
1 
 

MITOCHONDRIAL DYSFUNCTION IS ASSOCIATED WITH LONG-TERM 

COGNITIVE IMPAIRMENT IN AN ANIMAL SEPSIS MODEL 

 

Andressa Manfredini1, Larissa Constantino1, Milton Castro Pinto1, Monique Michels1, 

Henrique Burger1, Luiza W. Kist2,3, Milena Carvalho-Silva4, Lara Mezzari Gomes4, 

Diogo Dominguini1, Amanda Steckert1, Carmen Simioni10, Mauricio Bogo2,3,  

Emílio Streck4, Tatiana Barichello5,6,9, João de Quevedo5,6,7,8, Mervyn Singer11, 

Cristiane Ritter1, Felipe Dal-Pizzol1 

 
1 Laboratory of Experimental Pathophysiology, Graduate Program in Health Sciences, Health Sciences 

Unit, University of Southern Santa Catarina, Criciúma, SC, Brazil  

2Genomics and Molecular Biology Laboratory, Faculty of Biosciences, Pontifical Catholic University of 

Rio Grande do Sul, Porto Alegre, RS, Brazil.  

3Postgraduate Program in Medicine and Health Sciences, Pontifical Catholic University of Rio Grande 

do Sul, Porto Alegre, RS, Brazil. 

4 Laboratory of Bioenergetics, Graduate Program in Health Sciences, Health Sciences Unit, University of 

Southern Santa Catarina, Criciúma, SC, Brazil 

5Translational Psychiatry Program, Department of Psychiatry and Behavioral Sciences, McGovern 

Medical School, University of Texas Health Science Center at Houston, Houston, TX, USA. 

 6Center of Excellence on Mood Disorders, Department of Psychiatry and Behavioral Sciences, 

McGovern Medical School, University of Texas Health Science Center at Houston, Houston, TX, USA. 

7Neuroscience Graduate Program, The University of Texas Graduate School of Biomedical Sciences at 

Houston, Houston, TX, USA. 

 8Laboratory of Neurosciences, Graduate Program in Health Sciences, Health Sciences Unit, University 

of Southern Santa Catarina, Criciúma, SC, Brazil. 

9Laboratory of Experimental Microbiology, Graduate Program in Health Sciences, Health Sciences Unit, 

University of Southern Santa Catarina, Criciúma, SC, Brazil. 

10 Plant Cell Biology Laboratory, Department of Cell Biology, Embryology and Genetics, Federal 

University of Santa Catarina, Florianópolis, Brazil . 

11 Bloomsbury Institute of Intensive Care Medicine, Division of Medicine, University College London, 

London, United Kingdom. 

 

* These authors contributed equally to this work 

Correspondence to: Prof Felipe Dal Pizzol, Programa de Pós-Graduação em Ciências 

da Saúde, Universidade do Extremo Sul de Santa Catarina, Criciúma, SC, Brazil, 

Avenida Universitária,1105 – Bairro Universitário, 888006-000 Phone: +55-48-

34312539; Fax: +55-48-34312539; E-mail: fdpizzol@gmail.com 

mailto:fdpizzol@gmail.com


2 
 

ABSTRACT 

Background: Several different mechanisms have been proposed to explain long- term 

cognitive impairment in sepsis survivors. The role of persisting mitochondria l 

dysfunction is not known. We thus sought to determine whether stimulation of 

mitochondrial dynamics improves mitochondrial function and long-term cognitive 

impairment in an experimental model of sepsis.  

Methods: Sepsis was induced in adult Wistar rats by caecal ligation and perforation. 

Animals received intracerebroventricular injections of either rosiglitazone (biogenes is 

activator), rilmenidine, rapamycin (autophagy activators), or n-saline (sham control) once 

a day on Days 7-9 after the septic insult. Cognitive impairment was assessed by inhibitory 

avoidance and object recognition tests.  Animals were sacrificed 24 hours, 3 and 10 days 

after sepsis with the hippocampus and prefrontal cortex removed to determine 

mitochondrial function.  

Results: Sepsis was associated with both acute (24 hours) and late (10 days) brain 

mitochondrial dysfunction. Markers of mitochondrial biogenesis, autophagy and 

mitophagy were not upregulated during these time points. Activation of biogenesis 

(rosiglitazone) or autophagy (rapamycin and rilmenidine) improved brain ATP levels and 

ex vivo oxygen consumption and the long-term cognitive impairment observed in sepsis 

survivors.  

Conclusion: Long-term impairment of brain function is temporally related to 

mitochondrial dysfunction. Activators of autophagy and mitochondrial biogenesis could 

rescue animals from cognitive impairment. 

 

Key Words: autophagy; biogenesis; brain dysfunction; mitochondrial dysfunction; 

sepsis. 
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ABBREVIATIONS LIST 

 

ADP, adenosine 5′-diphosphate;  

ATG, autophagy-related proteins;  

COX, cytochrome C oxidase;  

DNA, deoxyribonucleic acid;  

GAPD, glyceraldehyde 3-phosphate dehydrogenase;  

MOF, multiple organ failure;  

NRF-1, nuclear respiratory factor;  

PGC-1α, peroxisome proliferator-activated receptor gamma co-activator-1 alpha;  

PINK-1, PTEN-induced kinase-1;  

ROS, reactive oxygen species;  

RT- PCR, reverse transcriptase - polymerase chain reaction;  

SOD2, superoxide dismutase-2;  

TBARS, thiobarbituric acid reactive substance assay;  

TEM, transmission electron microscopy;    

TFAM, transcription factor A mitochondrial. 
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Perspectives  

 

I. Long-term cognitive impairment in sepsis survivors is related to brain 

mitochondrial dysfunction 

II. Activators of autophagy, mitophagy and mitochondrial biogenesis could rescue 

septic animals from cognitive impairment 
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INTRODUCTION 

 

Sepsis represents organ dysfunction resulting from a dysregulated host response 

to infection. This is associated with a complex interaction between cytokines, mediators, 

and cell surface receptors (1). Multiple other pathways are also involved including up- 

and down-regulation of gene transcription, epigenetic modifications, hormonal-metabo lic 

interactions, altered immune function, bioenergetic changes and perturbations of both 

macro- and micro-circulation. The net effect is cellular and organ dysfunction (2). 

