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ABSTRACT

Focal segmental glomerulosclerosis is the final result of a number of 

interrelated events leading to permanent glomerular injury. It is a feature of 

many chronic progressive renal diseases. Glomerulosclerosis (OS) and 

atherosclerosis are thought to occur by similar pathogenic mechanisms. Central 

to this analogy between the atherosclerosis and OS processes is the origin and 

functional properties o f the glomerular mesangial cell (MC). There are 

similarities between contractile glomerular MC and vascular smooth muscle 

cells.

Hyperlipidaemia is believed to play a role in atherogenesis and the 

progression of renal disease. Much research in the past decade has focused on 

post-secretory modification of lipoproteins such as oxidation and their 

potential role in promoting atherosclerosis. This study investigated whether low 

density lipoproteins (LDL) are oxidatively modified by MC and if interaction of 

oxidatively modified LDL with MC may cause glomerular injury and potentially 

influence glomerulosclerosis.

Our results demonstrate firstly that rat and human mesangial cells have 

the ability to oxidise LDL in vitro. The oxidative mechanism involves 

superoxide anions but other free radicals may also be involved. Experiments 

designed to compare LDL oxidation by MC with other cell types present in the 

kidney, such as endothelial cells, proximal tubular cells and 

monocyte/macrophages, demonstrated that endothelial cells oxidatively 

modified LDL to the greatest extent. Mesangial cells oxidised LDL to a similar 

extent to that of macrophages. Secondly, mesangial cells express scavenger 

type receptors that are capable of binding and internalising modified 

lipoproteins which may result in unregulated uptake of lipoproteins. Finally, 

exposure o f oxidised LDL to mesangial cells caused a decrease in cell 

proliferation at low concentrations and cytotoxicity at higher concentrations..

These results support the hypothesis that that the interaction of 

modified LDL with mesangial cells contributes to glomerular injury and may 

play a role the pathogenesis of glomerulosclerosis.
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MCP-1:

MDA:

MYC:

NAD:

NADH:

NADP:

NADPH:

NO:

NRCC:

NS:

O2*’:

O H :

OxLDL:

P:

PAN: 

PAP 

PBS

Alkoxyl radical 

Lipoxygenase

Conjugated diene peroxyl radical

Lipid peroxide 

Lipid hydroperoxide 

Lipoprotein “little a”

Lipoprotein lipase

Lipid peroxide

LDL receptor related protein

Macrophage

Monocyte colony stimulating factor 

Mesangial cells

Monocyte chemotactic protein 1 

Malondialdehyde 

Mitomycin C

Nicotinamide adenine dinucleotide (oxidised) 

Nicotinamide adenine dinucleotide (reduced) 

Nicotinamide adenine dinucleotide phosphate (oxidised) 

Nicotinamide adenine dinucleotide phosphate (reduced) 

Nitric oxide

Non-reciprocal cross competition 

not significant

Superoxide anion

Hydroxyl radical

Oxidised LDL 

Probability

Puromycin amino nucleoside 

Peroxidase anti-peroxidase 

Phosphate buffered saline
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PCR: Polymerase chain reaction

PDGF: Platelet derived growth factor

PGE 2: Prostaglandin E2

PG I2 : Prostaglandin I2

PL: Phospholipid

PMA: Phorbol myristate acetate

Poly I: Polyinosinic acid

PTC: Proximal tubular cells

PTH: Parathyroid hormone

PUFA: Polyunsaturated fatty acids

REM : Relative electrophoretic mobility

RMC: Rat mesangial cells

SCR: Scavenger receptor

SD: Standard deviation

SES: Sub-endothelial space

SMC: Smooth muscle cells

SOD: Superoxide dismutase

T ’ : Tocopherol radical

TEA: Thiobarbituric acid

TBARS: Thiobarbituric acid reactive substances

TBS: Tris buffered saline

TCA: Trichloro acetic acid

TG: Triglycerides

TGF: Transformation growth factor

TH: Tocopherol

THP-1 (T): THP-1 cells transformed into macrophages

THP-1 (U): Monocytic (untransformed) THP-1 cells

TNF: Tumor necrosis factor

TXA2 : Thromboxane A2

Tyr-02 : Tyrosine peroxyl radical

UKTSS: United kingdom transplant sharing scheme
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VLDL: Very low density lipoprotein

VSMC: Vascular smooth muscle cells

W HHL: Watanabe heritable hyperlipidaemic rabbit

XI: X-irradiation
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1. INTRODUCTION
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Hypercholesterolaemia is now well-established as an important risk 

factor which may cause coronary heart disease and the therapeutic value of 

normalising plasma lipids by clinical intervention has been demonstrated 

(Tyroler, 1987; Anonymous, 1985). Hyperlipidaemia is also a common finding 

in patients with the nephrotic syndrome and chronic renal failure patients. 

These lipid abnormalities persist during renal replacement therapy and 

following successful renal transplantation, though the pattern of 

hyperlipidaemia changes.

This introductory chapter will discuss normal lipoprotein metabolism, 

the incidence and pathogenesis o f lipid abnormalities in renal disease, the main 

features o f Atherosclerosis and glomerular sclerosis and the similarities 

between these lesions.

l.(A). Normal lipoprotein metabolism

Cholesterol, cholesterol esters and triglyceride are virtually insoluble in 

aqueous environments and are transported in plasma in association with 

proteins in macromolecular complexes called lipoproteins. Lipoproteins are 

composed of an inner core of non-polar neutral lipids (esterified cholesterol and 

triglyceride) surrounded by an outer coating of polar molecules (phospholipids, 

free cholesterol and apoproteins). They are synthesised in the liver and intestine 

and transport dietary and endogenously synthesised lipids in the circulation. 

The separation of lipoproteins is generally achieved by using two main 

methods, electrophoresis and ultracentrifugation. Lipoproteins are most 

commonly classified according to their ultracentrifugal flotation density (Havel
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et al. 1955). Four major classes o f lipoproteins are recognised; chylomicrons 

(CM), very low density lipoprotein (VLDL), low density lipoprotein (LDL) and 

high density lipoprotein (HDL) These four classes o f lipoproteins are 

heterogeneous in terms of their size, lipid and apoprotein content and can be 

sub-fractionated by using techniques such as electrophoresis, gradient 

ultracentrifugation and affinity chromatography. LDL is often separated into 

two fractions, LDL 1 also known as intermediate density lipoprotein (IDL) 

with a density of 1.006-1.019 g/ml and LDL 2 which has a density of 1.019- 

1.063 g/ml. A fifth lipoprotein, lipoprotein (a) [Lp(a)]with a hydrated density 

between 1.06 and 1.08 g/ml also exists in plasma. Lp (a) consists of an LDL 

particle to which an additional “apoprotein (a)” is covalently attached 

(Utermann, 1989). Typical values for the major composition of the five classes 

o f lipoproteins are shown in table 1.1 and the apo content is described in table 

1.2. (Illingworth, 1993).

Table 1.1 Composition of Human Plasma Lipoproteins.

(% of total dry weight of the lipoprotein)

Chylomicrons VLDL LDL HDL

Protein 2 8 21 50

Phosholipid 7 19 22 23

Free cholesterol 2 7 8 4

Cholesterol ester 5 13 37 18

Triglyceride 85 51 11 4

Non-esterified fatty acid 2 1 1
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Table 1.2. Apoprotein Content of Human Plasma Lipoproteins

Chylomicrons VLDL LDL Lp(a) HDL

Major apoproteins

Apo B-48 Apo B-lOO Apo B-lOO Apo B-lOO Apo A-I

Apo C-I Apo C-I Apo (a) Apo A-II

Apo C-II Apo C-II

Apo C-III Apo C-III

ApoE ApoE

Minor apoproteins

Apo A-I ApoD Apo C-I

Apo A-II Apo C-II

Apo A-IV Apo C-III

ApoD Apo E

Lipoprotein composition

The least dense and largest of the human lipoprotein particles are 

chylomicrons which have a diameter ranging from 800 Â to 10,000 Â. The 

fatty acid composition of the chylomicron triglycerides resembles that o f a 

ingested dietary fat. The human chylomicron apoprotein B-48 is synthesised by 

intestinal mucosal cells. Apo B-48 represent a unique intestinal derived form of 

apo B and consists of the amino terminal 2152 amino acids of the normal 

hepatic apo B-lOO which is 4536 amino acids in length (Powell et al. 1987; 

Young, 1990).

