-State Kinetics of alpha-Synuclein Ferrireductase 

Activity Identifies the Catalytically Competent Species. Biochemistry, 56(19), 

2497-2505. doi:10.1021/acs.biochem.7b00257 



 

 333 

McDowall, J. S., Ntai, I., Honeychurch, K. C., Hart, J. P., Colin, P., Schneider, B. L., & 

Brown, D. R. (2017). Alpha-synuclein ferrireductase activity is detectible in 

vivo, is altered in Parkinson's disease and increases the neurotoxicity of 

DOPAL. Mol Cell Neurosci, 85, 1-11. doi:10.1016/j.mcn.2017.08.001 

McKie, A. T. (2008). The role of Dcytb in iron metabolism: an update. Biochem Soc 

Trans, 36(Pt 6), 1239-1241. doi:10.1042/bst0361239 

McKie, A. T., Barrow, D., Latunde-Dada, G. O., Rolfs, A., Sager, G., Mudaly, E., . . . 

Simpson, R. J. (2001). An iron-regulated ferric reductase associated with the 

absorption of dietary iron. Science, 291(5509), 1755-1759. 

doi:10.1126/science.1057206 

McLean, E., Cogswell, M., Egli, I., Wojdyla, D., & de Benoist, B. (2009). Worldwide 

prevalence of anaemia, WHO Vitamin and Mineral Nutrition Information 

System, 1993-2005. Public Health Nutr, 12(4), 444-454. 

doi:10.1017/s1368980008002401 

Mehlhase, J., Sandig, G., Pantopoulos, K., & Grune, T. (2005). Oxidation-induced 

ferritin turnover in microglial cells: role of proteasome. Free Radic Biol Med, 

38(2), 276-285. doi:10.1016/j.freeradbiomed.2004.10.025 

Mena, N. P., Esparza, A., Tapia, V., Valdes, P., & Nunez, M. T. (2008). Hepcidin 

inhibits apical iron uptake in intestinal cells. Am J Physiol Gastrointest Liver 

Physiol, 294(1), G192-198. doi:10.1152/ajpgi.00122.2007 

Meyron-Holtz, E. G., Ghosh, M. C., Iwai, K., LaVaute, T., Brazzolotto, X., Berger, U. 

V., . . . Rouault, T. A. (2004). Genetic ablations of iron regulatory proteins 1 and 

2 reveal why iron regulatory protein 2 dominates iron homeostasis. Embo j, 

23(2), 386-395. doi:10.1038/sj.emboj.7600041 



 

 334 

Meyron-Holtz, E. G., Ghosh, M. C., & Rouault, T. A. (2004). Mammalian tissue 

oxygen levels modulate iron-regulatory protein activities in vivo. Science, 

306(5704), 2087-2090. doi:10.1126/science.1103786 

Michelucci, A., Heurtaux, T., Grandbarbe, L., Morga, E., & Heuschling, P. (2009). 

Characterization of the microglial phenotype under specific pro-inflammatory 

and anti-inflammatory conditions: Effects of oligomeric and fibrillar amyloid-

beta. J Neuroimmunol, 210(1-2), 3-12. doi:10.1016/j.jneuroim.2009.02.003 

Miller, D. W., Hague, S. M., Clarimon, J., Baptista, M., Gwinn-Hardy, K., Cookson, M. 

R., & Singleton, A. B. (2004). Alpha-synuclein in blood and brain from familial 

Parkinson disease with SNCA locus triplication. Neurology, 62(10), 1835-1838.  

Minogue, A. M., Barrett, J. P., & Lynch, M. A. (2012). LPS-induced release of IL-6 

from glia modulates production of IL-1beta in a JAK2-dependent manner. J 

Neuroinflammation, 9, 126. doi:10.1186/1742-2094-9-126 

Mirza, B., Hadberg, H., Thomsen, P., & Moos, T. (2000). The absence of reactive 

astrocytosis is indicative of a unique inflammatory process in Parkinson's 

disease. Neuroscience, 95(2), 425-432.  

Mizuno, S., Mihara, T., Miyaoka, T., Inagaki, T., & Horiguchi, J. (2005). CSF iron, 

ferritin and transferrin levels in restless legs syndrome. J Sleep Res, 14(1), 43-

47. doi:10.1111/j.1365-2869.2004.00403.x 

Mogi, M., Harada, M., Narabayashi, H., Inagaki, H., Minami, M., & Nagatsu, T. 

(1996). Interleukin (IL)-1 beta, IL-2, IL-4, IL-6 and transforming growth factor-

alpha levels are elevated in ventricular cerebrospinal fluid in juvenile 

parkinsonism and Parkinson's disease. Neurosci Lett, 211(1), 13-16.  

Mogi, M., Harada, M., Riederer, P., Narabayashi, H., Fujita, K., & Nagatsu, T. (1994). 

Tumor necrosis factor-alpha (TNF-alpha) increases both in the brain and in the 



 

 335 

cerebrospinal fluid from parkinsonian patients. Neurosci Lett, 165(1-2), 208-

210.  

Montosi, G., Donovan, A., Totaro, A., Garuti, C., Pignatti, E., Cassanelli, S., . . . 

Pietrangelo, A. (2001). Autosomal-dominant hemochromatosis is associated 

with a mutation in the ferroportin (SLC11A3) gene. J Clin Invest, 108(4), 619-

623. doi:10.1172/jci13468 

Moore, D. J., West, A. B., Dawson, V. L., & Dawson, T. M. (2005). Molecular 

pathophysiology of Parkinson's disease. Annu Rev Neurosci, 28, 57-87. 

doi:10.1146/annurev.neuro.28.061604.135718 

Moos, T. (1996). Immunohistochemical localization of intraneuronal transferrin 

receptor immunoreactivity in the adult mouse central nervous system. J Comp 

Neurol, 375(4), 675-692. doi:10.1002/(SICI)1096-

9861(19961125)375:4&lt;675::AID-CNE8&gt;3.0.CO;2-Z 

Moos, T., & Morgan, E. H. (1998). Evidence for low molecular weight, non-transferrin-

bound iron in rat brain and cerebrospinal fluid. J Neurosci Res, 54(4), 486-494. 

doi:10.1002/(sici)1097-4547(19981115)54:4<486::aid-jnr6>3.0.co;2-i 

Moos, T., & Morgan, E. H. (2004). The significance of the mutated divalent metal 

transporter (DMT1) on iron transport into the Belgrade rat brain. J Neurochem, 

88(1), 233-245.  

Moos, T., & Morgan, E. H. (2004). The significance of the mutated divalent metal 

transporter (DMT1) on iron transport into the Belgrade rat brain. J Neurochem, 

88(1), 233-245.  

Moos, T., Oates, P. S., & Morgan, E. H. (1998). Expression of the neuronal transferrin 

receptor is age dependent and susceptible to iron deficiency. J Comp Neurol, 

398(3), 420-430.  



 

 336 

Moos, T., Oates, P. S., & Morgan, E. H. (1999). Iron-independent neuronal expression 

of transferrin receptor mRNA in the rat. Brain Res Mol Brain Res, 72(2), 231-

234.  

Moos, T., Rosengren Nielsen, T., Skjorringe, T., & Morgan, E. H. (2007). Iron 

trafficking inside the brain. J Neurochem, 103(5), 1730-1740. 

doi:10.1111/j.1471-4159.2007.04976.x 

Moos, T., Skjoerringe, T., Gosk, S., & Morgan, E. H. (2006). Brain capillary 

endothelial cells mediate iron transport into the brain by segregating iron from 

transferrin without the involvement of divalent metal transporter 1. J 

Neurochem, 98(6), 1946-1958. doi:10.1111/j.1471-4159.2006.04023.x 

Moos, T., Trinder, D., & Morgan, E. H. (2000). Cellular distribution of ferric iron, 

ferritin, transferrin and divalent metal transporter 1 (DMT1) in substantia nigra 

and basal ganglia of normal and beta2-microglobulin deficient mouse brain. Cell 

Mol Biol (Noisy-le-grand), 46(3), 549-561.  

Moreau, V. H., Castilho, R. F., Ferreira, S. T., & Carvalho-Alves, P. C. (1998). 

Oxidative damage to sarcoplasmic reticulum Ca2+-ATPase AT submicromolar 

iron concentrations: evidence for metal-catalyzed oxidation. Free Radic Biol 

Med, 25(4-5), 554-560.  

Morgan, E. H. (1977). Iron exchange between transferrin molecules mediated by 

phosphate compounds and other cell metabolites. Biochim Biophys Acta, 499(1), 

169-177.  

Morgan, E. H. (1979). Studies on the mechanism of iron release from transferrin. 

Biochim Biophys Acta, 580(2), 312-326.  



 

 337 

Morgan, E. H., & Moos, T. (2002). Mechanism and developmental changes in iron 

transport across the blood-brain barrier. Dev Neurosci, 24(2-3), 106-113. 

doi:10.1159/000065699 

Morris, G. P., Clark, I. A., & Vissel, B. (2014). Inconsistencies and controversies 

surrounding the amyloid hypothesis of Alzheimer's disease. Acta Neuropathol 

Commun, 2, 135. doi:10.1186/s40478-014-0135-5 

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: 

application to proliferation and cytotoxicity assays. J Immunol Methods, 65(1-

2), 55-63.  

Moura, I. C., Hermine, O., Lacombe, C., & Mayeux, P. (2015). Erythropoiesis and 

transferrin receptors. Curr Opin Hematol, 22(3), 193-198. 

doi:10.1097/moh.0000000000000133 

Mu, S., Liu, B., Ouyang, L., Zhan, M., Chen, S., Wu, J., . . . Lei, W. (2016). 

Characteristic Changes of Astrocyte and Microglia in Rat Striatum Induced by 

3-NP and MCAO. Neurochem Res, 41(4), 707-714. doi:10.1007/s11064-015-

1739-2 

Muckenthaler, M. U., Galy, B., & Hentze, M. W. (2008). Systemic iron homeostasis 

and the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory 

network. Annu Rev Nutr, 28, 197-213. 

doi:10.1146/annurev.nutr.28.061807.155521 

Muenter, M. D., Forno, L. S., Hornykiewicz, O., Kish, S. J., Maraganore, D. M., 

Caselli, R. J., . . . Calne, D. B. (1998). Hereditary form of parkinsonism--

dementia. Ann Neurol, 43(6), 768-781. doi:10.1002/ana.410430612 

Mulero, V., & Brock, J. H. (1999). Regulation of iron metabolism in murine J774 

macrophages: role of nitric oxide-dependent and -independent pathways 



 

 338 

following activation with gamma interferon and lipopolysaccharide. Blood, 

94(7), 2383-2389.  

Munoz, P., Humeres, A., Elgueta, C., Kirkwood, A., Hidalgo, C., & Nunez, M. T. 

(2011). Iron mediates N-methyl-D-aspartate receptor-dependent stimulation of 

calcium-induced pathways and hippocampal synaptic plasticity. J Biol Chem, 

286(15), 13382-13392. doi:10.1074/jbc.M110.213785 

Nakai, Y., Inoue, K., Abe, N., Hatakeyama, M., Ohta, K. Y., Otagiri, M., . . . Yuasa, H. 

(2007). Functional characterization of human proton-coupled folate 

transporter/heme carrier protein 1 heterologously expressed in mammalian cells 

as a folate transporter. J Pharmacol Exp Ther, 322(2), 469-476. 

doi:10.1124/jpet.107.122606 

Nakamura, Y., Si, Q. S., & Kataoka, K. (1999). Lipopolysaccharide-induced microglial 

activation in culture: temporal profiles of morphological change and release of 

cytokines and nitric oxide. Neurosci Res, 35(2), 95-100.  