 

Neurons are highly oxygen-dependent. Metabolic cooperation between glial 

cells and neurons, e.g. for neurotransmitter reuptake, oxidative stress defence and energy 

substrate delivery, critically depend on energy availability (3). In this context, normal 

mitochondrial function is vital for maintenance of brain function (3). Damage to the 

electron transport chain is an important factor in the pathogenesis of many 

neurodegenerative diseases (3) and is observed in the early stages of sepsis (4).  

 

Mitochondrial homeostasis is regulated by mitochondrial dynamics includ ing 

the processes of auto/mitophagy and mitochondrial biogenesis (5). Autophagy recycles 

redundant, non-essential or damaged organelles, and macromolecular components (5). 

Proteins that regulate mitochondrial dynamics are closely involved in autophagy (6). Two 

proteins, PTEN-induced kinase-1 (PINK-1) and Parkin, play important roles in 

mitophagy and mitochondrial quality control (7). Mitophagy is a process by which 

mitochondria are targeted for degradation via the autophagy pathway (8). Of note, 

stimulation of autophagy with rapamycin protected renal function in an animal model of 

critical illness (9).  

 

 Mitochondrial biogenesis involves coordination of expression, import and 

assembly of mitochondrial proteins from nuclear and mitochondrial genomes and 

regulation of mitochondrial content and morphology (10). Biogenesis represents an 

important mechanism through which regulation of mitochondrial capacity can occur 

during multiple organ failure (MOF) and its recovery phase (11). In a long-term murine 

peritonitis model, activation of mitochondrial biogenesis preceded recovery of 

mitochondrial function, metabolism, and organ function (12).  
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Long-lasting consequences following recovery from sepsis often include 

significant brain disorders (13). Even after full recovery, animals subjected to septic 

insults demonstrated significant impairment in behavioural tasks, indicating cognitive 

deficits (14,15). In recovered patients, persistent deficits in quality of life are observed 

(16), which may be associated with long-lasting impairment in cognitive capacities (17). 

Various mechanisms have been proposed to explain long-term cognitive impairment in 

sepsis survivors (18,19). However, the role of persisting mitochondrial dysfunction is not 

known. 

 

We thus hypothesized that mitochondrial dysfunction persists in sepsis survivors 

due to ongoing impairment of mitochondrial dynamics, and contributes to long- term 

cognitive dysfunction. 

 

 

MATERIALS AND METHODS 

 

Ethics approval 

The experimental procedures involving animals were approved by the Ethics 

Committee of the Universidade do Extremo Sul Catarinense (approval ID: 012/2016-2). 

Animals were handled in accordance with Brazilian legislation on animal welfare and 

ARRIVE guidelines were followed.  

 

Animals  

A total of 450 male Wistar rats (60-70 days old, weighing 250-300 g) were used 

in this study. Animals were housed in groups of five per cage with food and water 

available ad libitum and maintained on a 12 h light/dark cycle.  

 

Experimental design 

Sepsis induction – cecal ligation and perforation (CLP) model 

Rats were subjected to cecal ligation and perforation (CLP) as previously 

described (20). In brief, animals were anesthetized using a mixture of ketamine (80 

mg/kg) and xylazine (10 mg/kg) administered intraperitoneally. Under aseptic conditions, 

a 3 cm midline laparotomy was performed to expose cecum and adjoining intestine. The 

cecum was ligated with a 3.0 silk suture at its base, below the ileocecal valve, and 
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perforated once with a 14-gauge needle. The cecum was then squeezed gently to extrude 

a small amount of feces through the perforation site. The cecum was then returned to the 

peritoneal cavity, and the laparotomy closed with 4.0 silk sutures. Animals were 

immediately resuscitated with normal saline (30 mL/kg) subcutaneously (s.c.) and at 12 

h. All animals received ceftriaxone antibiotic at a dose of 30 mg/kg given subcutaneous ly 

every six hours for a maximum of three days. To minimize variability between 

experiments, the CLP procedure was always performed by the same investigator. The 

mortality rate of this model is around 40%, which is consistent with sepsis outcomes in 

patients.  We have extensively characterized long-term cognitive impairment using this 

model (14,15).  

 

Animals were killed 24 hours, 3 and 10 days after sepsis and the hippocampus 

and prefrontal cortex removed. In a separate cohort of animals, inhibitory avoidance and 

object recognition tests were performed at 10 days’ post-sepsis. In some experiments 

animals were treated either with activators of autophagy: rapamycin (10 mg/kg, 5μl) or 

rilmenidine (5mg/kg, 5μl), or activators of biogenesis: rosiglitazone (10/kg mg,5μl), once 

daily via intracerebroventricular injection on days 7 to 9 after sepsis. DID YOU NOT 

HAVE A CONTROL GROUP?? 

 

The effectiveness of  intracerebroventricular injection is based on stereotactic 

coordinates, determined according to the Paxinos and Watson Atlas, to access the lateral 

ventricle. A cannula for performing the intracerebroventricular procedures (C311 / G, 

20G, Plastics One Inc., VA, USA) and a suitable stylet (C311 / DC, Plastics One Inc., 

VA, USA) to prevent tissue ingress and/or foreign bodies into the cannula were sited. 

Placement of the cannula in the lateral ventricle was confirmed by CSF drainage through 

the cannula. These procedures were performed under sterile conditions.  

 

Assays 

All analyses were made by investigators blinded to the grouping.  

Ex vivo oxygen consumption 

The hippocampus and pre-frontal cortex were obtained from anaesthetized 

animals, and permeabilized with saponin. Oxygen consumption was assessed in small 

bundles of tissue by high-resolution respirometry (2k-Oxygraph; Oroboros Instruments, 
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Innsbruck, Austria) using glutamate/malate, α-ketoglutarate and succinate as substrates. 

State 3 mitochondrial respiration was initiated by addition of ADP. Results are expressed 

as pmol O2/min/mg protein. 