The major triglyceride carrier in plasma is very low density lipoprotein 

(VLDL). VLDL is manufactured in the liver and has a diameter ranging from 

300 A to 800 A  with the larger particles being present at times of increased 

hepatic triglyceride synthesis. Their major apoprotein is apo B-lOO but they 

also contains significant quantities of apo C and apo E (see table 1.2).
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Low density lipoprotein (LDL) constitute the major cholesterol and 

cholesterol ester carrier in plasma (table 1 .1 ) and these lipoproteins carry apo 

B-lOO as their main apoprotein (table 1.2).

High density lipoproteins are the heaviest and smallest of the human 

lipoproteins with a density ranging from 1.063 to 1.21 g/ml and a particle 

diameter between 90 Â and 120 Â. The major apoprotein o f HDL are apo A-I 

and apo A-II (table 1.2).

Lipoprotein (a) is an LDL-like lipoprotein that contains cholesterol, 

phospholipid, triglycerides and apo B which is linked by a single disulphide 

bond to a second large protein known as “apoprotein (a)” (Utermann, 1989). 

The protein structure of apo (a) is very similar to that o f plasminogen and it 

contains several characteristic pretzel-like structures termed “kringles.” The 

molecular weight of apo (a) varies from 450,000 to 750,000 and there is an 

inverse relationship between the apo (a) molecular weight and plasma Lp (a) 

concentration. This means that patients with the higher concentration of plasma 

Lp (a) have lower molecular weight forms o f apo (a). Although the exact 

physiological role of Lp (a) remains unclear, high levels are considered to be an 

independent risk factor for atherosclerosis (Utermann, 1989).

Functions of plasma apoproteins

The apoprotein moieties of plasma lipoprotein play a vital role in the 

manufacture, transport and metabolism of plasma lipids. The DNA sequence 

and human genomic position of eleven major apoproteins are known (Breslow, 

1991). These include the apoproteins, A-I, A-II, A-IV, B-48, B-lOO, C-I, C-II, 

C-III, D, E and apo (a). The amino acid arrangement o f apoproteins with the
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exception o f apo (a) consist of amphipathic helical folds which results in the 

hydrophobic amino acids being located on one side and the hydrophilic amino 

acids on the other. This structure of apoproteins confers on lipoproteins the 

unique ability to transport non-polar hydrophobic lipids in an aqueous 

environment. With the exception of apo B-48 and apo B-lOO apoproteins seem 

to be able to move freely from one lipoprotein to another. This apoprotein 

transfer between lipoproteins enhances the metabolic processing of a given 

lipoprotein and also, prolongs the plasma residence times of lipoproteins.

The biosynthesis of apo A-I, C-I, C-II, C-III and E takes place in both 

intestinal musosal cells, liver and in certain other tissues including muscle and 

macrophages (Basu et al. 1983). Apo B48 and apo A-IV are made only by 

intestinal cells and A-II and B-lOO are synthesised exclusively in the liver.

Apoproteins in addition to their structural function may play a role in 

the intra-vascular metabolism and cellular uptake of lipoproteins. For example 

the enzyme lipoprotein lipase which facilitates the hydrolysis of triglycerides in 

chylomicrons and VLDL, uses apo C-II as a cofactor and a deficiency of this 

apoprotein is associated with severe hypertriglyceridaemia (Jackson et al. 

1980). The major apoprotein of HDL apo A-I acts as a cofactor for the enzyme 

lecithin cholesterol-acyltransferase (LCAT) which catalyses the conversion of 

cholesterol to cholesterol esters (Havel and Kane, 1989). Apoprotein B-lOO 

and E enable the receptor mediated uptake and catabolism of lipoproteins. 

Apoprotein E acts as a ligand for the receptor controlled uptake of chylomicron 

and VLDL remnants by hepatocytes (Kowal et al. 1989). Hepatic receptor 

recognition of apo B-48 is not essential for the uptake o f chylomicrons.
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however the uptake of plasma LDL by specific and high affinity receptors in the 

liver and other peripheral cells is facilitated by the interaction of Apo B-lOO 

and the LDL receptor (Brown and Goldstein, 1986)

Enzymes and transfer proteins involved in lipoprotein metabolism

The enzymes lipoprotein lipase (LPL), hepatic lipase (HL) and lecithin 

cholesterol-acyltransferase (LCAT) are the most important ones in the 

metabolism of lipoproteins. The interchange of cholesteryl esters between HDL 

and triglyceride rich lipoproteins and the transfer of triglycerides in the reverse 

direction is facilitated by the specific transfer protein cholesterol ester transfer 

protein (CETP) (Editorial 1991).

Lipoprotein lipase is found mainly on endothelial cells located in 

capillary beds of several tissues including adipose tissue, muscle and breast 

tissue (Olivecrona and Bengtsson-Olivecrona, 1984). The plasma concentration 

o f this enzyme is usually very low but can increased by releasing the enzyme 

from endothelial cells by an injection of heparin. The physiological role of LPL 

is to hydrolyse triglycerides present in chylomicrons and VLDL particles. The 

activity of this enzyme is at an optimum level in the presence of apo C-II which 

is a specific activator of this enzyme. Mutations o f the lipoprotein lipase gene 

that leads to the production o f a dysfunctional enzyme leads to severe 

hypertriglyceridaemia, the accumulation of chylomicrons and to a lesser degree 

VLDL particles in plasma (Eckel, 1989). Fasting and uraemia reduces 

lipoprotein lipase activity and administration of insulin increases enzyme 

activity (Olivecrona and Bengtsson-Olivecrona, 1984; Eckel, 1989).
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Hepatic lipase is a hydrolytic enzyme distinct from LPL found on 

hepatocyte membranes which can be released from cell surfaces by an 

intravenous injection o f heparin (Huttunen et al. 1976). Hepatic lipase is 

thought not to be involved in the initial hydrolysis of chylomicrons and VLDL 

but is believed to carry the further catabolism of these particles subsequent to 

the action of LPL and prior to the uptake of chylomicron and VLDL remnants 

by the liver. Deficiency of this enzyme results in the accumulation of small 

triglyceride rich VLDL particles and the lighter HDL subfraction HDL2 in 

plasma (Huff et al. 1993).

The plasma enzyme LCAT catalyses the formation of cholesterol esters 

from cholesterol. This reaction involves the transfer of a fatty acid from the 2  

position o f phosphatidyl choline onto cholesterol. Most of the cholesterol 

esters present in plasma results from the action of this enzyme on lipids found 

in HDL particles. Lecithin cholesteryl-acyl-transferase is activated by apo A-I 

and apo C-I. Deficiency of the LCAT enzyme leads to decreased cholesterol 

ester formation which results in the premature development o f atherosclerosis 

and progressive renal insufficiency (Glomset and Norum, 1973)

Cholesterol ester transfer protein (CETP) is a plasma protein that brings 

about the transfer of cholesteryl esters from HDL to VLDL and transports 

triglycerides in the reverse direction from VLDL to HDL particles (Editorial, 

1991). Activity of this protein has been shown to be high in 

hypertriglyceridaemic diabetic patients and decreases as a result of alcohol 

consumption (Editorial, 1991). A deficiency o f CETP due to a genetic defect 

has been described in Japan and these individuals have increased HDL
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cholesterol levels demonstrating that this protein plays an important role in the 

interchange o f cholesteryl esters between different classes of lipoproteins 

(Inazu et al. 1990).