Nam, H., Wang, C. Y., Zhang, L., Zhang, W., Hojyo, S., Fukada, T., & Knutson, M. D. 

(2013). ZIP14 and DMT1 in the liver, pancreas, and heart are differentially 

regulated by iron deficiency and overload: implications for tissue iron uptake in 

iron-related disorders. Haematologica, 98(7), 1049-1057. 

doi:10.3324/haematol.2012.072314 

Nedrebo, T., & Reed, R. K. (2002). Different serotypes of endotoxin 

(lipopolysaccharide) cause different increases in albumin extravasation in rats. 

Shock, 18(2), 138-141.  

Nemeth, E., Rivera, S., Gabayan, V., Keller, C., Taudorf, S., Pedersen, B. K., & Ganz, 

T. (2004). IL-6 mediates hypoferremia of inflammation by inducing the 



 

 339 

synthesis of the iron regulatory hormone hepcidin. J Clin Invest, 113(9), 1271-

1276. doi:10.1172/jci20945 

Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B., Donovan, A., Ward, D. M., . . . 

Kaplan, J. (2004). Hepcidin regulates cellular iron efflux by binding to 

ferroportin and inducing its internalization. Science, 306(5704), 2090-2093. 

doi:10.1126/science.1104742 

Nicolas, G., Bennoun, M., Devaux, I., Beaumont, C., Grandchamp, B., Kahn, A., & 

Vaulont, S. (2001). Lack of hepcidin gene expression and severe tissue iron 

overload in upstream stimulatory factor 2 (USF2) knockout mice. Proc Natl 

Acad Sci U S A, 98(15), 8780-8785. doi:10.1073/pnas.151179498 

Nicolas, G., Bennoun, M., Porteu, A., Mativet, S., Beaumont, C., Grandchamp, B., . . . 

Vaulont, S. (2002). Severe iron deficiency anemia in transgenic mice expressing 

liver hepcidin. Proc Natl Acad Sci U S A, 99(7), 4596-4601. 

doi:10.1073/pnas.072632499 

Nimmerjahn, A., Kirchhoff, F., & Helmchen, F. (2005). Resting microglial cells are 

highly dynamic surveillants of brain parenchyma in vivo. Science, 308(5726), 

1314-1318. doi:10.1126/science.1110647 

Nuytemans, K., Theuns, J., Cruts, M., & Van Broeckhoven, C. (2010). Genetic etiology 

of Parkinson disease associated with mutations in the SNCA, PARK2, PINK1, 

PARK7, and LRRK2 genes: a mutation update. Hum Mutat, 31(7), 763-780. 

doi:10.1002/humu.21277 

Oakley, A. E., Collingwood, J. F., Dobson, J., Love, G., Perrott, H. R., Edwardson, J. 

A., . . . Morris, C. M. (2007). Individual dopaminergic neurons show raised iron 

levels in Parkinson disease. Neurology, 68(21), 1820-1825. 

doi:10.1212/01.wnl.0000262033.01945.9a 



 

 340 

Ohgami, R. S., Campagna, D. R., Greer, E. L., Antiochos, B., McDonald, A., Chen, J., . 

. . Fleming, M. D. (2005). Identification of a ferrireductase required for efficient 

transferrin-dependent iron uptake in erythroid cells. Nat Genet, 37(11), 1264-

1269. doi:10.1038/ng1658 

Ohgami, R. S., Campagna, D. R., McDonald, A., & Fleming, M. D. (2006). The Steap 

proteins are metalloreductases. Blood, 108(4), 1388-1394. doi:10.1182/blood-

2006-02-003681 

Okun, E., Griffioen, K. J., Lathia, J. D., Tang, S. C., Mattson, M. P., & Arumugam, T. 

V. (2009). Toll-like receptors in neurodegeneration. Brain Res Rev, 59(2), 278-

292. doi:10.1016/j.brainresrev.2008.09.001 

Olivieri, S., Conti, A., Iannaccone, S., Cannistraci, C. V., Campanella, A., Barbariga, 

M., . . . Alessio, M. (2011). Ceruloplasmin oxidation, a feature of Parkinson's 

disease CSF, inhibits ferroxidase activity and promotes cellular iron retention. J 

Neurosci, 31(50), 18568-18577. doi:10.1523/jneurosci.3768-11.2011 

Ong, W. Y., & Farooqui, A. A. (2005). Iron, neuroinflammation, and Alzheimer's 

disease. J Alzheimers Dis, 8(2), 183-200; discussion 209-115.  

Osaki, S., & Johnson, D. A. (1969). Mobilization of liver iron by ferroxidase 

(ceruloplasmin). J Biol Chem, 244(20), 5757-5758.  

Ostrerova, N., Petrucelli, L., Farrer, M., Mehta, N., Choi, P., Hardy, J., & Wolozin, B. 

(1999). alpha-Synuclein shares physical and functional homology with 14-3-3 

proteins. J Neurosci, 19(14), 5782-5791.  

Ott, M., Gogvadze, V., Orrenius, S., & Zhivotovsky, B. (2007). Mitochondria, oxidative 

stress and cell death. Apoptosis, 12(5), 913-922. doi:10.1007/s10495-007-0756-

2 



 

 341 

Oudit, G. Y., Sun, H., Trivieri, M. G., Koch, S. E., Dawood, F., Ackerley, C., . . . 

Backx, P. H. (2003). L-type Ca2+ channels provide a major pathway for iron 

entry into cardiomyocytes in iron-overload cardiomyopathy. Nat Med, 9(9), 

1187-1194. doi:10.1038/nm920 

Paisan-Ruiz, C., Jain, S., Evans, E. W., Gilks, W. P., Simon, J., van der Brug, M., . . . 

Singleton, A. B. (2004). Cloning of the gene containing mutations that cause 

PARK8-linked Parkinson's disease. Neuron, 44(4), 595-600. 

doi:10.1016/j.neuron.2004.10.023 

Pan, W., Hsuchou, H., Yu, C., & Kastin, A. J. (2008). Permeation of blood-borne IL15 

across the blood-brain barrier and the effect of LPS. J Neurochem, 106(1), 313-

319. doi:10.1111/j.1471-4159.2008.05390.x 

Pandey, N., Schmidt, R. E., & Galvin, J. E. (2006). The alpha-synuclein mutation E46K 

promotes aggregation in cultured cells. Exp Neurol, 197(2), 515-520. 

doi:10.1016/j.expneurol.2005.10.019 

Pantopoulos, K., & Hentze, M. W. (1998). Activation of iron regulatory protein-1 by 

oxidative stress in vitro. Proc Natl Acad Sci U S A, 95(18), 10559-10563.  

Paoli, M., Marles-Wright, J., & Smith, A. (2002). Structure-function relationships in 

heme-proteins. DNA Cell Biol, 21(4), 271-280. 

doi:10.1089/104454902753759690 

Paradkar, P. N., & Roth, J. A. (2006). Nitric oxide transcriptionally down-regulates 

specific isoforms of divalent metal transporter (DMT1) via NF-kappaB. J 

Neurochem, 96(6), 1768-1777. doi:10.1111/j.1471-4159.2006.03702.x 

Park, C. H., Valore, E. V., Waring, A. J., & Ganz, T. (2001). Hepcidin, a urinary 

antimicrobial peptide synthesized in the liver. J Biol Chem, 276(11), 7806-7810. 

doi:10.1074/jbc.M008922200 



 

 342 

Park, J. Y., Paik, S. R., Jou, I., & Park, S. M. (2008). Microglial phagocytosis is 

enhanced by monomeric alpha-synuclein, not aggregated alpha-synuclein: 

implications for Parkinson's disease. Glia, 56(11), 1215-1223. 

doi:10.1002/glia.20691 

Park, S. M., Jung, H. Y., Kim, T. D., Park, J. H., Yang, C. H., & Kim, J. (2002). 

Distinct roles of the N-terminal-binding domain and the C-terminal-solubilizing 

domain of alpha-synuclein, a molecular chaperone. J Biol Chem, 277(32), 

28512-28520. doi:10.1074/jbc.M111971200 

Parrow, N. L., & Fleming, R. E. (2014). Bone morphogenetic proteins as regulators of 

iron metabolism. Annu Rev Nutr, 34, 77-94. doi:10.1146/annurev-nutr-071813-

105646 

Passer, B. J., Nancy-Portebois, V., Amzallag, N., Prieur, S., Cans, C., Roborel de 

Climens, A., . . . Telerman, A. (2003). The p53-inducible TSAP6 gene product 

regulates apoptosis and the cell cycle and interacts with Nix and the Myt1 

kinase. Proc Natl Acad Sci U S A, 100(5), 2284-2289. 

doi:10.1073/pnas.0530298100 

Pavese, N., & Brooks, D. J. (2009). Imaging neurodegeneration in Parkinson's disease. 

Biochim Biophys Acta, 1792(7), 722-729. doi:10.1016/j.bbadis.2008.10.003 

Pelizzoni, I., Macco, R., Morini, M. F., Zacchetti, D., Grohovaz, F., & Codazzi, F. 

(2011). Iron handling in hippocampal neurons: activity-dependent iron entry and 

mitochondria-mediated neurotoxicity. Aging Cell, 10(1), 172-183. 

doi:10.1111/j.1474-9726.2010.00652.x 

Pelizzoni, I., Zacchetti, D., Campanella, A., Grohovaz, F., & Codazzi, F. (2013). Iron 

uptake in quiescent and inflammation-activated astrocytes: a potentially 



 

 343 

neuroprotective control of iron burden. Biochim Biophys Acta, 1832(8), 1326-

1333. doi:10.1016/j.bbadis.2013.04.007 

Pelizzoni, I., Zacchetti, D., Smith, C. P., Grohovaz, F., & Codazzi, F. (2012). 

Expression of divalent metal transporter 1 in primary hippocampal neurons: 

reconsidering its role in non-transferrin-bound iron influx. J Neurochem, 120(2), 

269-278. doi:10.1111/j.1471-4159.2011.07578.x 

Peng, X., Tehranian, R., Dietrich, P., Stefanis, L., & Perez, R. G. (2005). Alpha-

synuclein activation of protein phosphatase 2A reduces tyrosine hydroxylase 

phosphorylation in dopaminergic cells. J Cell Sci, 118(Pt 15), 3523-3530. 

doi:10.1242/jcs.02481 

Perry, G., Nunomura, A., Hirai, K., Zhu, X., Perez, M., Avila, J., . . . Smith, M. A. 

(2002). Is oxidative damage the fundamental pathogenic mechanism of 

Alzheimer's and other neurodegenerative diseases? Free Radic Biol Med, 

33(11), 1475-1479.  

Peyssonnaux, C., Zinkernagel, A. S., Datta, V., Lauth, X., Johnson, R. S., & Nizet, V. 

(2006). TLR4-dependent hepcidin expression by myeloid cells in response to 

bacterial pathogens. Blood, 107(9), 3727-3732. doi:10.1182/blood-2005-06-

2259 

Peyssonnaux, C., Zinkernagel, A. S., Schuepbach, R. A., Rankin, E., Vaulont, S., 

Haase, V. H., . . . Johnson, R. S. (2007). Regulation of iron homeostasis by the 

hypoxia-inducible transcription factors (HIFs). J Clin Invest, 117(7), 1926-1932. 

doi:10.1172/jci31370 

Pham, C. G., Bubici, C., Zazzeroni, F., Papa, S., Jones, J., Alvarez, K., . . . Franzoso, G. 