ATP levels 

Intracellular ATP levels were determined in hippocampus and prefrontal cortex 

using a fluorometric kit (ATP assay, Abcam 83355) according to the manufacturer's 

instructions. The ATP assay protocol relies on phosphorylation of glycerol to generate a 

product quantified by fluorometry (Ex/Em = 535/587 nm). Data are expressed as 

nmol/mg protein. 

Determination of markers of mitochondrial biogenesis.  

Gene expression analysis by quantitative real time RT-PCR (RT-qPCR) was used 

to determine markers of mitochondrial biogenesis. Details are presented in the 

Supplemental Digital Content. PGC-1α, TFAM and NRF-1 gene expression were 

amplified, and GAPD used as a reference gene for normalization.  

Determination of markers of autophagy and mitophagy  

Protein content of markers of autophagy (beclin-1, LC3A/B, Atg5, Atg12, 

Atg16L1 Atg7 and Atg3) and mitophagy (parkin and PINK-1) in samples of brain were 

measured by Western blot. Details are provided in the Supplemental Online Content. All 

results are expressed as a relative ratio between the target and β-actin.  

Determination of mitochondrial protein content 

Protein content of cytochrome C oxidase (COX) and superoxide dismutase 

(SOD)-2 in samples of brain were measured by Western blot. Details are provided in the 

Supplemental Online Content. All results are expressed as a relative ratio between the 

target and β-actin.  

Mitochondrial Respiratory Chain Activities 

Complex I activity was determined as the rate of NADH-dependent ferricyanide 

reduction at 420 nm (21). Complex II activity was determined as the decrease in 

absorbance of 2,6-DCIP at 600 nm (22). Complex II-III activity was determined by 

measuring cytochrome c reduction to succinate at 550 nm (22). Complex IV activity was 

determined based on the decrease in absorbance of cytochrome c oxidation at 550 nm 

(23). Activity of these complexes is expressed as nmol/min/mg protein.  
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Krebs’ cycle enzyme activities 

Citrate synthase activity was determined using acetyl CoA, 5,5′-di-thiobis- (2-

nitrobenzoic acid), and oxaloacetate, and monitoring the reaction at 412 nm (24). 

Succinate dehydrogenase activity was determined by the change of 2,6-DCIP absorbance 

at 600 nm (22).  

Genomic: mitochondrial DNA ratio 

Genomic (g) DNA was determined using a genomic DNA Mini Kit (Pure 

Link™) performed according to the manufacturer's recommendations. This test is based 

on selective binding of DNA to a silica-based membrane in the presence of chaotropic 

salts. Mitochondrial (mt) DNA was determined using an isolation kit (Abcam) and 

performed as recommended by the manufacturer. Data are expressed as g/mt DNA μg/ml. 

Transmission electron microscopy  

For observation under transmission electron microscopy (TEM), brain samples 

were fixed overnight with 2.5% glutaraldehyde, 4% paraformaldehyde in 0.1M sodium 

cacodylate buffer (pH 7.2) plus 0.2M sucrose. Material was post-fixed with 1% osmium 

tetroxide for 2 h, dehydrated in an acetone gradient series, and embedded in Spurr’s resin. 

Thin sections were stained with aqueous uranyl acetate (1%), followed by lead citrate 

(1%). Four replicates were made for each experimental group; two samples per replica tion 

were then examined under TEM JEM 1011 (JEOL Ltd., Tokyo, Japan) at 80 kV. 

Specimens were examined over a minimum of 8–10 random fields (to minimize 

unintended sampling bias) for a qualitative analysis of mitochondrial morphology. 

Representative images from the hippocampus are shown.  

Behaviour tests 

Animals underwent behavioural tasks 10 days after surgery. Different animals 

were submitted to different tasks. For inhibitory avoidance, animals received a foot shock 

(0.4 mA), as described (25). Test sessions were performed 24 hours after training with 

step-down latency used as a measure of retention (25). 

For object recognition animals were allowed to explore an open field. Training 

was conducted by placing rats in the field in which two identical cubes (objects A1 and 

A2) were positioned. At 24 hours’ post-training animals were allowed to explore the field 

in the presence of the familiar object A but a novel object C (a sphere with a square-

shaped base). A recognition index was calculated and reported as the ratio TB/ (TA + TB) 
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(TA = time spent exploring the familiar object A; TB = time spent exploring the novel 

object B) (26).  

 

Statistical analysis  

 All data, except for those from behavioural experiments, were expressed as mean 

 SD and analyzed by Student’s t-test for unpaired samples or factorial-ANOVA. Data 

from the inhibitory avoidance task and the recognition index were reported as median and 

interquartile ranges with comparisons among groups performed using the Mann–Whitney 

U test. For behavioural analyses individual groups were compared by Wilcoxon tests. 

Differences were considered significant when p <0.05. All tests were performed with 

SPSS version 20 and/or GraphPad Prism 4.0. 

            

RESULTS 

Mitochondrial function is compromised in the central nervous system during sepsis  

ATP levels in hippocampus and prefrontal cortex were significantly decreased 

at both 24 hours and 10 days after sepsis when compared to sham animals (Fig.1A).  Ex 

vivo mitochondrial oxygen consumption was decreased only at 10 days following CLP 

(Fig. 1B).  

Since these alterations could be related to a decrease in mitochondrial protein 

content, the content of specific mitochondrial proteins (superoxide dismutase-2 (SOD2) 

and cytochrome C oxidase (COX)) were measured. Compared to sham animals, neither 

changed with sepsis at either timepoint analyzed (Supplemental Digital Content Fig. 1).  

Mitochondrial dynamics is not upregulated during sepsis  

Alterations in mitochondrial dynamics is associated with worse outcomes in both 

septic patients (11) and animal models of critical illness (12). We thus evaluated markers 

of mitochondrial biogenesis (PGC-1α, TFAM and NRF-1 gene expression), autophagy 

(beclin-1, LC3A/B, Atg5, Atg12, Atg16L1 Atg7 and Atg3) and mitophagy (Parkin and 

PINK-1). No significant differences were noted between sham and septic animals at any 

timepoint (data not shown).  