Chylomicron metabolism

Chylomicrons are produced in small intestine enterocytes in response to 

the absorption o f ingested lipids. The synthesis of chylomicrons does not 

appear to be a rate-limiting step in the uptake of dietary fats. The secretion of 

these particles is dependent on the assembly of integral lipids o f chylomicrons 

(triglycerides, cholesteryl esters, phospholipids, retinyl palmitate), and the 

simultaneous synthesis of apo A-I, A-IV, B-48, and possibly, some C and E 

apoproteins. Existing evidence suggests that only one apo B-48 molecule is 

associated with each chylomicron particle (Huttunen et al. 1976), and unlike 

the other constituent apoproteins of chylomicrons does not translocate on to 

other lipoprotein particles (Young, 1990). Chylomicrons are secreted into the 

lymphatic system by intestinal cells and enter the systemic circulation through 

the thoracic duct. The residence time of these particles in plasma is about 5-15 

minutes as they are metabolised rapidly under normal circumstances. The 

hydrolysis o f chylomicron triglycerides by lipoprotein lipase is enhanced by the 

exchange o f apo A-I and apo A-II with C and E apoproteins between HDL and 

chylomicrons. Nascent HDL particles are thought to be produced from 

chylomicron remnants, (figure 1 .1).

The progressive de-lipidation of chylomicron particles is carried out by 

lipoprotein lipase of endothelial cells found in the capillary beds of muscle and
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adipose tissue. The LPL induced catabolism of VLDL and chylomicron 

triglycerides is a competitive process but chylomicrons appear to be the 

preferred enzyme substrate. The progressive loss o f triglycerides from 

chylomicrons leads to the emergence of “chylomicron renmants” which have a 

high cholesterol content, are enriched with apo E, and apo C depleted. These 

remnants are taken up by hepatocytes by a specific receptor known as the 

“LDL receptor related protein” (Herz et al. 1988) and possibly by other 

receptors that bind apo E, including the recently described VLDL receptor. 

Lipoprotein lipase deficiencies and genetic defects that result in the production 

of abnormal apo E molecules cause type III hyperlipidaemia in which there is 

an accumulation of VLDL and chylomicrons in plasma (Suzaki et al. 1990).

Very low density lipoprotein metabolism

Very low density lipoprotein particles are synthesised by hepatocytes 

and are the main triglyceride transporters between the liver and peripheral 

tissues. The main apoprotein component of VLDL is apo B-lOO, and the intra- 

vascular hydrolysis of their triglycerides depends on LPL. VLDL remnants may 

either be taken up by hepato-receptors that recognise apo E or be subsequently 

repackaged as LDL particles.

This conversion of VLDL to LDL is one of the main sources of human 

plasma LDL. Plasma VLDL concentration is dependent on hepatic secretion of 

this particle which in turn is controlled by the nutritional status, the quantity of 

free fatty acids, the levels of insulin, glucagon and epinephrine of an individual. 

The remnant VLDL particle internalised by the liver for further catabolism
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following binding of the high affinity VLDL receptor, the LDL receptor like 

protein and LDL receptors (Mahley and Hussain, 1991). In normo- 

triglyceridaemic subjects the majority of the VLDL apo B-lOO remain un

degraded during the catabolism and is eventually found as a component of LDL 

formed as a result o f the metabolism of EDL particles (Young, 1990). In 

contrast patients with severe hypertriglyceridaemia display low levels of LDL 

because most of the VLDL is removed before conversion into LDL can occur. 

Dietary or drug interventions used to lower triglycerides in patients with 

moderate hypertriglyceridaemia can lead an initially to increase in plasma LDL 

levels due to this precursor product relationship. Very low density lipoprotein 

is catabolised at a slower rate than chylomicrons and therefore has a plasma 

residence time of 6-12 hours. Accumulation o f VLDL in the plasma leads to 

moderate hypertriglyceridaemia and may occur due to increased synthesis, a 

decreased triglyceride hydrolysis or due to a combination o f both the above. 

Decreased plasma clearance of VLDL remnants is found in patients with type 

III hyperlipidaemia and in those who display a diminished HL activity 

(Breckenridge et al. 1982)

35



L IV E R

H D L

CETP

C M R

(c &e )  nH D L H D L

(ÏËD
CM SURFACE 
COMPONENTS

FFA

IN T E ST IN E

M U SC LE & A D IPO SE 
TISSU E

Figure 1.1 Chylomicron metabolism and HDL chylomicron interactions

HDL2 = HDL with a density between 1.063 g/ml and 1.125 g/ml; HDL3 = HDL with a 

density between 1.125 and 1.21 g/ml; FFA = free fatty acids, LPL= lipoprotein lipase; CETP 

= cholesterol ester tranfer protein; LCAT= Lecithin cholesterol-acyltransferase

Low-density lipoprotein metabolism

Low density lipoproteins are the main cholesterol carrier in humans and 

can be thought as the end product of VLDL metabolism (figure 1.2). Up to 

80% of the LDL is removed from the circulation by interaction of this particle 

with high affinity apo B/E receptors (see chapter 4) and the remainder by non

receptor mediated pathways (Kesaniemi et al. 1983). The liver is responsible 

for the removal of about 50% of LDL in plasma with extra-hepatic tissues 

removing the rest of the plasma LDL (Steinberg, 1983). Receptor mediated 

LDL uptake results in a suppression of de-novo cholesterol synthesis and an
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increase in intracellular cholesterol estérification (Brown and Goldstein, 1986). 

The very severe hypercholesterolaemia seen in homozygous and heterozygous 

familial hypercholesterolaemic patients who express reduced or no LDL 

receptors, demonstrate the vital importance of this pathway in clearing LDL 

from plasma (Schneider, 1989).

High density lipoprotein metabolism

High density lipoprotein are synthesised directly by the liver and can 

also be derived from VLDL and chylomicron surface components which are 

produced during the intra-vascular catabolism of these particles, (figure 1 .1). 

This dual origin of HDL explains why there is a negative correlation between 

plasma triglyceride and HDL levels and why HDL particle are present in the 

plasma o f patients with abetalipoproteinaemia who have lack chylomicrons, 

VLDL, and LDL in the plasma. Nascent HDL particles are disk shaped and 

consist mainly of protein, free cholesterol, and phospholipids. These newly 

synthesised particles mature into spherical structures rich in cholesteryl esters 

through the action of LCAT. The apoprotein content of HDL particles may 

vary with some particles only having apo A-I and others carrying both apo A-I 

and A-II. The plasma half-life of HDL as quantified by measuring constituent 

apoprotein concentrations varies between 4 to 6  days and is influenced by an 

individual’s diet and the action of several drugs. Carbohydrate rich diets which 

increase VLDL levels result in low HDL levels and an increase in HDL 

turnover. Nicotinamide which lowers plasma VLDL on the other hand 

increases plasma HDL concentration and lengthens the apo A-I plasma half-life.
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Figure 1.2. VLDL and LDL metabolic pathways and the consequences of receptor 

mediated LDL uptake. FFA=free fatty acids; LPL=lipoprotein lipase; HDL2=HDL with a 

density between 1.063 and 1.125 g/ml; HMG CoA=hydroxy methyl glutaryl coenzyme A; 

PL^phospholipid; TG=trigIyceride; HTGL=Hepatic triglyceride lipase

There is abundant evidence from large epidemiological studies for the 

existence of an inverse correlation between the plasma HDL cholesterol and the 

risk of developing coronary artery disease (Abbott et al. 1988). This has led to 

the suggestion that the major function of HDL is to transport cholesterol from 

peripheral tissues back to the liver. Several factors have been shown to increase 

plasma HDL levels acting mainly by affecting the lighter HDL2 subffaction.
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These include the correction of hypertriglyceridaemia, the moderate 

consumption of alcohol, and exercising regularly. As previously discussed a 

deficiency of CETP can also lead to increased HDL cholesterol levels (Inazu et 

al. 1990). Dramatic alterations in the concentrations o f HDL particles can 

occur due to a variety of environmental factors and genetic disorders. These 

disorders demonstrate the important role of the apoproteins A-I and A-II in 

human HDL metabolism (Brewer and Rader, 1991). With the exception of 

CETP deficiency and hyperalphalipoproteinaemia genetic defects give rise to a 

decrease in plasma HDL and constituent apoprotein concentrations. Several of 

these disorders are associated with an increased risk o f coronary artery disease.