(2004). Ferritin heavy chain upregulation by NF-kappaB inhibits TNFalpha-



 

 344 

induced apoptosis by suppressing reactive oxygen species. Cell, 119(4), 529-

542. doi:10.1016/j.cell.2004.10.017 

Pierre, J. L., Fontecave, M., & Crichton, R. R. (2002). Chemistry for an essential 

biological process: the reduction of ferric iron. Biometals, 15(4), 341-346.  

Pietrangelo, A. (2010). Hereditary hemochromatosis: pathogenesis, diagnosis, and 

treatment. Gastroenterology, 139(2), 393-408, 408.e391-392. 

doi:10.1053/j.gastro.2010.06.013 

Pietrangelo, A. (2011). Hepcidin in human iron disorders: therapeutic implications. J 

Hepatol, 54(1), 173-181. doi:10.1016/j.jhep.2010.08.004 

Pietrangelo, A., Dierssen, U., Valli, L., Garuti, C., Rump, A., Corradini, E., . . . 

Trautwein, C. (2007). STAT3 is required for IL-6-gp130-dependent activation 

of hepcidin in vivo. Gastroenterology, 132(1), 294-300. 

doi:10.1053/j.gastro.2006.10.018 

Pietsch, E. C., Chan, J. Y., Torti, F. M., & Torti, S. V. (2003). Nrf2 mediates the 

induction of ferritin H in response to xenobiotics and cancer chemopreventive 

dithiolethiones. J Biol Chem, 278(4), 2361-2369. doi:10.1074/jbc.M210664200 

Pigeon, C., Ilyin, G., Courselaud, B., Leroyer, P., Turlin, B., Brissot, P., & Loreal, O. 

(2001). A new mouse liver-specific gene, encoding a protein homologous to 

human antimicrobial peptide hepcidin, is overexpressed during iron overload. J 

Biol Chem, 276(11), 7811-7819. doi:10.1074/jbc.M008923200 

Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell, C. J., Zhao, N., 

. . . Mackenzie, B. (2011). Zip14 is a complex broad-scope metal-ion transporter 

whose functional properties support roles in the cellular uptake of zinc and 

nontransferrin-bound iron. Am J Physiol Cell Physiol, 301(4), C862-871. 

doi:10.1152/ajpcell.00479.2010 



 

 345 

Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Van Huffel, C., Du, X., . . . Beutler, B. 

(1998). Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: 

mutations in Tlr4 gene. Science, 282(5396), 2085-2088.  

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A., . . . 

Nussbaum, R. L. (1997). Mutation in the alpha-synuclein gene identified in 

families with Parkinson's disease. Science, 276(5321), 2045-2047.  

Ponka, P. (1997). Tissue-specific regulation of iron metabolism and heme synthesis: 

distinct control mechanisms in erythroid cells. Blood, 89(1), 1-25.  

Porcari, R., Proukakis, C., Waudby, C. A., Bolognesi, B., Mangione, P. P., Paton, J. F., . 

. . Bellotti, V. (2015). The H50Q mutation induces a 10-fold decrease in the 

solubility of alpha-synuclein. J Biol Chem, 290(4), 2395-2404. 

doi:10.1074/jbc.M114.610527 

Possel, H., Noack, H., Putzke, J., Wolf, G., & Sies, H. (2000). Selective upregulation of 

inducible nitric oxide synthase (iNOS) by lipopolysaccharide (LPS) and 

cytokines in microglia: in vitro and in vivo studies. Glia, 32(1), 51-59.  

Poulos, T. L. (2007). The Janus nature of heme. Nat Prod Rep, 24(3), 504-510. 

doi:10.1039/b604195g 

Prigione, A., Piazza, F., Brighina, L., Begni, B., Galbussera, A., Difrancesco, J. C., . . . 

Ferrarese, C. (2010). Alpha-synuclein nitration and autophagy response are 

induced in peripheral blood cells from patients with Parkinson disease. Neurosci 

Lett, 477(1), 6-10. doi:10.1016/j.neulet.2010.04.022 

Prinz, M., & Mildner, A. (2011). Microglia in the CNS: immigrants from another world. 

Glia, 59(2), 177-187. doi:10.1002/glia.21104 

Proukakis, C., Dudzik, C. G., Brier, T., MacKay, D. S., Cooper, J. M., Millhauser, G. 

L., . . . Schapira, A. H. (2013). A novel alpha-synuclein missense mutation in 



 

 346 

Parkinson disease. Neurology, 80(11), 1062-1064. 

doi:10.1212/WNL.0b013e31828727ba 

Puertollano, R., & Kiselyov, K. (2009). TRPMLs: in sickness and in health. Am J 

Physiol Renal Physiol, 296(6), F1245-1254. doi:10.1152/ajprenal.90522.2008 

Puri, N., Arefiev, Y., Chao, R., Sacerdoti, D., Chaudry, H., Nichols, A., . . . Peterson, S. 

J. (2017). Heme Oxygenase Induction Suppresses Hepatic Hepcidin and Rescues 

Ferroportin and Ferritin Expression in Obese Mice. J Nutr Metab, 2017, 

4964571. doi:10.1155/2017/4964571 

Pyatigorskaya, N., Sharman, M., Corvol, J. C., Valabregue, R., Yahia-Cherif, L., 

Poupon, F., . . . Lehericy, S. (2015). High nigral iron deposition in LRRK2 and 

Parkin mutation carriers using R2* relaxometry. Mov Disord, 30(8), 1077-1084. 

doi:10.1002/mds.26218 

Qian, L., Flood, P. M., & Hong, J. S. (2010). Neuroinflammation is a key player in 

Parkinson's disease and a prime target for therapy. J Neural Transm (Vienna), 

117(8), 971-979. doi:10.1007/s00702-010-0428-1 

Qian, Z. M., Li, H., Sun, H., & Ho, K. (2002). Targeted drug delivery via the transferrin 

receptor-mediated endocytosis pathway. Pharmacol Rev, 54(4), 561-587.  

Qian, Z. M., To, Y., Tang, P. L., & Feng, Y. M. (1999). Transferrin receptors on the 

plasma membrane of cultured rat astrocytes. Exp Brain Res, 129(3), 473-476.  

Qin, Y., Zhu, W., Zhan, C., Zhao, L., Wang, J., Tian, Q., & Wang, W. (2011). 

Investigation on positive correlation of increased brain iron deposition with 

cognitive impairment in Alzheimer disease by using quantitative MR R2' 

mapping. J Huazhong Univ Sci Technolog Med Sci, 31(4), 578-585. 

doi:10.1007/s11596-011-0493-1 



 

 347 

Raffin, S. B., Woo, C. H., Roost, K. T., Price, D. C., & Schmid, R. (1974). Intestinal 

absorption of hemoglobin iron-heme cleavage by mucosal heme oxygenase. J 

Clin Invest, 54(6), 1344-1352. doi:10.1172/jci107881 

Raha-Chowdhury, R., Raha, A. A., Forostyak, S., Zhao, J. W., Stott, S. R., & Bomford, 

A. (2015). Expression and cellular localization of hepcidin mRNA and protein in 

normal rat brain. BMC Neurosci, 16, 24. doi:10.1186/s12868-015-0161-7 

Raichle, M. E., & Gusnard, D. A. (2002). Appraising the brain's energy budget. Proc 

Natl Acad Sci U S A, 99(16), 10237-10239. doi:10.1073/pnas.172399499 

Rajagopal, A., Rao, A. U., Amigo, J., Tian, M., Upadhyay, S. K., Hall, C., . . . Hamza, 

I. (2008). Haem homeostasis is regulated by the conserved and concerted 

functions of HRG-1 proteins. Nature, 453(7198), 1127-1131. 

doi:10.1038/nature06934 

Ramos, P., Santos, A., Pinto, N. R., Mendes, R., Magalhaes, T., & Almeida, A. (2014). 

Iron levels in the human brain: a post-mortem study of anatomical region 

differences and age-related changes. J Trace Elem Med Biol, 28(1), 13-17. 

doi:10.1016/j.jtemb.2013.08.001 

Ransohoff, R. M. (2016). How neuroinflammation contributes to neurodegeneration. 

Science, 353(6301), 777-783. doi:10.1126/science.aag2590 

Rathbone, B. J., Johnson, A. W., Wyatt, J. I., Kelleher, J., Heatley, R. V., & Losowsky, 

M. S. (1989). Ascorbic acid: a factor concentrated in human gastric juice. Clin 

Sci (Lond), 76(3), 237-241.  

Rathnasamy, G., Ling, E. A., & Kaur, C. (2011). Iron and iron regulatory proteins in 

amoeboid microglial cells are linked to oligodendrocyte death in hypoxic 

neonatal rat periventricular white matter through production of proinflammatory 



 

 348 

cytokines and reactive oxygen/nitrogen species. J Neurosci, 31(49), 17982-

17995. doi:10.1523/jneurosci.2250-11.2011 

Rathore, K. I., Redensek, A., & David, S. (2012). Iron homeostasis in astrocytes and 

microglia is differentially regulated by TNF-alpha and TGF-beta1. Glia, 60(5), 

738-750. doi:10.1002/glia.22303 

Recalcati, S., Minotti, G., & Cairo, G. (2010). Iron regulatory proteins: from molecular 

mechanisms to drug development. Antioxid Redox Signal, 13(10), 1593-1616. 

doi:10.1089/ars.2009.2983 

Recalcati, S., Pometta, R., Levi, S., Conte, D., & Cairo, G. (1998). Response of 

monocyte iron regulatory protein activity to inflammation: abnormal behavior in 

genetic hemochromatosis. Blood, 91(7), 2565-2572.  

Recalcati, S., Taramelli, D., Conte, D., & Cairo, G. (1998). Nitric oxide-mediated 

induction of ferritin synthesis in J774 macrophages by inflammatory cytokines: 

role of selective iron regulatory protein-2 downregulation. Blood, 91(3), 1059-

1066.  

Recalcati, S., Locati, M., Marini, A., Santambrogio, P., Zaninotto, F., De Pizzol, M., . . . 

Cairo, G. (2010). Differential regulation of iron homeostasis during human 

macrophage polarized activation. Eur J Immunol, 40(3), 824-835. 

doi:10.1002/eji.200939889 

Rehncrona, S., Hauge, H. N., & Siesjo, B. K. (1989). Enhancement of iron-catalyzed 

free radical formation by acidosis in brain homogenates: differences in effect by 

lactic acid and CO2. J Cereb Blood Flow Metab, 9(1), 65-70. 

doi:10.1038/jcbfm.1989.9 



 

 349 

Richardson, D. R., Neumannova, V., Nagy, E., & Ponka, P. (1995). The effect of redox-

related species of nitrogen monoxide on transferrin and iron uptake and cellular 

proliferation of erythroleukemia (K562) cells. Blood, 86(8), 3211-3219.  

Richardson, D. R., & Ponka, P. (1997). The molecular mechanisms of the metabolism 

and transport of iron in normal and neoplastic cells. Biochim Biophys Acta, 

1331(1), 1-40.  

Roetto, A., Papanikolaou, G., Politou, M., Alberti, F., Girelli, D., Christakis, J., . . . 

Camaschella, C. (2003). Mutant antimicrobial peptide hepcidin is associated 

with severe juvenile hemochromatosis. Nat Genet, 33(1), 21-22. 

doi:10.1038/ng1053 

Rogers, J. T., Bridges, K. R., Durmowicz, G. P., Glass, J., Auron, P. E., & Munro, H. N. 

(1990). Translational control during the acute phase response. Ferritin synthesis 

in response to interleukin-1. J Biol Chem, 265(24), 14572-14578.  