Activators of autophagy or mitochondrial biogenesis improve mitochondrial function 

after sepsis  
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Inducers of autophagy or mitochondrial biogenesis were administered from the 

Days 7-9 after induction of sepsis to assess their effects on mitochondrial and cognitive 

function. Activators of both biogenesis (rosiglitazone) and autophagy (rilmenidine and 

rapamycin) significantly increased brain ATP levels (Figs. 2A, 2C and 2E) and ex vivo 

oxygen consumption (Figs. 2B, 2D and 2F).  

 

To further understand the effects of these treatment on mitochondrial function the 

activities of mitochondrial respiratory chain and Krebs’ cycle enzyme were measured. 

Activators of autophagy, but not mitochondrial biogenesis, increased mitochondria l 

respiratory chain (Fig. 3A-D) and Krebs’ cycle enzyme activities (Supplemental Digita l 

Content Fig. 2). In addition, only rapamycin was able to increase the mtDNA: gDNA 

ratio (Supplemental Digital Content Fig 3).  

 

To better characterize mitochondrial morphology mitochondrial ultrastruc ture 

was analyzed qualitatively by TEM (Supplemental Digital Content Fig 4). Comparing to 

normal mitochondria from sham animals (Supplemental Digital Content Fig 4A) 

mitochondrial swelling and reduction of mitochondrial cristae were observed in CLP 

animals (Supplemental Digital Content Fig 4B). These alterations were minimized mainly 

by rapamycin treatment (Supplemental Digital Content  Fig 4C), and to a minor extent by 

rilmenidine (Supplemental Digital Content Fig. 4D). Rosiglitazone did not have any 

effect on mitochondrial ultrastructure (Supplemental Digital Content Fig 4E).     

Effects of rapamycin, rilmenidine and rosiglitazone on long-term cognitive deficits in 

sepsis survivor animals 

Enhancing mitochondrial function has been postulated to rescue animals from 

cognitive deficits in different brain injury models (10). We thus evaluated the effect of 

inducers of autophagy or mitochondrial biogenesis on the performance of septic animals 

of two different cognitive tasks (Fig. 4). All treatments improved inhibitory avoidance 

performance and recognition index (Fig. 4). 
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DISCUSSION 

 

In this long-term animal model of sepsis there was impaired mitochondria l 

functionality and no net temporal activation of key processes of recovery, namely 

autophagy, mitophagy or mitochondrial biogenesis. Sustained mitochondrial dysfunction 

was temporally related to cognitive impairment. Pharmacological activators of 

autophagy, mitophagy and mitochondrial biogenesis were able to increase brain ATP 

levels and oxygen consumption, and improve long-term cognitive impairment.  

 

The concept of mitochondrial dysfunction and bioenergetic failure during sepsis 

is not new (27,28). Patient and animal studies have reported a clear association between 

the degree of mitochondrial dysfunction, severity of organ dysfunction and mortality 

(4,19,29). Brain mitochondrial dysfunction occurs early after sepsis (30,31), with an 

increase in state 4 respiration, and decreases in respiratory control (31), and respiratory 

complex activities (30). In a long-term animal model of critical illness global oxygen 

consumption and respiratory exchange ratio were both reduced (32). In muscle satellite 

cells isolated from an animal model of sepsis (33), there were sustained energetic 

abnormalities similar to those reported here. Thus, it is plausible that persisting 

bioenergetic failure could partially explain the long-term cognitive impairment observed 

in sepsis.  

Long-term bioenergetic adaptations could be achieved by modifying the number 

or activity of functional mitochondria through changes in autophagy, mitophagy and 

mitochondrial biogenesis. Deficient repair or failure to up-regulate these mechanisms in 

situations of mitochondrial damage lead to accumulation of damaged mitochondria, a 

compromise of energy substrate provision and, ultimately, cellular dysfunction (34). 

Biogenesis improves the capacity for energy substrate production if energy demands 

increase over time (5,6). On the other hand, autophagy is the process of bulk protein 

degradation through an autophagosomal pathway (6). It is important for cell 

differentiation, survival during nutrient deprivation, and normal growth control (6). 

Cross-talk between inflammation and these processes has recently attracted attention 

(35). The biogenesis transcription factor, PGC-1a was persistently decreased in muscle 

satellite cells after sepsis (32). In a model of critical illness, the phenotype of insuffic ient 

autophagy was more pronounced in non-surviving animals with impaired mitochondria l 
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function and more severe organ damage (36). Critical illness-induced bone loss has also 

been related to deficient autophagy (37). Incomplete clearance of damaged cellular 

components due to insufficient autophagy is also reported in critically ill patients (38). 

Specifically, in the brain, autophagy is depressed in the hippocampus soon after the onset 

of sepsis and this is related to brain inflammation (39). We could not find any previous 

literature regarding deficient mitochondrial dynamics in the brain late after sepsis. We 

here demonstrate a temporal association between bioenergetic dysfunction and a lack of 

upregulation of mitochondrial dynamics. This is pertinent as mitochondrial dynamics 

play a role in numerous neurodegenerative diseases (40) that show some similarities to 

long-term brain dysfunction in survivors of sepsis (41).  

Since inadequate mitochondrial control is proposed to be one of the mechanisms 

explaining the lack of recovery from organ failure in critically ill patients (38), we 

examined whether pharmacological upregulation of mitochondrial dynamics could 

impact upon sepsis-induced brain dysfunction. Rosiglitazone, an agonist of PPARγ, 

induced neuronal mitochondrial biogenesis and improved glucose utilization and 

cognition in Alzheimer's disease (42). The efficacy of rosiglitazone has also been 

demonstrated in animal models of focal ischaemia, spinal cord injury, and traumatic brain 

injury (43). Autophagy is regulated by both mTOR-dependent and independent pathways. 

Rapamycin is widely used as a canonical inhibitor of mTORC1 (44) while rilmenidine, a 

rapamycin analogue, is an mTOR-independent autophagy inducer (45).  