I B. Lipoprotein abnormalities found in renal disease

l.(B ).l Nephrotic syndrome

The nephrotic syndrome is characterised by proteinuria o f greater than 

3.5 g/day, hypoalbuminaemia, oedema, and hyperlipidaemia and is a result o f an 

alteration in glomerular filtration barrier selectivity (Cameron, 1987). The 

syndrome may occur during the course of both kidney and other systemic 

diseases. It is not obvious however why a change in what is filtered by the 

glomerulus and the proteinuria that occurs as a consequence leads to such a 

profound change in the lipid profiles of these patients.

The nephrotic plasma lipid profile is characterised by an increase in 

plasma cholesterol concentration and elevated plasma triglyceride levels, 

particularly in patients with heavy proteinuria (>10 g/day). This characteristic
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profile is a result o f an increase in LDL, VLDL and/or EDL particles (Joven et 

al. 1990) and a decreased or unchanged level o f the HDL fraction (Joven et al. 

1990; Kaysen, 1991). This results in an increased LDL/HDL cholesterol ratio 

in these patients. There is also evidence that the relative levels of HDL 

subtypes undergo a change in the nephrotic patient (Muls et al. 1985). The 

EEDLg EEDL] ratio increases due to a small elevation in HDLg levels and a more 

dramatic decrease in HDL2 levels (Muls et al. 1985; Short et al. 1986). The 

HDL2 subclass is thought to be protective against atherosclerosis and this 

factor together with the increase in VLDL, EDL and LDL cholesterol puts these 

patients in to a group which has a high risk o f developing premature 

cardiovascular disease (Miller et al. 1981).

Qualitative changes in the composition of the plasma lipoprotein 

fractions also occur in nephrotic patients. These changes result in an increase in 

the ratio of cholesterol to TG and of free cholesterol, cholesterol esters and 

phospholipid to protein in these fractions (Gherardi et al. 1977). There also is 

an accumulation in the plasma of lipoprotein particles that are similar to VLDL, 

EDL and CM remnants which are rich in esterified and non-esterified 

cholesterol and phospholipids. ApoB and C-III levels increase in nephrotic 

syndrome while apo A-I, A-II and C-II remain unchanged (Joven et al. 1990). 

As discussed above apo C-II an essential co-factor involved in LPL activity and 

apo C-III is a competitive inhibitor of the action o f apo C-II. The increase in 

the apo Clll/apo C-II ratio may reduce LPL activity resulting in a delayed 

clearance of triglyceride rich lipoprotein particles (Brown and Baginsky, 1972).
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There is general agreement that the hyperlipidaemia of the nephrotic 

syndrome is a result of both increased hepatic synthesis of lipids and 

apolipoproteins (Marsh, 1984) and decreased lipoprotein catabolism (Garber et 

al. 1984).

Evidence for increased hepatic synthesis of lipids and proteins comes 

from studies using rats with experimental nephrosis which demonstrated an 

increased synthesis of cholesterol and some but not all apolipoproteins in vivo 

(Shafrir and Brenner, 1979) and also by isolated perfused livers taken from 

these animals (Brenner and Shafrir, 1980).

Studies designed to investigate synthetic rate o f lipoproteins in 

nephrotic patients have yielded conflicting information. Some investigators 

have reported an increase in TG synthesis in nephrotics (Kekki and Nikkila, 

1971) but others reported unchanged VLDL synthetic rates (Vega and Grundy, 

1988). Synthesis o f apo B was found to be increased in nephrotic patients and 

to be correlated positively with the level of proteinuria and negatively with 

serum albumin levels (Warwick et al. 1990).

Hypoalbuminaemia and albuminuria are prominent features in the 

nephrotic syndrome. There is an increased rate of synthesis of albumin (Davies 

et al. 1990; Kaysen et al. 1987) and a negative correlation between the serum 

albumin or protein concentration and serum cholesterol levels in nephrotic 

patients (Kaysen et al. 1987; Joven et al. 1990). It has been suggested that 

hepatic synthesis o f albumin and other proteins including apolipoproteins is 

increased as a result o f the low serum albumin (Kaysen, 1991). However, 

several lines of evidence suggesting that the decrease in oncotic pressure {%)
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resulting from the hypoalbuminaemia is the driving force behind the increase in 

hepatic synthesis of proteins (Brenner and Shafrir, 1980; Shafrir and Brenner, 

1979). The mechanism by which serum k exerts its regulatory effect on the 

synthesis of albumin and lipoproteins by hepatocytes is poorly understood .

Delayed clearance of lipoproteins due to defective catabolism may also 

cause hyperlipidaemia. The removal of CMs and VLDL is greatly reduced in 

rats with experimental nephrosis (Staprans et al. 1987; Davies et al. 1990) and 

the clearance of intra-lipid by nephrotic patients is also delayed (Chan et al. 

1981a). A decrease in LPL activity which leads to a decreased conversion of 

CM and VLDL remnants to LDL and HDL is thought to be one of the main 

catabolic defects in the nephrotic syndrome (Garber et al. 1984). The reasons 

for the decreased LPL activity may be due to a variety of factors including loss 

of LPL or co-factors such apo C-II (Kashyap et al. 1980), ai-acid glycoprotein 

(ai-AG) and heparan sulphate in nephrotic urine (Staprans et al. 1987; Davies 

et al. 1990). Loss o f albumin may also affect enzyme activity as it removes the 

free fatty acids produced by the action of LPL from the catabolic site thereby 

decreasing the likelihood of product inhibition (Eckel, 1989).

Albumin also plays an important role in the maturation of HDL. The 

action of LCAT results in the formation of HDL2 from HDL3 which in turn is 

formed from the discoid nascent HDL particle (Havel, 1987). Lysolecithin is 

liberated during this process and binding of this by-product by albumin ensures 

that LCAT activity is optimised and the maturation of HDL proceeds normally. 

The alteration of HDL composition observed in nephrotic patients is precisely
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that which would be predicted to occur if there was a decrease in LCAT 

activity (Cohen et al. 1980; Levy et al. 1990).

Although hypoalbuminaemia may result in reduced catabolism of 

circulating lipid particles by the mechanisms outlined above, it has been noted 

that hereditary analbuminaemic rats clear CMs and VLDL normally from the 

circulation despite displaying markedly reduced post-heparin LPL activities 

(Davies et al. 1990). These rats do not have proteinuria but have virtually no 

albumin in their plasma. When proteinuria is induced in these animals there is 

an elevation in there serum TG and cholesterol concentration and a severe 

defect in the clearance of circulating TG rich lipoproteins that is 

indistinguishable from defects seen in otherwise normal rats with nephrotic 

syndrome. These factors suggest that the removal of CMs and VLDL from 

nephrotic rat serum is unrelated to changes in LPL activity but is due to the 

urinary loss of some substance(s) other than albumin, and defines a component 

of hyperlipidaemia of the nephrotic syndrome which should respond to 

interventions that reduce macromolecule loss in the urine. (Kaysen, 1991).