Rogers, J. T., Leiter, L. M., McPhee, J., Cahill, C. M., Zhan, S. S., Potter, H., & 

Nilsson, L. N. (1999). Translation of the alzheimer amyloid precursor protein 

mRNA is up-regulated by interleukin-1 through 5'-untranslated region 

sequences. J Biol Chem, 274(10), 6421-6431.  

Rogers, J. T., Randall, J. D., Cahill, C. M., Eder, P. S., Huang, X., Gunshin, H., . . . 

Gullans, S. R. (2002). An iron-responsive element type II in the 5'-untranslated 

region of the Alzheimer's amyloid precursor protein transcript. J Biol Chem, 

277(47), 45518-45528. doi:10.1074/jbc.M207435200 

Rojanathammanee, L., Murphy, E. J., & Combs, C. K. (2011). Expression of mutant 

alpha-synuclein modulates microglial phenotype in vitro. J Neuroinflammation, 

8, 44. doi:10.1186/1742-2094-8-44 



 

 350 

Rolfs, A., Kvietikova, I., Gassmann, M., & Wenger, R. H. (1997). Oxygen-regulated 

transferrin expression is mediated by hypoxia-inducible factor-1. J Biol Chem, 

272(32), 20055-20062.  

Roodveldt, C., Labrador-Garrido, A., Gonzalez-Rey, E., Fernandez-Montesinos, R., 

Caro, M., Lachaud, C. C., . . . Pozo, D. (2010). Glial innate immunity generated 

by non-aggregated alpha-synuclein in mouse: differences between wild-type and 

Parkinson's disease-linked mutants. PLoS One, 5(10), e13481. 

doi:10.1371/journal.pone.0013481 

Rothwell, N. J., & Luheshi, G. N. (2000). Interleukin 1 in the brain: biology, pathology 

and therapeutic target. Trends Neurosci, 23(12), 618-625.  

Rouault, T. A. (2006). The role of iron regulatory proteins in mammalian iron 

homeostasis and disease. Nat Chem Biol, 2(8), 406-414. 

doi:10.1038/nchembio807 

Rouault, T. A., & Klausner, R. D. (1996). Iron-sulfur clusters as biosensors of oxidants 

and iron. Trends Biochem Sci, 21(5), 174-177.  

Rouault, T. A., & Tong, W. H. (2008). Iron-sulfur cluster biogenesis and human 

disease. Trends Genet, 24(8), 398-407. doi:10.1016/j.tig.2008.05.008 

Rouault, T. A., Zhang, D. L., & Jeong, S. Y. (2009). Brain iron homeostasis, the 

choroid plexus, and localization of iron transport proteins. Metab Brain Dis, 

24(4), 673-684. doi:10.1007/s11011-009-9169-y 

Ruiperez, V., Darios, F., & Davletov, B. (2010). Alpha-synuclein, lipids and 

Parkinson's disease. Prog Lipid Res, 49(4), 420-428. 

doi:10.1016/j.plipres.2010.05.004 



 

 351 

Rutgers, M. P., Pielen, A., & Gille, M. (2007). Chronic cerebellar ataxia and hereditary 

hemochromatosis: causal or coincidental association? J Neurol, 254(9), 1296-

1297. doi:10.1007/s00415-006-0507-2 

Rutherford, N. J., Moore, B. D., Golde, T. E., & Giasson, B. I. (2014). Divergent effects 

of the H50Q and G51D SNCA mutations on the aggregation of alpha-synuclein. 

J Neurochem, 131(6), 859-867. doi:10.1111/jnc.12806 

Sacino, A. N., Brooks, M., McKinney, A. B., Thomas, M. A., Shaw, G., Golde, T. E., & 

Giasson, B. I. (2014). Brain injection of alpha-synuclein induces multiple 

proteinopathies, gliosis, and a neuronal injury marker. J Neurosci, 34(37), 

12368-12378. doi:10.1523/jneurosci.2102-14.2014 

Saijo, K., Winner, B., Carson, C. T., Collier, J. G., Boyer, L., Rosenfeld, M. G., . . . 

Glass, C. K. (2009). A Nurr1/CoREST transrepression pathway attenuates 

neurotoxic inflammation in activated microglia and astrocytes. Cell, 137(1), 47-

59. doi:10.1016/j.cell.2009.01.038 

Salahudeen, A. A., Thompson, J. W., Ruiz, J. C., Ma, H. W., Kinch, L. N., Li, Q., . . . 

Bruick, R. K. (2009). An E3 ligase possessing an iron-responsive hemerythrin 

domain is a regulator of iron homeostasis. Science, 326(5953), 722-726. 

doi:10.1126/science.1176326 

Salazar, J., Mena, N., Hunot, S., Prigent, A., Alvarez-Fischer, D., Arredondo, M., . . . 

Hirsch, E. C. (2008). Divalent metal transporter 1 (DMT1) contributes to 

neurodegeneration in animal models of Parkinson's disease. Proc Natl Acad Sci 

U S A, 105(47), 18578-18583. doi:10.1073/pnas.0804373105 

Samuel, F., Flavin, W. P., Iqbal, S., Pacelli, C., Sri Renganathan, S. D., Trudeau, L. E., . 

. . Tandon, A. (2016). Effects of Serine 129 Phosphorylation on alpha-Synuclein 



 

 352 

Aggregation, Membrane Association, and Internalization. J Biol Chem, 291(9), 

4374-4385. doi:10.1074/jbc.M115.705095 

Savman, K., Nilsson, U. A., Thoresen, M., & Kjellmer, I. (2005). Non-protein-bound 

iron in brain interstitium of newborn pigs after hypoxia. Dev Neurosci, 27(2-4), 

176-184. doi:10.1159/000085990 

Schade, A. L., & Caroline, L. (1946). An iron-binding component in human blood 

plasma. Science, 104(2702), 340.  

Schipper, H. M., Bennett, D. A., Liberman, A., Bienias, J. L., Schneider, J. A., Kelly, J., 

& Arvanitakis, Z. (2006). Glial heme oxygenase-1 expression in Alzheimer 

disease and mild cognitive impairment. Neurobiol Aging, 27(2), 252-261. 

doi:10.1016/j.neurobiolaging.2005.01.016 

Schletter, J., Heine, H., Ulmer, A. J., & Rietschel, E. T. (1995). Molecular mechanisms 

of endotoxin activity. Arch Microbiol, 164(6), 383-389.  

Schmidt, P. J., Toran, P. T., Giannetti, A. M., Bjorkman, P. J., & Andrews, N. C. 

(2008). The transferrin receptor modulates Hfe-dependent regulation of hepcidin 

expression. Cell Metab, 7(3), 205-214. doi:10.1016/j.cmet.2007.11.016 

Scholz, S. W., & Jeon, B. S. (2015). GBA mutations and Parkinson disease: when 

genotype meets phenotype. Neurology, 84(9), 866-867. 

doi:10.1212/wnl.0000000000001321 

Schubert, D., & Chevion, M. (1995). The role of iron in beta amyloid toxicity. Biochem 

Biophys Res Commun, 216(2), 702-707. doi:10.1006/bbrc.1995.2678 

Schulz, K., Vulpe, C. D., Harris, L. Z., & David, S. (2011). Iron efflux from 

oligodendrocytes is differentially regulated in gray and white matter. J Neurosci, 

31(37), 13301-13311. doi:10.1523/jneurosci.2838-11.2011 



 

 353 

Shah, Y. M., Matsubara, T., Ito, S., Yim, S. H., & Gonzalez, F. J. (2009). Intestinal 

hypoxia-inducible transcription factors are essential for iron absorption 

following iron deficiency. Cell Metab, 9(2), 152-164. 

doi:10.1016/j.cmet.2008.12.012 

Sharma, A. K., Pallesen, L. J., Spang, R. J., & Walden, W. E. (2010). Cytosolic iron-

sulfur cluster assembly (CIA) system: factors, mechanism, and relevance to 

cellular iron regulation. J Biol Chem, 285(35), 26745-26751. 

doi:10.1074/jbc.R110.122218 

Shayeghi, M., Latunde-Dada, G. O., Oakhill, J. S., Laftah, A. H., Takeuchi, K., 

Halliday, N., . . . McKie, A. T. (2005). Identification of an intestinal heme 

transporter. Cell, 122(5), 789-801. doi:10.1016/j.cell.2005.06.025 

Shin, W. H., Jeon, M. T., Leem, E., Won, S. Y., Jeong, K. H., Park, S. J., . . . Kim, S. R. 

(2015). Induction of microglial toll-like receptor 4 by prothrombin kringle-2: a 

potential pathogenic mechanism in Parkinson's disease. Sci Rep, 5, 14764. 

doi:10.1038/srep14764 

Shinkyo, R., & Guengerich, F. P. (2011). Cytochrome P450 7A1 cholesterol 7alpha-

hydroxylation: individual reaction steps in the catalytic cycle and rate-limiting 

ferric iron reduction. J Biol Chem, 286(6), 4632-4643. 

doi:10.1074/jbc.M110.193409 

Sian, J., Dexter, D. T., Lees, A. J., Daniel, S., Agid, Y., Javoy-Agid, F., . . . Marsden, C. 

D. (1994). Alterations in glutathione levels in Parkinson's disease and other 

neurodegenerative disorders affecting basal ganglia. Ann Neurol, 36(3), 348-

355. doi:10.1002/ana.410360305 



 

 354 

Sian-Hulsmann, J., Mandel, S., Youdim, M. B., & Riederer, P. (2011). The relevance of 

iron in the pathogenesis of Parkinson's disease. J Neurochem, 118(6), 939-957. 

doi:10.1111/j.1471-4159.2010.07132.x 

Sierra, A., Navascues, J., Cuadros, M. A., Calvente, R., Martin-Oliva, D., Ferrer-

Martin, R. M., . . . Marin-Teva, J. L. (2014). Expression of inducible nitric oxide 

synthase (iNOS) in microglia of the developing quail retina. PLoS One, 9(8), 

e106048. doi:10.1371/journal.pone.0106048 

Silvestri, L., & Camaschella, C. (2008). A potential pathogenetic role of iron in 

Alzheimer's disease. J Cell Mol Med, 12(5a), 1548-1550. doi:10.1111/j.1582-

4934.2008.00356.x 

Silvestri, L., Pagani, A., & Camaschella, C. (2008). Furin-mediated release of soluble 

hemojuvelin: a new link between hypoxia and iron homeostasis. Blood, 111(2), 

924-931. doi:10.1182/blood-2007-07-100677 

Silvestri, L., Pagani, A., Nai, A., De Domenico, I., Kaplan, J., & Camaschella, C. 

(2008). The serine protease matriptase-2 (TMPRSS6) inhibits hepcidin 

activation by cleaving membrane hemojuvelin. Cell Metab, 8(6), 502-511. 

doi:10.1016/j.cmet.2008.09.012 

Singh, N., Haldar, S., Tripathi, A. K., Horback, K., Wong, J., Sharma, D., . . . Singh, A. 

(2014). Brain iron homeostasis: from molecular mechanisms to clinical 

significance and therapeutic opportunities. Antioxid Redox Signal, 20(8), 1324-

1363. doi:10.1089/ars.2012.4931 

Singh, S., Das, T., Ravindran, A., Chaturvedi, R. K., Shukla, Y., Agarwal, A. K., & 

Dikshit, M. (2005). Involvement of nitric oxide in neurodegeneration: a study on 

the experimental models of Parkinson's disease. Redox Rep, 10(2), 103-109. 

doi:10.1179/135100005x38842 



 

 355 

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., . . . 