 

These therapeutic approaches have also been demonstrated in animal models of 

other critical illnesses. PGC-1α accelerated renal recovery after ischaemia by regulat ing 

nicotinamide adenine dinucleotide biosynthesis (46). Activation of autophagy attenuated 

liver injury after ischaemia-reperfusion by restoring mitochondrial mass and membrane 

potential (47). Rosiglitazone was protective in a model of traumatic brain injury (48) and 

improved mitochondrial and cardiac dysfunction in a model of endotoxaemia (49). Early 

after sepsis the activation of autophagy improved survival and decreased acute lung injury 

(50). In accord with our findings, rapamycin rescued cognitive dysfunction induced by 

sepsis (51). Of note, in that study rapamycin was administered early after sepsis induction 

thus the observed effects could be secondary to a decrease in the early systemic 

inflammatory response rather than a brain-specific effect. Taken together, the results 

presented in these two studies are complementary, and suggest that activation of 
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autophagy could be an interesting approach to improve long-term cognitive deficits in 

sepsis survivors. Two recent trials failed to demonstrate improved long-term recovery 

from critical illness using hospital- or primary care-based non-pharmacologica l 

rehabilitation strategies (16,52). Failure to recover from critical illness could result from 

persistent inflammation (53) bioenergetic failure (54), and/or abnormal repair and 

remodeling (55). Our study reinforces this hypothesis. Our findings that late 

pharmacological interventions, commencing a week after sepsis, could still restore brain 

function during the recovery phase may be clinically relevant.  

As activation of either autophagy or biogenesis could both improve 

mitochondrial function and cognitive impairment, this reinforces the notion that 

bioenergetic failure is central to late brain dysfunction. However, these activators may 

have worked through different mechanisms. In our study, both rapamycin and rilmenid ine 

increased the activities of different electron transfer chain proteins but this was not 

observed with rosiglitazone.  Additionally, only rapamycin was able to increase the 

mtDNA:gDNA ratio and have a major effect on mitochondrial ultrastructure. Activation 

of PPARγ can impact upon cell function by altering lipid metabolism, inflammation and 

metabolic homeostasis as well as mitochondrial biogenesis. Rosiglitazone has been 

previously shown to improve sepsis-associated cerebral microcirculatory alterations (56). 

These pleotropic effects of PPARγ activation reinforce the view that activation of 

different mechanisms could partially explain the demonstration of brain protection after 

sepsis. Similarly, activation of autophagy, but not rosiglitazone, may accelerate removal 

of toxic aggregate-prone proteins from neurons (45), in agreement with the discrepant 

effects observed here. A more in-depth look at the differential effects of the 

pharmacological tools used in this study may provide a better understanding of their 

effects upon brain function following sepsis.  

Some limitations of our study must be noted. Firstly, activators of autophagy and 

biogenesis were administered via intracerebroventricular injection. While these limit the 

clinical translatability of our results, all these drugs can be administered systemically to 

man. However, from a mechanistic point of view local injection of these substances 

decreases the probability of systemic, non-specific effects. When administered 

systemically these drugs have proven effective in different animal models, although the 

optimal time and duration of administration is poorly understood. Additionally, despite 

the fact that blood brain barrier (BBB) dysfunction occurs with sepsis (57), we cannot 
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ascertain whether drugs can cross BBB when administered systemically. Additiona l 

studies are needed to define the breadth of the therapeutic window when systemica l ly 

administered. Secondly, none of the drugs used in our study has specific effects upon 

mitochondrial dynamics, and this may account for some of the variable effects observed 

between the different drugs. For example, rosiglitazone plays an anti-inflammatory role, 

through agonism of PPAR-γ (Ref???). Nevertheless, the improvement in mitochondria l 

function does implicate sustained mitochondrial dysfunction as a central player in long-

term cognitive dysfunction.   

 

CONCLUSIONS 

Long-term impairment of brain function is temporally related to mitochondria l 

dysfunction. Pharmacological improvement of mitochondrial function by activators of 

autophagy and mitochondrial biogenesis could rescue animals from cognitive impairment 

and suggest a potential therapeutic use in patients. 

 

 

Acknowledgements: CAPES, CNPQ, UNESC 

 

Declarations of interest: The authors declare no conflict of interest that could be 

perceived as prejudicing the impartiality of the research reported. 

 

Funding information: This work was supported by grants from CNPq, FAPESC, 

Instituto Cérebro e Mente and UNESC. The Translational Psychiatry Program (USA) is 

funded by the Department of Psychiatry and Behavioral Sciences, McGovern Medical 

School, University of Texas Health Science Center at Houston (UT Health). The funders 

had no role in study design, data collection and analysis, decision to publish, or 

preparation of the manuscript. 

 

Author contribution statement: AM contributed to experimental planning, data 

collection, data analysis, and writing of paper; LC contributed to experimental planning, 

and data analysis; MCP contributed to experimental planning, and data analysis; MM 

contributed to experimental planning, and data analysis; HB contributed to experimenta l 

planning, and data analysis; LWK contributed to experimental planning, and data 

analysis; MC-S contributed to experimental planning, and data analysis; LMG 



16 
 

contributed to experimental planning, and data analysis; DD contributed to experimenta l 

planning, and data analysis; AS contributed to experimental planning, and data analys is; 

CS contributed to experimental planning, and data analysis; MB contributed to 

experimental planning and writing of the paper; ES contributed to experimental planning 

and writing of paper; TB contributed to experimental planning and writing of paper; JQ 

contributed to experimental planning and writing of paper; MS contributed to 

experimental planning and writing of the paper; CR contributed to experimental planning, 

data analysis, and writing of the paper; FD-P contributed to experimental planning, data 

analysis and writing of the paper. 

 
 

  



17 
 

REFERENCES 

 

1. Singer M, Deutschman CS, Seymour CW, et al. (2016) The Third International 

Consensus Definitions for Sepsis and Septic Shock (Sepsis -3). JAMA; 315:801–10.  

2. Abraham E, Singer M (2007) Mechanisms of sepsis-induced organ dysfunction. 

Crit Care Med; 35:2408–2416. 

3. Johri A, Beal MF (2012) Mitochondrial dysfunction in neurodegenera t ive 

diseases. J Pharmacol Exp Ther; 342:619–630.  

4. Brealey D, Brand M, Hargreaves I, et al. (2002) Association between 

mitochondrial dysfunction and severity and outcome of septic shock. Lancet ; 

360:219-223. 

5. Palikaras K, Lionaki E, Tavernarakis N (2015) Coordination of mitophagy and 

mitochondrial biogenesis during ageing in C. elegans. Nature; 521:525–528.  