Several macromolecules other than heparan sulphate and ai-A G  have 

been identified in nephrotic urine. HDL is found in the urine and in proximal 

tubular cells of some nephrotic individuals (Short et al. 1986). However, 

although lipiduria does occur in nephrotic humans and rats, it only represents a 

1% excretion of the total plasma pool of HDL (Jungst et al. 1987) and the 

HDL subtype decreased in nephrotics is the larger HDL2 particle. The enzyme 

involved in HDL maturation LCAT is another component identified in 

nephrotic rat urine. This may cause the defect in HDL maturation but the levels
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found in the urine are not sufficient to explain the reduced plasma 

concentration of this enzyme. Apo C-II is also present in nephrotic urine. There 

is however no correlation between plasma levels o f apo C-II levels in the 

plasma and urinary excretion of this apolipoprotein (Kashyap et al. 1980). Also 

Joven et al have reported that the absolute level of apo C-II is not reduced in 

the nephrotic syndrome (Joven et al. 1990).

Therefore it may be concluded that the lipoprotein catabolic defect 

found in nephrotics may be only partially due to the loss of a single or many 

substances in the urine. The hyperlipidaemia observed cannot be explained fully 

by the loss of any of the lipo-regulatory substances thus far identified in the 

urine o f nephrotic humans or animals (Joven and Vilella, 1995).

1.(B).2. Lipid abnormalities in chronic renal insufllciency

Chronic renal failure (CRT) is frequently associated with disturbances in 

lipoprotein metabolism. Although these lipoprotein metabolic disorders are 

more prevalent with advancing chronic renal failure, the mechanisms linking the 

two processes are poorly understood. The abnormalities persist even after the 

commencement of renal replacement therapy but may be modulated by 

therapeutic intervention.

The most common abnormality in plasma lipids o f adult and paediatric 

patients with CRT is moderate hypertriglyceridaemia (Chan et al. 1981b; 

Attman and Alaupovic, 1991b; Brunzell et al. 1977). The cholesterol may be in 

the normal range but is elevated in patients with pronounced 

hypertriglyceridaemia (Attman and Alaupovic, 1991b).
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Triglyceride concentrations seem to be increased not only in the VLDL 

fraction but in other lipoprotein subfractions, IDL, LDL, and HDL as well 

(Grutzmacher et al. 1988; Norbeck and Carlson, 1981; Bagdade et al. 1976). 

The cholesterol content o f VLDL, EDL and LDL may also elevated (Dieplinger 

et al. 1986). This means that the LDL cholesterol:HDL cholesterol ratio is 

increased enhancing the risk of cardiovascular morbidity. The total mass of 

VLDL and IDL is increased and that o f HDL decreased (Attman and 

Alaupovic, 1991a). These patients frequently have low HDL2 levels (Rubies- 

Prat et al. 1987) and higher Lp (a) levels (Kronenberg et al. 1996).

Lipid abnormalities (table 1.3) are also reflected in the apolipoprotein 

distribution in lipoprotein subffactions (Attman et al. 1987). These changes 

result in reduced apo A-I/apo C-III and apo A-I/apo B ratio and an increased 

ratio o f apo C-III/apo-E ratio (Attman et al. 1987; Rubies-Prat et al. 1987). 

The apo C-III ratio (the ratio of apo C-III in heparin supernatant versus apo C- 

III in heparin precipitate) is also reduced in hypertriglyceridaemic CRF patients 

and is indicative o f a triglyceride-rich lipoprotein degradation defect (Attman et 

al. 1987). Apolipoproteins B, C and E has been shown to increase threefold in 

VLDL and twofold in EDL (Attman and Alaupovic, 1991a; Attman et al. 1992; 

Nestel et al. 1982). The apoC, apoE, apo A-I and apo A-II concentrations have 

been found to be reduced in HDL (Attman and Alaupovic, 1991a; Attman and 

Alaupovic, 1991b; Grutzmacher et al. 1988).
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Table 1.3 Plasma profile of the major apolipoproteins in patients with CRF

A|)oitpoproteM PWma iev^is m CRF p&xmu

apo A-I, apo A-II Reduced

apo B apo, C-I normal or slightly elevated

apo E normal/ slightly elevated (males)

apo C-II Increased

apo C-III Highly increased

The changes in apolipoprotein composition of lipoproteins may serve as 

important indicators of dyslipoproteinaemia as even patients with moderate 

renal insufficiency (15-60 ml/min GFR) and normal plasma lipid profiles have 

reduced levels of apo A-I and Apo A- II and increased apo C-III levels. The 

most characteristic indicator of impaired lipoprotein metabolism in CRF is a 

low apo A-I /apo C-III ratio (Grutzmacher et al. 1988; Norbeck and Carlson, 

1981, Attman and Alaupovic, 1991a).

The changes in the lipid and protein moieties of lipoprotein particles 

that occur in CRF are thought to give rise to remnant or partially metabolised 

particles that have lower densities (Attman and Alaupovic, 1991a; Alaupovic et 

al 1988). The apo B containing lipoproteins VLDL, IDL and LDL in CRF 

patients, have been reported to be triglyceride enriched and contain apo B C E 

or apo B C (Attman et al. 1992; Alaupovic et al. 1988; Nestel et al. 1982).

The concentration of lipoproteins in plasma is a consequence of their 

rates of synthesis and catabolism. Changes that occur secondary to CRF 

(Attman and Alaupovic, 1991 a) may affect the metabolism of triglyceride-rich
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lipoprotein (table. 1.4). There is evidence that a transport and catabolic defect 

o f triglyceride-rich lipoproteins exists in uraemic patients (Chan et al. 1984; 

Chan et al. 1982; Chan et al. 1981b; Norbeck and Carlson, 1981). This means 

that there is an increase in remnant particles such as IDL and chylomicron 

remnants in the plasma (Nestel et al. 1982). The presence o f lipoprotein 

particles containing the intestinal apolipoprotein apo B-48 and apo A-IV and p 

migrating VLDL in uraemic plasma has also been reported (Nestel et al. 1982). 

Intralipid clearance is also delayed in uraemic patients pointing to a catabolic 

defect in this group (Chan et al. 1982).

Triglyceride rich lipoproteins are catabolized by the enzymes 

lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTL) as described in 

section 1(A). There is a decreased post-heparin LPL activity in CRF patients 

the reasons for which are not fully understood (Chan et al. 1984). However 

functional insulin deficiency and a non-dialysable LPL inhibitor may play a role 

in this inhibition (Attman and Alaupovic, 1991a).
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Table 1.4. Factors that contribute to changes in triglyceride metabolism in chronic renal 

insufllciency.

Impaired catabolism and 

removal of triglycerides

Increased synthesis of triglycerides

Decreased activity of lipolytic enzymes Increased dietary carbohydrate

LiooDrotein lioase (LPLl

Insulin resistance

Increased PTH Uptake o f glucose from dialysate in CAPD

Inhibitors in uraemic plasma

Reduced apo C-II/apo C-III ratio

Heoatic linase (HTL) and Lecithin Hyperinsulinaemia ?

cholesterol acvl transferase (LCAT)

Alteration of lipoprotein substrate

Trielvceride enriched LDL

Altered aooliooDrotein comoosition

Increased apo C-III/apo E in IDL and LDL

Modifications of lioooroteins

Decreased removal by receptor and

non-receptor mediated pathways

Generally no deficiency of the LPL co-factor apo C-II is found in uraemia, but 

the concentration of apo C-III an inhibitor of LPL increases and this may play a 

role in reducing enzyme activity. It has also been found that treatment with 

lipase activating drugs such as gemfibrozil may normalise hypertriglyceridaemia 

in CRF patients (Chan, 1989). This suggests that the triglyceride catabolic 

defect in these patients may in part be due to lower activity o f the lipase 

enzymes.