Gwinn-Hardy, K. (2003). alpha-Synuclein locus triplication causes Parkinson's 

disease. Science, 302(5646), 841. doi:10.1126/science.1090278 

Smith, C. D., Chebrolu, H., Wekstein, D. R., Schmitt, F. A., Jicha, G. A., Cooper, G., & 

Markesbery, W. R. (2007). Brain structural alterations before mild cognitive 

impairment. Neurology, 68(16), 1268-1273. 

doi:10.1212/01.wnl.0000259542.54830.34 

Smith, M. A., Harris, P. L., Sayre, L. M., & Perry, G. (1997). Iron accumulation in 

Alzheimer disease is a source of redox-generated free radicals. Proc Natl Acad 

Sci U S A, 94(18), 9866-9868.  

Smith, M. A., Zhu, X., Tabaton, M., Liu, G., McKeel, D. W., Jr., Cohen, M. L., . . . 

Perry, G. (2010). Increased iron and free radical generation in preclinical 

Alzheimer disease and mild cognitive impairment. J Alzheimers Dis, 19(1), 363-

372. doi:10.3233/jad-2010-1239 

Sofic, E., Paulus, W., Jellinger, K., Riederer, P., & Youdim, M. B. (1991). Selective 

increase of iron in substantia nigra zona compacta of parkinsonian brains. J 

Neurochem, 56(3), 978-982.  

Sofic, E., Riederer, P., Heinsen, H., Beckmann, H., Reynolds, G. P., Hebenstreit, G., & 

Youdim, M. B. (1988). Increased iron (III) and total iron content in post mortem 

substantia nigra of parkinsonian brain. J Neural Transm, 74(3), 199-205.  

Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and glial scar 

formation. Trends Neurosci, 32(12), 638-647. doi:10.1016/j.tins.2009.08.002 

Song, L., Song, W., & Schipper, H. M. (2007). Astroglia overexpressing heme 

oxygenase-1 predispose co-cultured PC12 cells to oxidative injury. J Neurosci 

Res, 85(10), 2186-2195. doi:10.1002/jnr.21367 



 

 356 

Song, N., Jiang, H., Wang, J., & Xie, J. X. (2007). Divalent metal transporter 1 up-

regulation is involved in the 6-hydroxydopamine-induced ferrous iron influx. J 

Neurosci Res, 85(14), 3118-3126. doi:10.1002/jnr.21430 

Song, N., Wang, J., Jiang, H., & Xie, J. (2010). Ferroportin 1 but not hephaestin 

contributes to iron accumulation in a cell model of Parkinson's disease. Free 

Radic Biol Med, 48(2), 332-341. doi:10.1016/j.freeradbiomed.2009.11.004 

Speake, T., Kibble, J. D., & Brown, P. D. (2004). Kv1.1 and Kv1.3 channels contribute 

to the delayed-rectifying K+ conductance in rat choroid plexus epithelial cells. 

Am J Physiol Cell Physiol, 286(3), C611-620. doi:10.1152/ajpcell.00292.2003 

Spillantini, M. G., Crowther, R. A., Jakes, R., Cairns, N. J., Lantos, P. L., & Goedert, 

M. (1998). Filamentous alpha-synuclein inclusions link multiple system atrophy 

with Parkinson's disease and dementia with Lewy bodies. Neurosci Lett, 251(3), 

205-208.  

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., & Goedert, M. (1998). 

alpha-Synuclein in filamentous inclusions of Lewy bodies from Parkinson's 

disease and dementia with lewy bodies. Proc Natl Acad Sci U S A, 95(11), 6469-

6473.  

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R., & 

Goedert, M. (1997). Alpha-synuclein in Lewy bodies. Nature, 388(6645), 839-

840. doi:10.1038/42166 

Stamler, J. S., Singel, D. J., & Loscalzo, J. (1992). Biochemistry of nitric oxide and its 

redox-activated forms. Science, 258(5090), 1898-1902.  

Stefanova, N., Fellner, L., Reindl, M., Masliah, E., Poewe, W., & Wenning, G. K. 

(2011). Toll-like receptor 4 promotes alpha-synuclein clearance and survival of 



 

 357 

nigral dopaminergic neurons. Am J Pathol, 179(2), 954-963. 

doi:10.1016/j.ajpath.2011.04.013 

Stefanova, N., Reindl, M., Neumann, M., Kahle, P. J., Poewe, W., & Wenning, G. K. 

(2007). Microglial activation mediates neurodegeneration related to 

oligodendroglial alpha-synucleinopathy: implications for multiple system 

atrophy. Mov Disord, 22(15), 2196-2203. doi:10.1002/mds.21671 

Steinbicker, A. U., Bartnikas, T. B., Lohmeyer, L. K., Leyton, P., Mayeur, C., Kao, S. 

M., . . . Bloch, K. D. (2011). Perturbation of hepcidin expression by BMP type I 

receptor deletion induces iron overload in mice. Blood, 118(15), 4224-4230. 

doi:10.1182/blood-2011-03-339952 

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. 

J., . . . Zhang, D. D. (2017). Ferroptosis: A Regulated Cell Death Nexus Linking 

Metabolism, Redox Biology, and Disease. Cell, 171(2), 273-285. 

doi:10.1016/j.cell.2017.09.021 

Streit, W. J. (2002). Microglia as neuroprotective, immunocompetent cells of the CNS. 

Glia, 40(2), 133-139. doi:10.1002/glia.10154 

Steinbicker, A. U., & Muckenthaler, M. U. (2013). Out of balance--systemic iron 

homeostasis in iron-related disorders. Nutrients, 5(8), 3034-3061. doi:10.3390/ 

 

Stys, A., Galy, B., Starzynski, R. R., Smuda, E., Drapier, J. C., Lipinski, P., & Bouton, 

C. (2011). Iron regulatory protein 1 outcompetes iron regulatory protein 2 in 

regulating cellular iron homeostasis in response to nitric oxide. J Biol Chem, 

286(26), 22846-22854. doi:10.1074/jbc.M111.231902 



 

 358 

Su, M. A., Trenor, C. C., Fleming, J. C., Fleming, M. D., & Andrews, N. C. (1998). The 

G185R mutation disrupts function of the iron transporter Nramp2. Blood, 92(6), 

2157-2163.  

Su, X., Maguire-Zeiss, K. A., Giuliano, R., Prifti, L., Venkatesh, K., & Federoff, H. J. 

(2008). Synuclein activates microglia in a model of Parkinson's disease. 

Neurobiol Aging, 29(11), 1690-1701. doi:10.1016/j.neurobiolaging.2007.04.006 

Sun, C., Song, N., Xie, A., Xie, J., & Jiang, H. (2012). High hepcidin level accounts for 

the nigral iron accumulation in acute peripheral iron intoxication rats. Toxicol 

Lett, 212(3), 276-281. doi:10.1016/j.toxlet.2012.05.022 

Tacchini, L., Gammella, E., De Ponti, C., Recalcati, S., & Cairo, G. (2008). Role of 

HIF-1 and NF-kappaB transcription factors in the modulation of transferrin 

receptor by inflammatory and anti-inflammatory signals. J Biol Chem, 283(30), 

20674-20686. doi:10.1074/jbc.M800365200 

Takahashi, M., Ko, L. W., Kulathingal, J., Jiang, P., Sevlever, D., & Yen, S. H. (2007). 

Oxidative stress-induced phosphorylation, degradation and aggregation of alpha-

synuclein are linked to upregulated CK2 and cathepsin D. Eur J Neurosci, 26(4), 

863-874. doi:10.1111/j.1460-9568.2007.05736.x 

Takanashi, M., Mochizuki, H., Yokomizo, K., Hattori, N., Mori, H., Yamamura, Y., & 

Mizuno, Y. (2001). Iron accumulation in the substantia nigra of autosomal 

recessive juvenile parkinsonism (ARJP). Parkinsonism Relat Disord, 7(4), 311-

314.  

Takano, T., Tian, G. F., Peng, W., Lou, N., Libionka, W., Han, X., & Nedergaard, M. 

(2006). Astrocyte-mediated control of cerebral blood flow. Nat Neurosci, 9(2), 

260-267. doi:10.1038/nn1623 



 

 359 

Tandy, S., Williams, M., Leggett, A., Lopez-Jimenez, M., Dedes, M., Ramesh, B., . . . 

Sharp, P. (2000). Nramp2 expression is associated with pH-dependent iron 

uptake across the apical membrane of human intestinal Caco-2 cells. J Biol 

Chem, 275(2), 1023-1029.  

Tang, S. C., Arumugam, T. V., Xu, X., Cheng, A., Mughal, M. R., Jo, D. G., . . . 

Mattson, M. P. (2007). Pivotal role for neuronal Toll-like receptors in ischemic 

brain injury and functional deficits. Proc Natl Acad Sci U S A, 104(34), 13798-

13803. doi:10.1073/pnas.0702553104 

Tanno, T., Bhanu, N. V., Oneal, P. A., Goh, S. H., Staker, P., Lee, Y. T., . . . Miller, J. 

L. (2007). High levels of GDF15 in thalassemia suppress expression of the iron 

regulatory protein hepcidin. Nat Med, 13(9), 1096-1101. doi:10.1038/nm1629 

Tanno, T., Porayette, P., Sripichai, O., Noh, S. J., Byrnes, C., Bhupatiraju, A., . . . 

Miller, J. L. (2009). Identification of TWSG1 as a second novel erythroid 

regulator of hepcidin expression in murine and human cells. Blood, 114(1), 181-

186. doi:10.1182/blood-2008-12-195503 

Taylor, K. M., Morgan, H. E., Johnson, A., & Nicholson, R. I. (2005). Structure-

function analysis of a novel member of the LIV-1 subfamily of zinc transporters, 

ZIP14. FEBS Lett, 579(2), 427-432. doi:10.1016/j.febslet.2004.12.006 

Teeuwsen, V. J., Schalken, J. J., van der Groen, G., van de Akker, R., Goudsmit, J., & 

Osterhaus, A. D. (1991). An inhibition enzyme immunoassay using a human 

monoclonal antibody (K14) reactive with gp41 of HIV-1 for the serology of 

HIV-1 infections. Aids, 5(7), 893-896.  

Terada, S., Ishizu, H., Yokota, O., Tsuchiya, K., Nakashima, H., Ishihara, T., . . . 

Kuroda, S. (2003). Glial involvement in diffuse Lewy body disease. Acta 

Neuropathol, 105(2), 163-169. doi:10.1007/s00401-002-0622-9 



 

 360 

Tesfay, L., Clausen, K. A., Kim, J. W., Hegde, P., Wang, X., Miller, L. D., . . . Torti, S. 

V. (2015). Hepcidin regulation in prostate and its disruption in prostate cancer. 

Cancer Res, 75(11), 2254-2263. doi:10.1158/0008-5472.Can-14-2465 

Theodore, S., Cao, S., McLean, P. J., & Standaert, D. G. (2008). Targeted 

overexpression of human alpha-synuclein triggers microglial activation and an 

adaptive immune response in a mouse model of Parkinson disease. J 

Neuropathol Exp Neurol, 67(12), 1149-1158. 

doi:10.1097/NEN.0b013e31818e5e99 

Thevenet, J., Pescini Gobert, R., Hooft van Huijsduijnen, R., Wiessner, C., & Sagot, Y. 