6. Harris H, Rubinsztein DC (2012) Control of autophagy as a therapy for 

neurodegenerative disease. Nat Rev Neurol; 8:108-117.  

7. Bingol B, Sheng M (2016) Mechanisms of mitophagy: PINK1, Parkin, USP30 

and beyond. Free Radic Biol Med; 16:300338. 

8. Narendra D, Tanakan A, Suen DF, et al. (2008) Parkin is recruited selectively to 

impaired mitochondria and promotes their autophagy. J Cell Biol; 183:795–803.    

9. Gunst J (2017) Recovery from critical illness- induced organ failure: the role of 

autophagy. Crit Care; 2017:21(1):209.  

10. Perez-Pinzon MA, Stetler RA (2012) Novel mitochondrial targets for 

neuroprotection. J Cereb Blood Flow Metab; 32:1362.  

11. Carré JE, Orban JC, Re L, et al. (2010) Survival in critical illness is associated 

with early activation of mitochondrial biogenesis. Am J Respir Crit Care Med; 

182: 745–751. 

12. Haden DW, Suliman HB, Carraway MS, et al. (2007) Mitochondrial biogenesis 

restores oxidative metabolism during Staphylococcus aureus sepsis. Am J Respir 

Crit Care Med; 176:768–777.  

13. Prescott HC, Angus DC (2018) Enhancing recovery from sepsis: a review. JAMA; 

319: 62-75.  

14. Barichello T, Martins MR, Reinke A, et al. (2005) Cognitive impairment in sepsis 

survivors from cecal ligation and perforation. Crit Care Med; 33:221-223. 

15. Tuon L, Comim CM, Petronilho F, et al. (2008) Time-dependent behavioral 

recovery after sepsis in rats. Intensive Care Med; 34:1724-1731. 

16. Schmidt K, Worrack S, Von Korff M, et al. (2016) Effect of a primary care 

management intervention on mental health-related quality of life among 

survivors of sepsis: a randomized clinical trial.  JAMA; 315:2703-2711.  

17. Semmler A, Widmann CN, Okulla T, et al. (2013) Persistent cognitive impairment, 

hippocampal atrophy and EEG changes in sepsis survivors. J Neurol Neurosurg 

Psych; 84:62-69.  

18. Barichello T, Sayana P, Giridharan VV, et al. (2018) Long-term cognitive outcomes  

after sepsis: a translational systematic review. Mol. Neurobiol. doi: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2949402/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2949402/


18 
 

10.1007/s12035-018-1048-2 

19. Bozza FA, D'Avila JC, Ritter C, et al. (2013) Bioenergetics, mitochondrial 

dysfunction, and oxidative stress in the pathophysiology of septic 

encephalopathy. Shock; 39:10-16.  

20. Fink MP, Heard SO (1990) Laboratory models of sepsis and septic shock. J Surg 

Res; 49;186–196. 

21. Cassina A, Radi R (1986) Differential inhibitory action of nitric oxide and 

peroxynitrite on mitochondrial electron transport. Arch Biochem Biophys; 

328:309-316.  

22. Fischer JC, Ruitenbeek W, Berden JA, et al. (1985) Differential investigation of the 

capacity of succinate oxidation in human skeletal muscle. Clin Chim Acta; 153: 

23-26. 

23. Rustin P, Chretie D, Bourgeron T, et al. (1994) Biochemical and molecular 

investigations in respiratory chain deficiencies. Clin Chimica Acta; 228:35-51.  

24. Srere PA (1969) Citrate synthase. Methods Enzymol; 13:3–11. 

25. Quevedo J, Vianna MR, Roesler R, et al. (1999) Two time windows of anisomycin-

induced amnesia for inhibitory avoidance training in rats: protection from 

amnesia by pretraining but not pre-exposure to the task apparatus. Learn Mem; 

6: 600–607. 

26. Mathiasen JR, DiCamillo A (2010) Novel object recognition in the rat: a facile 

assay for cognitive function. Curr Protoc Pharmacol; 5: 5-59.  

27. Levy RJ, Piel PD (2005) Evidence of myocardial hibernation in the septic heart. 

Crit Care Med; 33:2752-2756. 

28. Nogueira V, Rigoulet M, Piquet MA, et al. (2001) Mitochondrial respiratory chain 

adjustment to cellular energy demand. J Biol Chem; 276: 46104–46110. 

29. Brealey D, Karyampudi S, Jacques TS, et al. (2004) Mitochondrial dysfunction in 

a long-term rodent model of sepsis and organ failure. Am J Physiol Regul Integr 

Comp Physiol; 286: 491-497. 

30. Comim CM, Rezin GT, Scaini G, et al. (2008) Mitochondrial respiratory chain and 

creatine kinase activities in rat brain after sepsis induced by cecal ligation and 

perforation. Mitochondrion; 8:313-318.  

31. d'Avila JC, Santiago AP, Amâncio RT, et al. (2008) Sepsis induces brain 

mitochondrial dysfunction. Crit Care Med; 36:1925-1932.  

32. Hill NE, Saeed S, Phadke R, et al. (2015) Detailed characterization of a long-term 

rodent model of critical illness and recovery. Crit Care Med; 43:84-96.  

33. Rocheteau P, Chatre L, Briand D, et al. (2015) Sepsis induces long-term metabolic 

and mitochondrial muscle stem cell dysfunction amenable by mesenchymal 

stem cell therapy. Nat Commun; 15:10145.  

34. Terman A, Kurz T, Navratil M, et al. (2010) Mitochondrial turnover and aging of 

long-lived postmitotic cells. The mitochondrial–lysosomal axis theory of aging. 

Antioxid Redox Signal; 12:503–553.  

http://www.ncbi.nlm.nih.gov/pubmed/18496362
http://www.ncbi.nlm.nih.gov/pubmed/18496362
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rocheteau+P1%2C+Chatre+L2%2C3%2C+Briand+D1%2C+Mebarki+M1%2C+Jouvion+G1%2C+Bardon+J1%2C+Crochemore+C2%2C3%2C+Serrani+P1%2C+Lecci+PP1%2C+Latil+M1%2C+Matot+B4%2C5%2C+Carlier+PG4%2C5%2CLatronico+N6%2C+Huchet+C7%2C+Lafoux+A7%2C+Sharshar+T1%2C8%2C9%2C10%2C+Ricchetti+M2%2C3%2C+Chrétien+F


19 
 

35. Suliman HB, Piantadosi CA (2014) Mitochondrial biogenesis: regulation by 

endogenous gases during inflammation and organ stress. Curr Pharm Des; 

20:5653–5662. 