The removal of triglyceride rich lipoprotein may also be affected by 

changes in the lipoprotein substrate apolipoproteins. The apo C-III/E ratio is
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increased in the lipoproteins of this patient population and this may lead to a 

lower rate of uptake and degradation of these particles (Windier and Havel, 

1985).

The rate of lipolysis is also dependent on the rate of incorporation of 

fatty acids produced into surrounding cells. It has been reported that the 

assimilation of fatty acids into adipose tissue is impaired in uraemic patients 

who are triglyceridaemic (Attman and Alaupovic, 1991a).

The activity of lecithin cholesterol acyltransferase (LCAT) an enzyme 

that catalyses the estérification o f cholesterol released during catabolism of 

triglyceride rich lipoproteins is also reduced in uraemic patients (Dieplinger et 

al. 1986). This impaired activity is thought to be due to the reduced level of its 

activator apo A-I. This enzyme is also involved in the maturation of HDL and 

reverse cholesterol transport. Therefore reduced LCAT activity may lead to a 

lower lipolytic rate, an altered HDL2/HDL3 ratio and defects in reverse 

cholesterol transport.

Changes in HDL composition may occur because o f a decreased 

catabolism of triglyceride rich lipoproteins. A transfer o f apolipoproteins and 

surface lipids from these lipoproteins is important for the normal metabolism of 

HDL; Drugs such as gemfibrozil that increase lipase activities have been shown 

to increase HDL2 levels in continuous ambulatory peritoneal dialysis (CAPD) 

patients. Changes in HDL composition may also cause a catabolic defect as 

transfer of apolipoproteins from HDL to newly synthesised VLDL is important 

in maintaining a normal lipolytic rate (Chan, 1989).
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Some CRF patients with higher levels o f plasma triglycerides may also 

display a higher synthetic rate of triglycerides (Chan et al. 1989). Diabetic 

patients who develop renal failure and whose diabetes is poorly controlled 

show enhanced levels o f triglyceride production (Attman and Alaupovic, 

1991a). A modest increase in production o f triglycerides may result in 

hypertriglyceridaemia as there is an underlying catabolic defect in these 

patients.

Hyperinsulinaemia due to insulin resistance has been implicated in 

causing overproduction of triglycerides (Chan et al. 1981b). This theory 

remains controversial because, although there is a positive correlation between 

plasma triglyceride and insulin levels (Chan et al. 1981b), the availability of 

substrates such as glycerol and free fatty acids necessary for synthesis of 

triglycerides do not seem to be increased in these patients (Chan et al. 1981b; 

Attman and Alaupovic, 1991a).

Alterations in cholesterol metabolism in chronic renal insufficiency is 

thought to be largely secondary to abnormal triglyceride metabolism and seems 

to be corrected when the primary defect is treated (Attman and Alaupovic, 

1991a).

In conclusion CRF is associated with alterations in the metabolism of 

lipoproteins which results in a large proportion of these patients being 

hyperlipidaemic. The primary cause of this dyslipoproteinaemia is thought to be 

the abnormal transport and metabolism of triglyceride-rich lipoproteins. The 

pathogenic link between the progressive decrease in renal function and the 

development o f lipoprotein abnormalities remain to be elucidated. Whether
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lipoprotein abnormalities are an important contributory factor in the 

development of cardiovascular disease in CRF patients and if therapeutic 

intervention to correct dyslipidaemia would be beneficial, is as yet not properly 

determined.

1.(B).3. Lipid abnormalities following renal transplantation

The European Dialysis and Transplantation Association (EDTA) 

registry has reported that approximately 32 % of deaths in renal transplant 

patients are due to cardiovascular causes, a similar percentage to the mortality 

that results due to infections. These statistics show that myocardial infarction is 

a particularly prevalent cause of death in this patient population. 

Cardiovascular events have been reported to account for 19 % of deaths in 

renal transplant patients in the US with only 3 % resulting from cerebrovascular 

morbidity (Brunner et al. 1988).

The pathogenesis of cardiovascular disease in this patient group is likely 

to be due to multiple factors and include risk factors that have been established 

for the general population such as cigarette smoking, arterial hypertension, 

hyperlipidaemia, glucose intolerance in addition to the influence of factors such 

as immunosuppressive treatments. Whether other factors such as cell-mediated 

chronic immunological events, viral infections and lipid peroxidation influence 

the development of premature atherosclerosis remains to be seen (Drueke et al. 

1991).

Hyperlipidaemia is a common problem following successfiil kidney 

engraftment (Ong et al. 1994; Moore et al. 1993). Lipid abnormalities have
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been reported to be present in 16%-70% of these patients, the prevalence 

depends on at what time point after transplantation the lipid profiles were 

investigated (Cattran et al. 1979; Drueke et al. 1991). The type of 

abnormalities seen include increases in triglycerides (TGs) and cholesterol 

concentrations as well as higher VLDL and LDL cholesterol levels (Kasiske 

and Umen, 1987).

In a recent long term longitudinal study that included a large number of 

renal transplant recipients followed up for up to 14 years, 70 % had 

hypercholesterolaemia 3 years following transplantation and 59 % 5 years post

transplant (Ong et al. 1994). An initial increase in plasma cholesterol (within 

the first 3 months after transplantation) has been attributed to the higher doses 

of steroids used immediately following transplantation (Vathsala et al. 1989). 

The fall in serum cholesterol levels in long-term transplant patients may be due 

to the lower dependence on steroid immunosuppression (Vathsala et al. 1989) 

but does not fully account for it (Kasiske and Umen, 1987).

Hypertriglyceridaemia following transplantation has been reported to be 

present in some studies and correlated with an excessive % relative weight and 

elevated serum creatinine (Vathsala et al. 1989). It is generally thought that 

hypercholesterolaemia is the more common problem in these patients. The 

effect of transplantation on HDL cholesterol levels remains unclear with 

decreased (Bagdade and Albers, 1977; Brown et al. 1997) normal (Kasiske and 

Umen, 1987; Jung et al. 1982) or elevated (Gunjotikar et al. 1994) serum levels 

being reported. Some investigators have reported that HDL particles are 

triglyceride enriched and that total apo A levels are elevated (Jung et al. 1982).
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Post renal transplant Apo CII, CIII and E have been found to be raised or 

normal in some studies and the apo CII/CIII ratio found to be decreased 

(Massy and Kasiske, 1996). In general Lp(a) levels in renal transplant patients 

have been reported to be normal although there is some evidence patients on 

CyA had higher levels (Massy and Kasiske, 1996).

The immunosuppressive regimes employed may also have a bearing on 

the magnitude of hyperlipidaemic problems these patients may experience. 

Some studies have reported that the use of cyclosporin (CyA) adversely affects 

lipid profiles and that withdrawal leads to an improvement in serum cholesterol 

and triglycerides (Harris et al. 1986; Hilbrands et al. 1995). However other 

studies conclude that CyA has a neutral effect on serum lipoprotein 

concentrations (Massy and Kasiske, 1996). LDL isolated from CyA treated 

patients has been shown to be more susceptible to oxidation in vitro, and their 

levels of auto-antibodies against OxLDL to be raised (Apanay et al. 1994; 

Ghanem et al. 1996). These reports may be important because OxLDL may 

play a role in the pathogenesis of atherosclerosis [see section 1(D)]. However, 

we have recently demonstrated that LDL isolated from patients treated with the 

new formulation of CyA (neoral), have similar lag-times o f LDL oxidation (see 

chapter 3) to those of normal individuals (Varghese et al. 1998). The doses 

employed might be important in this regard as high levels of CyA may cause 

nephrotoxicity and it has been shown that hyperlipidaemia is more common in 

patients with a poorly functioning grafts even if they were treated with 

conventional immunosuppressive therapy.
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It is well documented that the use o f steroids may be a causative factor 

in post-transplant hyperlipidaemia. This is not however a universal finding and 

although a low dependence on steroid immunosuppression may result in a 

reduction in hyperlipidaemia, other factors clearly contribute to lipid 

abnormalities following renal transplantation (Drueke et al. 1991).