J. (2011). Regulation of LRRK2 expression points to a functional role in human 

monocyte maturation. PLoS One, 6(6), e21519. 

doi:10.1371/journal.pone.0021519 

Thinakaran, G., & Koo, E. H. (2008). Amyloid precursor protein trafficking, 

processing, and function. J Biol Chem, 283(44), 29615-29619. 

doi:10.1074/jbc.R800019200 

Tieu, K., Ischiropoulos, H., & Przedborski, S. (2003). Nitric oxide and reactive oxygen 

species in Parkinson's disease. IUBMB Life, 55(6), 329-335. 

doi:10.1080/1521654032000114320 

Todorich, B., Zhang, X., Slagle-Webb, B., Seaman, W. E., & Connor, J. R. (2008). 

Tim-2 is the receptor for H-ferritin on oligodendrocytes. J Neurochem, 107(6), 

1495-1505. doi:10.1111/j.1471-4159.2008.05678.x 

Tran, T. N., Eubanks, S. K., Schaffer, K. J., Zhou, C. Y., & Linder, M. C. (1997). 

Secretion of ferritin by rat hepatoma cells and its regulation by inflammatory 

cytokines and iron. Blood, 90(12), 4979-4986.  



 

 361 

Tripathi, A. K., Karmakar, S., Asthana, A., Ashok, A., Desai, V., Baksi, S., & Singh, N. 

(2017). Transport of Non-Transferrin Bound Iron to the Brain: Implications for 

Alzheimer's Disease. J Alzheimers Dis, 58(4), 1109-1119. doi:10.3233/jad-

170097 

Troadec, M. B., Ward, D. M., Lo, E., Kaplan, J., & De Domenico, I. (2010). Induction 

of FPN1 transcription by MTF-1 reveals a role for ferroportin in transition metal 

efflux. Blood, 116(22), 4657-4664. doi:10.1182/blood-2010-04-278614 

Truman-Rosentsvit, M., Berenbaum, D., Spektor, L., Cohen, L. A., Belizowsky-Moshe, 

S., Lifshitz, L., . . . Meyron-Holtz, E. G. (2018). Ferritin is secreted via 2 distinct 

nonclassical vesicular pathways. Blood, 131(3), 342-352. doi:10.1182/blood-

2017-02-768580 

Tsai, H. H., Li, H., Fuentealba, L. C., Molofsky, A. V., Taveira-Marques, R., Zhuang, 

H., . . . Rowitch, D. H. (2012). Regional astrocyte allocation regulates CNS 

synaptogenesis and repair. Science, 337(6092), 358-362. 

doi:10.1126/science.1222381 

Tsuji, Y. (2005). JunD activates transcription of the human ferritin H gene through an 

antioxidant response element during oxidative stress. Oncogene, 24(51), 7567-

7578. doi:10.1038/sj.onc.1208901 

Tulpule, K., Robinson, S. R., Bishop, G. M., & Dringen, R. (2010). Uptake of ferrous 

iron by cultured rat astrocytes. J Neurosci Res, 88(3), 563-571. 

doi:10.1002/jnr.22217 

Ulevitch, R. J., & Tobias, P. S. (1999). Recognition of gram-negative bacteria and 

endotoxin by the innate immune system. Curr Opin Immunol, 11(1), 19-22.  

Ullian, E. M., Christopherson, K. S., & Barres, B. A. (2004). Role for glia in 

synaptogenesis. Glia, 47(3), 209-216. doi:10.1002/glia.20082 



 

 362 

Upton, R. L., Chen, Y., Mumby, S., Gutteridge, J. M., Anning, P. B., Nicholson, A. G., 

. . . Quinlan, G. J. (2003). Variable tissue expression of transferrin receptors: 

relevance to acute respiratory distress syndrome. Eur Respir J, 22(2), 335-341.  

Urrutia, P., Aguirre, P., Esparza, A., Tapia, V., Mena, N. P., Arredondo, M., . . . Nunez, 

M. T. (2013). Inflammation alters the expression of DMT1, FPN1 and hepcidin, 

and it causes iron accumulation in central nervous system cells. J Neurochem, 

126(4), 541-549. doi:10.1111/jnc.12244 

Uversky, V. N. (2007). Neuropathology, biochemistry, and biophysics of alpha-

synuclein aggregation. J Neurochem, 103(1), 17-37. doi:10.1111/j.1471-

4159.2007.04764.x 

Uversky, V. N., Li, J., & Fink, A. L. (2001). Metal-triggered structural transformations, 

aggregation, and fibrillation of human alpha-synuclein. A possible molecular 

NK between Parkinson's disease and heavy metal exposure. J Biol Chem, 

276(47), 44284-44296. doi:10.1074/jbc.M105343200 

Valente, E. M., Abou-Sleiman, P. M., Caputo, V., Muqit, M. M., Harvey, K., Gispert, 

S., . . . Wood, N. W. (2004). Hereditary early-onset Parkinson's disease caused 

by mutations in PINK1. Science, 304(5674), 1158-1160. 

doi:10.1126/science.1096284 

van Eijk, L. T., Heemskerk, S., van der Pluijm, R. W., van Wijk, S. M., Peters, W. H., 

van der Hoeven, J. G., . . . Pickkers, P. (2014). The effect of iron loading and 

iron chelation on the innate immune response and subclinical organ injury 

during human endotoxemia: a randomized trial. Haematologica, 99(3), 579-587. 

doi:10.3324/haematol.2013.088047 

Vargas, J. D., Herpers, B., McKie, A. T., Gledhill, S., McDonnell, J., van den Heuvel, 

M., . . . Ponting, C. P. (2003). Stromal cell-derived receptor 2 and cytochrome 



 

 363 

b561 are functional ferric reductases. Biochim Biophys Acta, 1651(1-2), 116-

123.  

Vashisht, A. A., Zumbrennen, K. B., Huang, X., Powers, D. N., Durazo, A., Sun, D., . . 

. Wohlschlegel, J. A. (2009). Control of iron homeostasis by an iron-regulated 

ubiquitin ligase. Science, 326(5953), 718-721. doi:10.1126/science.1176333 

Vassiliev, V., Harris, Z. L., & Zatta, P. (2005). Ceruloplasmin in neurodegenerative 

diseases. Brain Res Brain Res Rev, 49(3), 633-640. 

doi:10.1016/j.brainresrev.2005.03.003 

Vidal, R., Miravalle, L., Gao, X., Barbeito, A. G., Baraibar, M. A., Hekmatyar, S. K., . . 

. Ghetti, B. (2008). Expression of a mutant form of the ferritin light chain gene 

induces neurodegeneration and iron overload in transgenic mice. J Neurosci, 

28(1), 60-67. doi:10.1523/jneurosci.3962-07.2008 

Vilarino-Guell, C., Rajput, A., Milnerwood, A. J., Shah, B., Szu-Tu, C., Trinh, J., . . . 

Farrer, M. J. (2014). DNAJC13 mutations in Parkinson disease. Hum Mol 

Genet, 23(7), 1794-1801. doi:10.1093/hmg/ddt570 

Vilarino-Guell, C., Wider, C., Ross, O. A., Dachsel, J. C., Kachergus, J. M., Lincoln, S. 

J., . . . Farrer, M. J. (2011). VPS35 mutations in Parkinson disease. Am J Hum 

Genet, 89(1), 162-167. doi:10.1016/j.ajhg.2011.06.001 

Volke, M., Gale, D. P., Maegdefrau, U., Schley, G., Klanke, B., Bosserhoff, A. K., . . . 

Warnecke, C. (2009). Evidence for a lack of a direct transcriptional suppression 

of the iron regulatory peptide hepcidin by hypoxia-inducible factors. PLoS One, 

4(11), e7875. doi:10.1371/journal.pone.0007875 

Volz, K. (2008). The functional duality of iron regulatory protein 1. Curr Opin Struct 

Biol, 18(1), 106-111. doi:10.1016/j.sbi.2007.12.010 



 

 364 

von Bernhardi, R., & Eugenin, J. (2012). Alzheimer's disease: redox dysregulation as a 

common denominator for diverse pathogenic mechanisms. Antioxid Redox 

Signal, 16(9), 974-1031. doi:10.1089/ars.2011.4082 

Vulpe, C. D., Kuo, Y. M., Murphy, T. L., Cowley, L., Askwith, C., Libina, N., . . . 

Anderson, G. J. (1999). Hephaestin, a ceruloplasmin homologue implicated in 

intestinal iron transport, is defective in the sla mouse. Nat Genet, 21(2), 195-

199. doi:10.1038/5979 

Wajant, H., & Scheurich, P. (2011). TNFR1-induced activation of the classical NF-

kappaB pathway. Febs j, 278(6), 862-876. doi:10.1111/j.1742-

4658.2011.08015.x 

Wallis, L. I., Paley, M. N., Graham, J. M., Grunewald, R. A., Wignall, E. L., Joy, H. 

M., & Griffiths, P. D. (2008). MRI assessment of basal ganglia iron deposition 

in Parkinson's disease. J Magn Reson Imaging, 28(5), 1061-1067. 

doi:10.1002/jmri.21563 

Walter, P. B., Knutson, M. D., Paler-Martinez, A., Lee, S., Xu, Y., Viteri, F. E., & 

Ames, B. N. (2002). Iron deficiency and iron excess damage mitochondria and 

mitochondrial DNA in rats. Proc Natl Acad Sci U S A, 99(4), 2264-2269. 

doi:10.1073/pnas.261708798 

Wan, L., Nie, G., Zhang, J., & Zhao, B. (2012). Overexpression of human wild-type 

amyloid-beta protein precursor decreases the iron content and increases the 

oxidative stress of neuroblastoma SH-SY5Y cells. J Alzheimers Dis, 30(3), 523-

530. doi:10.3233/jad-2012-111169 

Wang, C., Fan, G., Xu, K., & Wang, S. (2013). Quantitative assessment of iron 

deposition in the midbrain using 3D-enhanced T2 star weighted angiography 

(ESWAN): a preliminary cross-sectional study of 20 Parkinson's disease 



 

 365 

patients. Magn Reson Imaging, 31(7), 1068-1073. 

doi:10.1016/j.mri.2013.04.015 

Wang, C. Y., Jenkitkasemwong, S., Duarte, S., Sparkman, B. K., Shawki, A., 

Mackenzie, B., & Knutson, M. D. (2012). ZIP8 is an iron and zinc transporter 

whose cell-surface expression is up-regulated by cellular iron loading. J Biol 

Chem, 287(41), 34032-34043. doi:10.1074/jbc.M112.367284 

Wang, J., Jiang, H., & Xie, J. X. (2007). Ferroportin1 and hephaestin are involved in the 

nigral iron accumulation of 6-OHDA-lesioned rats. Eur J Neurosci, 25(9), 2766-

2772. doi:10.1111/j.1460-9568.2007.05515.x 

Wang, J., & Pantopoulos, K. (2011). Regulation of cellular iron metabolism. Biochem J, 

434(3), 365-381. doi:10.1042/bj20101825 

Wang, J., Song, N., Jiang, H., Wang, J., & Xie, J. (2013). Pro-inflammatory cytokines 

modulate iron regulatory protein 1 expression and iron transportation through 

reactive oxygen/nitrogen species production in ventral mesencephalic neurons. 

Biochim Biophys Acta, 1832(5), 618-625. doi:10.1016/j.bbadis.2013.01.021 

Wang, J., Xu, H. M., Yang, H. D., Du, X. X., Jiang, H., & Xie, J. X. (2009). Rg1 

reduces nigral iron levels of MPTP-treated C57BL6 mice by regulating certain 

iron transport proteins. Neurochem Int, 54(1), 43-48. 

doi:10.1016/j.neuint.2008.10.003 

Wang, L., Das, U., Scott, D. A., Tang, Y., McLean, P. J., & Roy, S. (2014). alpha-

synuclein multimers cluster synaptic vesicles and attenuate recycling. Curr Biol, 

24(19), 2319-2326. doi:10.1016/j.cub.2014.08.027 

Wang, Q., Du, F., Qian, Z. M., Ge, X. H., Zhu, L., Yung, W. H., . . . Ke, Y. (2008). 