36. Gunst J, Decrese I, Aertgeerts A, et al. (2013) Insufficient autophagy contributes  

to mitochondrial dysfunction, organ failure, and adverse outcome in an animal 

model of critical illness. Crit Care Med; 41:182-194.  

37. Owen HC, Vanhees I, Gunst J, et al. (2015) Critical illness-induced bone loss is 

related to deficient autophagy and histone hypomethylation. Intensive Care Med 

Exp; 3:52. 

38. Vanhorebeek I, Gunst J, Derde S, et al. (2011) Insufficient activation of autophagy 

allows cellular damage to accumulate in critically ill patients. J Clin Endocrinol; 

96:E633-E645. 

39. Su Y, Qu Y, Zhao F, et al. (2015) Regulation of autophagy by the nuclear factor κB 

signaling pathway in the hippocampus of rats with sepsis. J Neuroinflamm; 12: 

116.  

40. Cieri D, Brini Mand Calì T (2007) Emerging (and converging) pathways in 

Parkinson's disease: keeping mitochondrial wellness. Biochem Biophys Res 

Commun; 483:1020-1030.  

41. Barichello T, Generoso JS, Goularte JA, et al. (2015) Does infection-induced 

immune activation contribute to dementia? Aging Dis; 6:342-348. 

42. Landreth G, Jiang G, Mandrekar S, et al. (2008)  PPARgamma agonists as 

therapeutics for the treatment of Alzheimer's disease. Neurotherapeutics ; 

5:481-489.  

43. Kapadia R, Yi JH, Vemuganti R (2008) Mechanisms of anti-inflammatory 

andneuroprotective actions of PPAR-gamma agonists. Front Biosci; 13:1813-

1826. 

44. Kim YC, Guan KL (2015) mTOR: a pharmacologic target for autophagy 

regulation. J Clin Invest; 125:25–32. 

45. Frake R, Ricketts T, Menzies MF, et al. (2015) Autophagy and neurodegeneration. 

J Clin Invest; 125:65–74.  

46. Tran MT, Zsengeller ZK, Berg AH, et al. (2016) PGC1α drives NAD biosynthesis 

linking oxidative metabolism to renal protection. Nature; 24:528-532.  

47. Khader A, Yang WL, Godwin A, et al. (2016) Sirtuin-1 Stimulation Attenuates 

Ischemic Liver Injury and Enhances Mitochondrial Recovery and Autophagy. Crit.  

Care Med; 44:651-663.  

48. Liu H, Rose ME, Culver S, et al. (2016) Rosiglitazone attenuates inflammation 

and CA3 neuronal loss following traumatic brain injury in rats. Biochem Biophys 

Res Commun; 472:648-655.  

49. Drosatos K, Khan RS, Trent CM, et al. (2016) Peroxisome proliferator-activated 

receptor-γ activation prevents sepsis-related cardiac dysfunction and mortality in 

mice. Circ Heart Fail; 6:550-562.  

50. Yen YT, Yang HR, Lo HC, et al. (2013) Enhancing autophagy with activated protein 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4276344/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4276344/
http://www.ncbi.nlm.nih.gov/pubmed/23222264
http://www.ncbi.nlm.nih.gov/pubmed/23222264
http://www.ncbi.nlm.nih.gov/pubmed/23222264
https://www.ncbi.nlm.nih.gov/pubmed/21270330
https://www.ncbi.nlm.nih.gov/pubmed/21270330
https://www.ncbi.nlm.nih.gov/pubmed/27581196
https://www.ncbi.nlm.nih.gov/pubmed/27581196
https://www.ncbi.nlm.nih.gov/pubmed/26425389
https://www.ncbi.nlm.nih.gov/pubmed/26425389
https://www.ncbi.nlm.nih.gov/pubmed/18625459
https://www.ncbi.nlm.nih.gov/pubmed/18625459
https://www.ncbi.nlm.nih.gov/pubmed/17981670
https://www.ncbi.nlm.nih.gov/pubmed/17981670
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4382230/
https://www.ncbi.nlm.nih.gov/pubmed/26947332
https://www.ncbi.nlm.nih.gov/pubmed/26947332
https://www.ncbi.nlm.nih.gov/pubmed/23572494
https://www.ncbi.nlm.nih.gov/pubmed/23572494
https://www.ncbi.nlm.nih.gov/pubmed/23572494
https://www.ncbi.nlm.nih.gov/pubmed/23434181


20 
 

C and rapamycin protects against sepsis-induced acute lung injury. Surgery; 

153:689-698.  

51. Liu W, Guo J, Mu J, et al. (2017) Rapamycin protects sepsis-induced cognitive 

impairment in mouse hippocampus by enhancing autophagy. Cell Mol Neurobiol; 

37: 1195-1205. 

52. Walsh TS, Salisbury LG, Merriweather JL, et al. (2015) Increased hospital-based 

physical rehabilitation and information provision after intensive care unit 

discharge: the RECOVER randomized clinical trial. JAMA Intern Med; 175:901-

910.  

53. Griffith DM, Lewis S, Rossi AG, et al. (2016) Systemic inflammation after critical 

illness: relationship with physical recovery and exploration of potential 

mechanisms. Thorax; 71:820-829.  

54. Walsh CJ, Batt J, Herridge MS, et al. (2016) Transcriptomic analysis reveals 

abnormal muscle repair and remodeling in survivors of critical illness with 

sustained weakness. Sci Rep; 6:29334.  

55. White AT, Murphy AN (2010) Administration of thiazolidinediones for 

neuroprotection in ischemic stroke: a pre-clinical systematic review. J Neurochem; 

115:845-853.   

56. Araújo CV, Estato V, Tibiriçá E, et al. (2012) PPAR gamma activation protects 

the brain against microvascular dysfunction in sepsis. Microvasc Res. 84: 218-

21.  