Hypertension and anti-hypertensive agents are also considered risk 

factors for the development of hyperlipidaemia and once again there is no real 

consensus in the literature regarding their role. Some studies state that the use 

o f p-blockers has an adverse effect on lipid profiles and others show little 

correlation between the use of g-blockers and hyperlipidaemia (Kasiske and 

Umen, 1987).

Smoking is considered to be an independent risk factor for the 

development o f vascular disease and is considered to be an agents which has an 

adverse effect on lipid profiles in the normal population and the same holds true 

for this patient group (Ong et al. 1994).

Diabetic renal transplant patients do not seem to have a more 

atherogenic lipid profile than the general transplant population. It has to be 

noted however, that the numbers of diabetic patients who have been 

transplanted is relatively small and therefore studies employing longer follow- 

up periods may be needed to arrive at any firm conclusions regarding this 

patient sub-group. In the dialysis population diabetes is an independent risk 

factor for the development of cardiovascular disease and the prognosis for 

diabetic renal transplant patients is worse at all time points when compared to 

non-diabetic transplant recipients. This suggests that factors already present
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that are independent of hyperlipidaemia put this patient sub-group into a high 

risk category (Ong et al. 1994).

In conclusion hyperlipidaemia plays an important role in the 

pathogenesis of atherosclerosis following renal transplantation, possibly in 

association with other factors such as smoking. More studies are needed to 

establish whether treatment of lipid abnormalities in the transplant population 

using drugs such as the hydroxy-3-methylglutaryl-coenzyme A (HMG Co A) 

reductase inhibitors may lead to a reduction in their vascular disease morbidity 

and mortality.

l.(C). Hyperlipidaemia and progressive kidney disease

The possible link between renal disease and hyperlipidaemia was made 

over a century ago (Virchow, 1860). In 1916, Munk described the extensive 

glomerular and tubular lipid deposition in the nephrotic syndrome as “Lipid 

Nephrosis” (Munk, 1913). Wilens, studying hypertensive diabetic patients in 

1951, noted the association between intercapillary glomerulosclerosis and 

“glomerular lipidosis” (Wilens et al. 1951). Reports in the early 1970’s of an 

increased rate of myocardial infarction in people with long-standing nephrotic 

syndrome and patients on dialysis led to a resurgence of interest in the lipid 

abnormalities in renal disease. Although these reports were greeted with initial 

scepticism, long-term follow-up studies on large patient populations have 

confirmed both the increased incidence o f coronary artery disease and the 

importance of lipid abnormalities in patients with renal disease and renal
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transplant recipients (Cameron, 1987; Attman and Alaupovic, 1991a; Ong et al. 

1994).

Decreased lipo jrotein catabolism

Incre^ed lipoprotein 
sysnthesis

LIPIDURIA PROTEINURIA

EXCESS GBM MATERIAL

GBM INJURY

PROGRESSIVE RENAL DISEASE

GLOMERULOSCLEROSIS

ATHEROSCLEROSIS
HYPERTENSION

TUBULAR-INTERSTITIAL
DISEASE

LIPOPROTEIN ACTIVATOR LOSS

INCREASED PERMEABILITY

MESANGIAL CELL 
DAMAGE/PROLIFERATION

HYPERLIPIDAEMIA 
ABNORMAL LIPOPROTEIN

TUBULAR ABSORPTION AND  
CATABOLISM OF LIPOPROTEIN 

? CO-PRECIPITATION WITH 
MUCOPROTEINS

Figure. 1.3 Proposed mechanisms for the pathogenesis of lipid-induced glomerular 

atherosclerosis and tubulo-interstitial damage in chronic progressive renal disease 

(Moorhead et al. 1982).

In 1982 Moorhead and colleagues suggested that the hepatic synthesis 

of lipoproteins in response to the urinary loss of albumin could cause 

progressive renal disease (Moorhead et al. 1982). This hypothesis argued that 

any condition where there was albuminuria and hyperlipidaemia could cause
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secondary self-perpetuating kidney damage where proteinuria and 

inappropriate hepatic production of lipoproteins would continue (figure 1.3). 

The increased concentration circulating lipids would then initiate and maintain 

further glomerular injury, so sustaining the cycle. The glomerular disease could 

be further progressed by other risk factors such as the persistence of immune 

processes, increased intraglomerular pressures and dietary factors. It is still 

uncertain as to how these various risk factors interact to cause chronic and 

irreversible renal insufficiency. The original hypothesis however, is supported 

by numerous animal studies that implicate hyperlipidaemia in the pathogenesis 

of progressive renal disease (Moorhead et al. 1982).

A steady and irreversible decline in renal function often results if a 

critical number of nephrons are destroyed even after the cessation o f the 

original disease process (Brenner, 1985; Klahr et al. 1988). Several metabolic 

and physiological factors have been implicated in causing the progression of 

glomerular lesions. Evidence from experimental studies where drugs and 

dietary interventions were used suggest that hypertension and glomerular 

hypertension in particular, is important in the pathogenesis of progressive renal 

disease (Grone et al. 1993; Tolins et al. 1992). Genetic and metabolic factors 

may also play a role in this progressive process (Weening et al. 1986) and many 

experimental studies support the hypothesis that lipids may modulate 

glomerular injury.

It has been established that cholesterol supplementation of the diets of 

several animal species leads to focal and segmental glomerulosclerosis (FSGS). 

French et al showed that feeding guinea pigs a diet containing 1 % cholesterol
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caused severe glomerular disease (French et al. 1967), with cholesterol crystals 

in glomerular capillaries and the proliferation of monocytes within the 

glomerulus. Subsequent studies using guinea pigs demonstrated that there was 

glomerular hypercellularity and mesangial matrix expansion within a few weeks 

o f starting a high cholesterol diet (Al-Shebeb et al. 1988).

Peric-Golia et al have demonstrated that feeding normal male Sprague- 

Dawley rats a 3% cholesterol or 3% cholic acid and taurine diet for 2-80 weeks 

resulted in hypercholesterolaemia within 4 weeks and within 1 year, histological 

evidence o f aortic abnormalities and kidney abnormalities localised in the 

glomerulus including lipid droplets that could be stained with sudan black, 

hyalinosis, and sclerosis together with a moderate degree of interstitial fibrosis 

(Peric-Golia and Peric-Golia, 1983). This study demonstrates that 

hypercholesterolaemia may cause renal lesions even in the absence of a pre

existing glomerular injury if dietary supplementation with cholesterol is 

continued for a sufficiently long period. A study carried out by Kasiske et al. 

showed that FSGS resulted within three months o f Sprague-Dawley rats being 

fed with a diet supplemented with 4% cholesterol (Kasiske et al. 1990). This 

was preceded by glomerular hyperplasia, expansion of mesangial matrix an 

increase in la^ macrophages within the glomerulus and albuminuria. Feeding 

with a high cholesterol diet also induced changes o f the cholesteryl ester and 

fatty acid content of renal cortices. The level of cholesteryl esters and linoleic 

acid was increased and that of arachidonic acid decreased and these changes 

correlated with the severity of glomerular injury (Kasiske et al. 1990). 

Cholesterol feeding also induced a slight increase in glomerular capillary
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pressure in the absence of an increase in systemic blood pressure (Keane et al. 

1991). There was also a change in the ratio of afferent/efferent arteriolar 

resistance which could have contributed to the changes in glomerular pressures. 