Lipopolysaccharide induces a significant increase in expression of iron  



 

 366 

            regulatory hormone hepcidin in the cortex and substantia nigra in rat brain. 

Endocrinology, 149(8), 3920-3925. doi:10.1210/en.2007-1626 

Wang, R. H., Li, C., Xu, X., Zheng, Y., Xiao, C., Zerfas, P., . . . Deng, C. X. (2005).  

            A role of SMAD4 in iron metabolism through the positive regulation of hepcidin 

expression. Cell Metab, 2(6), 399-409. doi:10.1016/j.cmet.2005.10.010 

Wang, S., Liu, C., Pan, S., Miao, Q., Xue, J., Xun, J., . . . Fan, Y. (2015). Deferoxamine 

attenuates lipopolysaccharide-induced inflammatory responses and protects 

against endotoxic shock in mice. Biochem Biophys Res Commun, 465(2), 305-

311. doi:10.1016/j.bbrc.2015.08.032 

Wang, S. M., Fu, L. J., Duan, X. L., Crooks, D. R., Yu, P., Qian, Z. M., . . . Chang, Y. 

Z. (2010). Role of hepcidin in murine brain iron metabolism. Cell Mol Life Sci, 

67(1),  

            123-133. doi:10.1007/s00018-009-0167-3 

Wang, W., Song, N., Zhang, H., Xie, J., & Wang, J. (2012). 6-Hydroxydopamine  

            upregulates iron regulatory protein 1 by activating certain protein kinase C 

isoforms  

            in the dopaminergic MES23.5 cell line. Int J Biochem Cell Biol, 44(11), 1987-

1992. doi:10.1016/j.biocel.2012.07.018 

Wang, X., Garrick, M. D., Yang, F., Dailey, L. A., Piantadosi, C. A., & Ghio, A. J.  

           (2005). TNF, IFN-gamma, and endotoxin increase expression of DMT1 in 

            bronchial epithelial cells. Am J Physiol Lung Cell Mol Physiol, 289(1), L24-33. 

doi:10.1152/ajplung.00428.2003 

Wang, Y., Su, L., Morin, M. D., Jones, B. T., Whitby, L. R., Surakattula, M. M.,  

      . . . Beutler, B. (2016). TLR4/MD-2 activation by a synthetic agonist with no  



 

 367 

            similarity to LPS. Proc Natl Acad Sci U S A, 113(7), E884-893. 

doi:10.1073/pnas.1525639113 

Ward, D. M., & Kaplan, J. (2012). Ferroportin-mediated iron transport: expression and 

regulation. Biochim Biophys Acta, 1823(9), 1426-1433. 

doi:10.1016/j.bbamcr.2012.03.004 

Ward, R. J., Crichton, R. R., Taylor, D. L., Della Corte, L., Srai, S. K., & Dexter, D. T. 

(2011). Iron and the immune system. J Neural Transm (Vienna), 118(3), 315-

328. doi:10.1007/s00702-010-0479-3 

Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., & Zecca, L. (2014). The role of 

iron in brain ageing and neurodegenerative disorders. Lancet Neurol, 13(10), 

1045-1060. doi:10.1016/s1474-4422(14)70117-6 

Wardrop, S. L., & Richardson, D. R. (2000). Interferon-gamma and lipopolysaccharide 

regulate the expression of Nramp2 and increase the uptake of iron from low 

relative molecular mass complexes by macrophages. Eur J Biochem, 267(22), 

6586-6593.  

Weinreb, P. H., Zhen, W., Poon, A. W., Conway, K. A., & Lansbury, P. T., Jr. (1996). 

NACP, a protein implicated in Alzheimer's disease and learning, is natively 

unfolded. Biochemistry, 35(43), 13709-13715. doi:10.1021/bi961799n 

Weiss, G., Goossen, B., Doppler, W., Fuchs, D., Pantopoulos, K., Werner-Felmayer, G., 

. . . Hentze, M. W. (1993). Translational regulation via iron-responsive elements 

by the nitric oxide/NO-synthase pathway. Embo j, 12(9), 3651-3657.  

West, A. B., Moore, D. J., Biskup, S., Bugayenko, A., Smith, W. W., Ross, C. A., . . . 

Dawson, T. M. (2005). Parkinson's disease-associated mutations in leucine-rich 

repeat kinase 2 augment kinase activity. Proc Natl Acad Sci U S A, 102(46), 

16842-16847. doi:10.1073/pnas.0507360102 



 

 368 

Winter, W. E., Bazydlo, L. A., & Harris, N. S. (2014). The molecular biology of human 

iron metabolism. Lab Med, 45(2), 92-102.  

Winterbourn, C. C. (1995). Toxicity of iron and hydrogen peroxide: the Fenton reaction. 

Toxicol Lett, 82-83, 969-974.  

Wise-Scira, O., Dunn, A., Aloglu, A. K., Sakallioglu, I. T., & Coskuner, O. (2013). 

Structures of the E46K mutant-type alpha-synuclein protein and impact of E46K 

mutation on the structures of the wild-type alpha-synuclein protein. ACS Chem 

Neurosci, 4(3), 498-508. doi:10.1021/cn3002027 

Wong, B. X., Tsatsanis, A., Lim, L. Q., Adlard, P. A., Bush, A. I., & Duce, J. A. (2014). 

beta-Amyloid precursor protein does not possess ferroxidase activity but does 

stabilize the cell surface ferrous iron exporter ferroportin. PLoS One, 9(12), 

e114174. doi:10.1371/journal.pone.0114174 

Wrighting, D. M., & Andrews, N. C. (2006). Interleukin-6 induces hepcidin expression 

through STAT3. Blood, 108(9), 3204-3209. doi:10.1182/blood-2006-06-027631 

Wu, L. J., Leenders, A. G., Cooperman, S., Meyron-Holtz, E., Smith, S., Land, W., . . . 

Rouault, T. A. (2004). Expression of the iron transporter ferroportin in synaptic 

vesicles and the blood-brain barrier. Brain Res, 1001(1-2), 108-117. 

doi:10.1016/j.brainres.2003.10.066 

Wu, Y., Shen, L., Wang, R., Tang, J., Ding, S. Q., Wang, S. N., . . . Lu, H. Z. (2018). 

Increased ceruloplasmin expression caused by infiltrated leukocytes, activated 

microglia, and astrocytes in injured female rat spinal cords. J Neurosci Res. 

doi:10.1002/jnr.24221 

Wyman, S., Simpson, R. J., McKie, A. T., & Sharp, P. A. (2008). Dcytb (Cybrd1) 

functions as both a ferric and a cupric reductase in vitro. FEBS Lett, 582(13), 

1901-1906. doi:10.1016/j.febslet.2008.05.010 



 

 369 

Xie, Q. W., Cho, H. J., Calaycay, J., Mumford, R. A., Swiderek, K. M., Lee, T. D., . . . 

Nathan, C. (1992). Cloning and characterization of inducible nitric oxide 

synthase from mouse macrophages. Science, 256(5054), 225-228.  

Xiong, X. Y., Liu, L., Wang, F. X., Yang, Y. R., Hao, J. W., Wang, P. F., . . . Yang, Q. 

W. (2016). Toll-Like Receptor 4/MyD88-Mediated Signaling of Hepcidin 

Expression Causing Brain Iron Accumulation, Oxidative Injury, and Cognitive 

Impairment After Intracerebral Hemorrhage. Circulation, 134(14), 1025-1038. 

doi:10.1161/circulationaha.116.021881 

Xu, H., Wang, Y., Song, N., Wang, J., Jiang, H., & Xie, J. (2017). New Progress on the 

Role of Glia in Iron Metabolism and Iron-Induced Degeneration of Dopamine 

Neurons in Parkinson's Disease. Front Mol Neurosci, 10, 455. 

doi:10.3389/fnmol.2017.00455 

Xu, Q., Kanthasamy, A. G., Jin, H., & Reddy, M. B. (2016). Hepcidin Plays a Key Role 

in 6-OHDA Induced Iron Overload and Apoptotic Cell Death in a Cell Culture 

Model of Parkinson's Disease. Parkinsons Dis, 2016, 8684130. 

doi:10.1155/2016/8684130 

Xu, X. M., & Moller, S. G. (2011). Iron-sulfur clusters: biogenesis, molecular 

mechanisms, and their functional significance. Antioxid Redox Signal, 15(1), 

271-307. doi:10.1089/ars.2010.3259 

Xu, Y., Deng, Y., & Qing, H. (2015). The phosphorylation of alpha-synuclein: 

development and implication for the mechanism and therapy of the Parkinson's 

disease. J Neurochem, 135(1), 4-18. doi:10.1111/jnc.13234 

Xu, Y. X., Du, F., Jiang, L. R., Gong, J., Zhou, Y. F., Luo, Q. Q., . . . Ke, Y. (2015). 

Effects of aspirin on expression of iron transport and storage proteins in BV-2 

microglial cells. Neurochem Int, 91, 72-77. doi:10.1016/j.neuint.2015.10.014 



 

 370 

Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A. J., Yang, W. S., Fridman, D. 

J., . . . Stockwell, B. R. (2007). RAS-RAF-MEK-dependent oxidative cell death 

involving voltage-dependent anion channels. Nature, 447(7146), 864-868. 

doi:10.1038/nature05859 

Yamaji, S., Sharp, P., Ramesh, B., & Srai, S. K. (2004). Inhibition of iron transport 

across human intestinal epithelial cells by hepcidin. Blood, 104(7), 2178-2180. 

doi:10.1182/blood-2004-03-0829 

Yamamoto, A., Shin, R. W., Hasegawa, K., Naiki, H., Sato, H., Yoshimasu, F., & 

Kitamoto, T. (2002). Iron (III) induces aggregation of hyperphosphorylated tau 

and its reduction to iron (II) reverses the aggregation: implications in the 

formation of neurofibrillary tangles of Alzheimer's disease. J Neurochem, 82(5), 

1137-1147.  

Yanatori, I., Tabuchi, M., Kawai, Y., Yasui, Y., Akagi, R., & Kishi, F. (2010). Heme 

and non-heme iron transporters in non-polarized and polarized cells. BMC Cell 

Biol, 11, 39. doi:10.1186/1471-2121-11-39 

Yang, F., Liu, X. B., Quinones, M., Melby, P. C., Ghio, A., & Haile, D. J. (2002). 

Regulation of reticuloendothelial iron transporter MTP1 (Slc11a3) by 

inflammation. J Biol Chem, 277(42), 39786-39791. 

doi:10.1074/jbc.M201485200 

Yang, F., Liu, X. B., Quinones, M., Melby, P. C., Ghio, A., & Haile, D. J. (2002). 

Regulation of reticuloendothelial iron transporter MTP1 (Slc11a3) by 

inflammation. J Biol Chem, 277(42), 39786-39791. 

doi:10.1074/jbc.M201485200 

Yang, H., Magilnick, N., Lee, C., Kalmaz, D., Ou, X., Chan, J. Y., & Lu, S. C. (2005). 

Nrf1 and Nrf2 regulate rat glutamate-cysteine ligase catalytic subunit 



 

 371 

transcription indirectly via NF-kappaB and AP-1. Mol Cell Biol, 25(14), 5933-

5946. doi:10.1128/mcb.25.14.5933-5946.2005 

Yang, Q., Jian, J., Katz, S., Abramson, S. B., & Huang, X. (2012). 17beta-Estradiol 

inhibits iron hormone hepcidin through an estrogen responsive element half-site. 