57. Dal-Pizzol F, Rojas HA, dos Santos EM, et al. (2013) Matrix metalloproteinase-

2 and metalloproteinase-9 activities are associated with blood-brain barrier 

dysfunction in an animal model of severe sepsis. Mol Neurobiol. 48: 62-70. 

 

 
 

  

https://www.ncbi.nlm.nih.gov/pubmed/23434181
https://www.ncbi.nlm.nih.gov/pubmed/25867659
https://www.ncbi.nlm.nih.gov/pubmed/25867659
https://www.ncbi.nlm.nih.gov/pubmed/25867659
https://www.ncbi.nlm.nih.gov/pubmed/27118812
https://www.ncbi.nlm.nih.gov/pubmed/27118812
https://www.ncbi.nlm.nih.gov/pubmed/27118812
https://www.ncbi.nlm.nih.gov/pubmed/27411715
https://www.ncbi.nlm.nih.gov/pubmed/27411715
https://www.ncbi.nlm.nih.gov/pubmed/27411715
https://www.ncbi.nlm.nih.gov/pubmed/20964688
https://www.ncbi.nlm.nih.gov/pubmed/20964688
https://www.ncbi.nlm.nih.gov/pubmed/22659381
https://www.ncbi.nlm.nih.gov/pubmed/22659381


21 
 

Figure legends:  

Figure 1 – The evolution of mitochondrial function in the brain during sepsis 

development. Adult Wistar rats were submitted to cecal ligation and perforation (or 

sham operated) and 24 hours, 3 and 10 days after the hippocampus and prefrontal cortex 

were removed to the determination of (A) ATP concentration, (B) ex vivo oxygen 

consumption. Data are expressed as mean ± standard deviation * p<0.05 compared to 

sham group at same time point. n = 7 animals per group.  

 

Figure 2 – The effect of activators of autophagy or mitochondrial biogenesis on 

brain mitochondrial function. Adult Wistar rats underwent cecal ligation and 

perforation (or sham operation). From days 7-9 after sepsis inducers of autophagy 

(rilmenidine or rapamycin) or mitochondrial biogenesis (rosiglitazone) were 

administered intracerebroventricularly.  At Day 10 the hippocampus and prefrontal 

cortex were removed to determine ATP content (A, C and E) and ex vivo oxygen 

consumption (B, D and F). Data are expressed as mean ± standard deviation * p<0.05 

compared to sham group at same timepoint. n = 7 animals per group. 

 

Figure 3 – The effect of activators of autophagy or mitochondrial biogenesis on 

brain Krebs cycle enzymes activities. Adult Wistar rats underwent cecal ligation and 

perforation (or sham operation). From days 7-9 after sepsis inducers of autophagy 

(rilmenidine or rapamycin) or mitochondrial biogenesis (rosiglitazone) were 

administered intracerebroventricularly.  At Day 10 the hippocampus and prefrontal 

cortex were removed to determine Krebs cycle enzymes activities. Data are expressed 

as mean ± standard deviation * p<0.05 compared to sham group at same time point. n = 

7 animals per group.  

 

Figure 4 – The effect of activators of autophagy or mitochondrial biogenesis on 

long-term cognitive deficits in sepsis surviors. Adult Wistar rats underwent cecal 

ligation and perforation (or sham operation). From days 7-9 after sepsis inducers of 

autophagy (rilmenidine or rapamycin) or mitochondrial biogenesis (rosiglitazone) were 

administered intracerebroventricularly. At Day 10 animals were submitted to (A) 

inhibitory avoidance and (B) object recognition tasks. Data are expressed as median and 

interquartile range * p<0.05 compared to training section, same group. n = at least 10 

animals per group. 
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Supplemental Content 1 - Brain superoxide dismutase-2 (SOD2) and cytochrome 

C oxidase (COX) protein content during sepsis evolution. Adult Wistar rats 

underwent caecal ligation and perforation (or sham operation). At 24 hours, 3 and 10 

days later the hippocampus and prefrontal cortex were removed to enable determination 

of SOD2 and COX. Data are expressed as mean ± standard deviation. n = 7 animals per 

group.  

 

Supplemental Content 2 – Effect of activators of autophagy or mitochondrial 

biogenesis on brain citrate synthase and succinate dehydrogenase activities. Adult 

Wistar rats underwent caecal ligation and perforation (or sham operation). From days 7-

9 after sepsis inducers of autophagy (rilmenidine or rapamycin) or mitochondrial 

biogenesis (rosiglitazone) were administered intracerebroventricularly. At Day 10 the 

hippocampus and prefrontal cortex were removed to determine citrate synthase and 

succinate dehydrogenase activities. Data are expressed as mean ± standard deviation * 

p<0.05 compared to sham group; # compared to CLP group. n = 7 animals per group. 

 

Supplemental Content 3 – Effect of activators of autophagy or mitochondrial 

biogenesis on brain genomic:mitochondrial DNA ratio. Adult Wistar rats underwent 

caecal ligation and perforation (or sham operation). From days 7-9 after sepsis inducers 

of autophagy (rilmenidine or rapamycin) or mitochondrial biogenesis (rosiglitazone) 

were administered intracerebroventricularly.  At Day 10 the hippocampus and prefrontal 

cortex were removed to determine genomic:mitochondrial DNA ratio. Data are 

expressed as mean ± standard deviation * p<0.05 compared to sham group; # compared 

to CLP group. n = 7 animals per group. 

 

Supplemental Content 4 - Effect of activators of autophagy or mitochondrial 

biogenesis on brain mitochondrial ultrastructure. Adult Wistar rats underwent 

caecal ligation and perforation (or sham operation). From days 7-9 after sepsis inducers 

of autophagy (rilmenidine or rapamycin) or mitochondrial biogenesis (rosiglitazone) 

were administered intracerebroventricularly.  At Day 10 the hippocampus and prefrontal 

cortex were removed to determine mitochondrial ultrastructure. Sham (A); CLP (B); 

CLP+ rapamycin treatment (C); CLP+ rilmenidine treatment (D); CLP+ Rosiglitazone 

treatment (E). 

 

 
 