Endocrinology, 153(7), 3170-3178. doi:10.1210/en.2011-2045 

Yang, W. S., & Stockwell, B. R. (2008). Synthetic lethal screening identifies 

compounds activating iron-dependent, nonapoptotic cell death in oncogenic-

RAS-harboring cancer cells. Chem Biol, 15(3), 234-245. 

doi:10.1016/j.chembiol.2008.02.010 

Yokoyama, H., Takagi, S., Watanabe, Y., Kato, H., & Araki, T. (2008). Role of reactive 

nitrogen and reactive oxygen species against MPTP neurotoxicity in mice. J 

Neural Transm (Vienna), 115(6), 831-842. doi:10.1007/s00702-008-0019-6 

You, L. H., Li, F., Wang, L., Zhao, S. E., Wang, S. M., Zhang, L. L., . . . Chang, Y. Z. 

(2015). Brain iron accumulation exacerbates the pathogenesis of MPTP-induced 

Parkinson's disease. Neuroscience, 284, 234-246. 

doi:10.1016/j.neuroscience.2014.09.071 

You, L. H., Yan, C. Z., Zheng, B. J., Ci, Y. Z., Chang, S. Y., Yu, P., . . . Chang, Y. Z. 

(2017). Astrocyte hepcidin is a key factor in LPS-induced neuronal apoptosis. 

Cell Death Dis, 8(3), e2676. doi:10.1038/cddis.2017.93 

Youdim, M. B. (2008). Brain iron deficiency and excess; cognitive impairment and 

neurodegeneration with involvement of striatum and hippocampus. Neurotox 

Res, 14(1), 45-56.  

Yu, J., Guo, Y., Sun, M., Li, B., Zhang, Y., & Li, C. (2009). Iron is a potential key 

mediator of glutamate excitotoxicity in spinal cord motor neurons. Brain Res, 

1257, 102-107. doi:10.1016/j.brainres.2008.12.030 



 

 372 

Yurkova, I., Kisel, M., Arnhold, J., & Shadyro, O. (2005). Iron-mediated free-radical 

formation of signaling lipids in a model system. Chem Phys Lipids, 137(1-2), 

29-37. doi:10.1016/j.chemphyslip.2005.06.002 

Zager, R. A., Johnson, A. C., & Hanson, S. Y. (2004). Parenteral iron therapy 

exacerbates experimental sepsis. Kidney Int, 65(6), 2108-2112. 

doi:10.1111/j.1523-1755.2004.00742.x 

Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I., . . . 

de Yebenes, J. G. (2004). The new mutation, E46K, of alpha-synuclein causes 

Parkinson and Lewy body dementia. Ann Neurol, 55(2), 164-173. 

doi:10.1002/ana.10795 

Zecca, L., Gallorini, M., Schunemann, V., Trautwein, A. X., Gerlach, M., Riederer, P., . 

. . Tampellini, D. (2001). Iron, neuromelanin and ferritin content in the 

substantia nigra of normal subjects at different ages: consequences for iron 

storage and neurodegenerative processes. J Neurochem, 76(6), 1766-1773.  

Zecca, L., Shima, T., Stroppolo, A., Goj, C., Battiston, G. A., Gerbasi, R., . . . Swartz, 

H. M. (1996). Interaction of neuromelanin and iron in substantia nigra and other 

areas of human brain. Neuroscience, 73(2), 407-415.  

Zecca, L., Stroppolo, A., Gatti, A., Tampellini, D., Toscani, M., Gallorini, M., . . . 

Zucca, F. A. (2004). The role of iron and copper molecules in the neuronal 

vulnerability of locus coeruleus and substantia nigra during aging. Proc Natl 

Acad Sci U S A, 101(26), 9843-9848. doi:10.1073/pnas.0403495101 

Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., & Crichton, R. R. (2004). Iron, 

brain ageing and neurodegenerative disorders. Nat Rev Neurosci, 5(11), 863-

873. doi:10.1038/nrn1537 



 

 373 

Zechel, S., Huber-Wittmer, K., & von Bohlen und Halbach, O. (2006). Distribution of 

the iron-regulating protein hepcidin in the murine central nervous system. J 

Neurosci Res, 84(4), 790-800. doi:10.1002/jnr.20991 

Zhang, F. L., Hou, H. M., Yin, Z. N., Chang, L., Li, F. M., Chen, Y. J., . . . Qian, Z. M. 

(2017). Impairment of Hepcidin Upregulation by Lipopolysaccharide in the 

Interleukin-6 Knockout Mouse Brain. Front Mol Neurosci, 10, 367. 

doi:10.3389/fnmol.2017.00367 

Zhang, H. Y., Song, N., Jiang, H., Bi, M. X., & Xie, J. X. (2014). Brain-derived 

neurotrophic factor and glial cell line-derived neurotrophic factor inhibit ferrous 

iron influx via divalent metal transporter 1 and iron regulatory protein 1 

regulation in ventral mesencephalic neurons. Biochim Biophys Acta, 1843(12), 

2967-2975. doi:10.1016/j.bbamcr.2014.09.010 

Zhang, H. Y., Wang, N. D., Song, N., Xu, H. M., Shi, L. M., Jiang, H., & Xie, J. X. 

(2013). 6-Hydroxydopamine promotes iron traffic in primary cultured 

astrocytes. Biometals, 26(5), 705-714. doi:10.1007/s10534-013-9647-x 

Zhang, J., Koh, J., Lu, J., Thiel, S., Leong, B. S., Sethi, S., . . . Ding, J. L. (2009). Local 

inflammation induces complement crosstalk which amplifies the antimicrobial 

response. PLoS Pathog, 5(1), e1000282. doi:10.1371/journal.ppat.1000282 

Zhang, S., Wang, J., Song, N., Xie, J., & Jiang, H. (2009). Up-regulation of divalent 

metal transporter 1 is involved in 1-methyl-4-phenylpyridinium (MPP(+))-

induced apoptosis in MES23.5 cells. Neurobiol Aging, 30(9), 1466-1476. 

doi:10.1016/j.neurobiolaging.2007.11.025 

Zhang, W., Wang, T., Pei, Z., Miller, D. S., Wu, X., Block, M. L., . . . Zhang, J. (2005). 

Aggregated alpha-synuclein activates microglia: a process leading to disease 



 

 374 

progression in Parkinson's disease. Faseb j, 19(6), 533-542. doi:10.1096/fj.04-

2751com 

Zhang, W., Yan, Z. F., Gao, J. H., Sun, L., Huang, X. Y., Liu, Z., . . . Wang, X. M. 

(2014). Role and mechanism of microglial activation in iron-induced selective 

and progressive dopaminergic neurodegeneration. Mol Neurobiol, 49(3), 1153-

1165. doi:10.1007/s12035-013-8586-4 

Zhang, Z., Hou, L., Song, J. L., Song, N., Sun, Y. J., Lin, X., . . . Ge, Y. L. (2014). Pro-

inflammatory cytokine-mediated ferroportin down-regulation contributes to the 

nigral iron accumulation in lipopolysaccharide-induced Parkinsonian models. 

Neuroscience, 257, 20-30. doi:10.1016/j.neuroscience.2013.09.037 

Zhang, Z., Zhang, F., An, P., Guo, X., Shen, Y., Tao, Y., . . . Wang, F. (2011). 

Ferroportin1 deficiency in mouse macrophages impairs iron homeostasis and 

inflammatory responses. Blood, 118(7), 1912-1922. doi:10.1182/blood-2011-01-

330324 

Zhang, Z., Zhang, F., Guo, X., An, P., Tao, Y., & Wang, F. (2012). Ferroportin1 in 

hepatocytes and macrophages is required for the efficient mobilization of body 

iron stores in mice. Hepatology, 56(3), 961-971. doi:10.1002/hep.25746 

Zhao, N., Gao, J., Enns, C. A., & Knutson, M. D. (2010). ZRT/IRT-like protein 14 

(ZIP14) promotes the cellular assimilation of iron from transferrin. J Biol Chem, 

285(42), 32141-32150. doi:10.1074/jbc.M110.143248 

Zhao, N., Maxson, J. E., Zhang, R. H., Wahedi, M., Enns, C. A., & Zhang, A. S. (2016). 

Neogenin Facilitates the Induction of Hepcidin Expression by Hemojuvelin in 

the Liver. J Biol Chem, 291(23), 12322-12335. doi:10.1074/jbc.M116.721191 



 

 375 

Zhou, S., Du, X., Xie, J., & Wang, J. (2017). Interleukin-6 regulates iron-related 

proteins through c-Jun N-terminal kinase activation in BV2 microglial cell lines. 

PLoS One, 12(7), e0180464. doi:10.1371/journal.pone.0180464 

Zhou, X., Spittau, B., & Krieglstein, K. (2012). TGFbeta signalling plays an important 

role in IL4-induced alternative activation of microglia. J Neuroinflammation, 9, 

210. doi:10.1186/1742-2094-9-210 

Zhu, H., Itoh, K., Yamamoto, M., Zweier, J. L., & Li, Y. (2005). Role of Nrf2 signaling 

in regulation of antioxidants and phase 2 enzymes in cardiac fibroblasts: 

protection against reactive oxygen and nitrogen species-induced cell injury. 

FEBS Lett, 579(14), 3029-3036. doi:10.1016/j.febslet.2005.04.058 

Zhu, M., Qin, Z. J., Hu, D., Munishkina, L. A., & Fink, A. L. (2006). Alpha-synuclein 

can function as an antioxidant preventing oxidation of unsaturated lipid in 

vesicles. Biochemistry, 45(26), 8135-8142. doi:10.1021/bi052584t 

Zhu, W. Z., Zhong, W. D., Wang, W., Zhan, C. J., Wang, C. Y., Qi, J. P., . . . Lei, T. 

(2009). Quantitative MR phase-corrected imaging to investigate increased brain 

iron deposition of patients with Alzheimer disease. Radiology, 253(2), 497-504. 

doi:10.1148/radiol.2532082324 

Zimprich, A., Benet-Pages, A., Struhal, W., Graf, E., Eck, S. H., Offman, M. N., . . . 

Strom, T. M. (2011). A mutation in VPS35, encoding a subunit of the retromer 

complex, causes late-onset Parkinson disease. Am J Hum Genet, 89(1), 168-175. 

doi:10.1016/j.ajhg.2011.06.008 

Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, S., . . . Gasser, T. 

(2004). Mutations in LRRK2 cause autosomal-dominant parkinsonism with 

pleomorphic pathology. Neuron, 44(4), 601-607. 

doi:10.1016/j.neuron.2004.11.005 



 

 376 

Zucca, F. A., Bellei, C., Giannelli, S., Terreni, M. R., Gallorini, M., Rizzio, E., . . . 

Zecca, L. (2006). Neuromelanin and iron in human locus coeruleus and 

substantia nigra during aging: consequences for neuronal vulnerability. J Neural 

Transm (Vienna), 113(6), 757-767. doi:10.1007/s00702-006-0453-2 

Zumbrennen-Bullough, K. B., Becker, L., Garrett, L., Holter, S. M., Calzada-Wack, J., 

Mossbrugger, I., . . . Leibold, E. A. (2014). Abnormal brain iron metabolism in 

Irp2 deficient mice is associated with mild neurological and behavioral 

impairments. PLoS One, 9(6), e98072. doi:10.1371/journal.pone.0098072 

 

 

 

 