Isolated perfused kidney preparations from cholesterol fed animals have been 

shown to display higher whole kidney vascular resistance than kidneys from 

control animals. These hydraulic pressure changes may be modulated by 

vasoactive substances produced by infiltrating or intrinsic glomerular 

macrophages and mesangial cells whose numbers increase in cholesterol fed 

animals. Hypercholesterolaemia has been shown to reduce vascular production 

o f vasodilatory substances such as prostacyclin and nitric oxide and to increase 

synthesis o f vasoconstrictory factors such as thromboxane A2 and endothelin 

(Verbeuren et al. 1986; Kaplan et al. 1990; Triau et al. 1988). The severity of 

glomerular injury is increased greatly if dietary induced hyperlipidaemia is 

combined with either a loss of functioning nephrons or the presence of 

hypertension (Kaplan et al. 1990; Lee et al. 1993). Rats fed a diet consisting of 

4% cholesterol which had a unilateral nephrectomy at 1 month developed 

significantly higher glomerular scarring than cholesterol fed rats with two 

kidneys (Kasiske et al. 1990). This increase in FSGS in nephrectomised animals 

could not be attributed to changes in glomerular haemodynamics as sham 

operated animals had similar increases in glomerular capillary pressures. 

Studies using the puromycin amino nucleoside (PAN) nephrotic rat model have 

also shown that cholesterol feeding increases the severity of proteinuria and 

FSGS (Kasiske et al. 1990; Pavlovic et al. 1984). Glomerular injury is also
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higher when an increase in systemic hypertension is induced in the presence of 

hyperlipidaemia (Grone et al. 1989).

Animals that have endogenous hyperlipidaemia also develop 

progressive glomerular damage. Several models exists, important among the 

are the hyperlipidaemic Sprague-Dawley rat model developed by Imai which 

display moderate proteinuria and FSGS by 9 months o f age (Imai et al. 1977), 

the hyperlipidaemic, spontaneously hypertensive rat model described by 

Koletsky which develops uraemia at 6 months of age (Koletsky, 1975) and the 

obese Zucker rat model which develop hyperlipidaemia at around 10 weeks, 

significant albuminuria by 6 months of age and progressive increase in the 

glomerular and tubular interstitial injury between months 7-13 (Kasiske et al. 

1985b).

Lipid lowering drugs have also been used to assess the contribution of 

hyperlipidaemia to the progression of renal damage. A range of drugs including 

clofibric acid, cholestyramine, HMGCoA reductase inhibitors and fish oils have 

been used in several animal models such as the obese Zucker rat model, the 

PAN nephrosis model and the renal ablation model (Wheeler et al. 1991b; 

Diamond et al. 1990; Harris et al. 1990). Most of these studies demonstrated 

that reducing serum lipids ameliorated the degree of glomerular injury and had 

a positive effect on renal function without significantly altering glomerular 

haemodynamics

There is abundant evidence that systemic and glomerular hypertension 

modulates the progression of renal injury. Abnormal circulating lipids and 

changes in metabolism of lipoproteins are seen in animal models o f systemic
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hypertension in which proteinuria and progressive glomerular damage occurs. 

Two such models are the Dahl salt sensitive rat model and the renal ablation 

model (Tolins et al. 1992; Grone et al. 1993). The use of lipid-lowering drugs 

in these animal models decreased serum lipid levels and significantly reduced 

albuminuria and FSGS. These changes took place in the absence of significant 

changes in systemic and glomerular hypertension. These results suggests that 

lipid lowering strategies reduced glomerular injury by mechanisms unrelated to 

glomerular haemodynamic function (O'Donnell et al. 1992; Kasiske et al. 

1988b).

Although many studies using animal models o f endogenous and diet 

induced hyperlipidaemia support the hypothesis that lipid abnormalities 

contribute to renal injury, there are notable exceptions where hyperlipidaemic 

models do not lead to renal injury. The Watanabe heritable hyperlipidaemic 

rabbit (WHHL) model characterised by a deficiency of LDL receptors and 

hypercholesterolaemia develop atherosclerosis but not renal lesions (Keane et 

al. 1991). However, normal rabbits fed on diets high in cholesterol develop 

atherosclerosis and glomerulosclerosis (Keane et al. 1991). Rabbits with 

experimental diabetes fed a high cholesterol diet develop glomerular lesions but 

not atherosclerosis (Grone et al. 1989). It is speculated that the development of 

glomerular injury in rabbits is thought to be dependent on the presence of large 

lipoprotein particles in the circulation (Keane et al. 1991). These very large 

lipoprotein have been found in diabetic and normal rabbits fed cholesterol 

supplemented diets but not in WHHL rabbits. These abnormally large 

lipoproteins are thought not be able to penetrate the arteriolar wall
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(Nordestgaard and Zilversmit, 1988; Nordestgaard et al. 1988), where as 

normal LDL particles have the ability to enter the intima. It remains to be 

established whether these large lipoproteins are selectively trapped in the 

glomerular mesangium therefore contribute to injury.

Another instance of a model where hyperlipidaemia does not lead to the 

development of glomerular injury is the Nagase analbuminaemic rat. These rats 

lack circulating albumin and are hypercholesterolaemic. There is normally no 

evidence of renal disease in these animals (Zatz et al. 1989). However the 

metabolic pathways underlying the hyperlipidaemia observed in this model 

seems to be different from that linked with proteinuric renal disease (Keane et 

al. 1991).

Recently studies have been carried out to investigate the role of 

glomerular macrophage together with hyperlipidaemia in promoting 

glomerulosclerosis following an initial glomerular injury (Diamond et al. 

1989a). Diamond et al using the PAN rat model, demonstrated that during the 

acute nephrotic phase when hyperlipidaemia and proteinuria was at its peak, 

peritoneal macrophage phagocytosis, basal eicosanoid production and numbers 

in the glomerulus were significantly increased compared with control animals 

(Diamond et al. 1989a). Cholesterol and cholic acid supplementation of the diet 

resulted in a much greater increase in the three parameters described above. 

These investigators concluded that dietary induced hypercholesterolaemia and 

the secondary hypercholesterolaemia of nephrosis may act in synergy to cause 

alterations in macrophage function and numbers in the glomerulus. The role of 

glomerular macrophage in the chronic phase o f PAN nephrosis was also
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investigated. A diet which is essential fatty acid deficient (EFAD) is known to 

deplete glomerular macrophages in normal rats (Lefkowith and Schreiner, 

1987). Rats fed an EFAD diet for 8 weeks prior to and 4 weeks after 

administration of PAN had less of the recurrent albuminuria and fewer 

sclerosed glomeruli which characterises the chronic phase of this model 

(Diamond et al. 1989b). Glomerular macrophages were lower in EFAD animals 

than controls in both the acute and chronic phase of PAN nephrosis. Sub-lethal 

X-irradiation (XI) of animals before inducing PAN nephrosis also resulted in a 

depletion of glomerular and interstitial macrophages and prevented recurrent 

albuminuria and glomerulosclerosis in contrast to sham-irradiated nephrotic 

animals (Diamond and Pesek-Diamond, 1991; Pesek-Diamond et al. 1992). X- 

irradiation of rats with 3/4 renal ablation also resulted in less cellularity and 

mesangial matrix expansion at 5 weeks in XI animals when compared with 

nephrectomised non-irradiated rats. Multiple regression analysis indicated a 

highly significant contribution of macrophages to the best fitting regression 

model predicting mesangial matrix expansion (van Goor et al. 1992).

Other factors may also act independently or together with lipids to 

progress glomerular injury. Recently several studies have focused on the role of 

cytokines and growth factors produced by infiltrating macrophages and 

intrinsic glomerular cells in promoting glomerulosclerosis. Ding et al. 

demonstrated that glomerular and peritoneal macrophages obtained from PAN 

nephrotic or hypercholesterolaemic animals displayed higher expression of 

TGF-pl mRNA by polymerase chain reaction (PCR) and northern analysis in 

contrast to macrophages obtained from control animals (Ding et al. 1994).
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Another study demonstrated that tumour necrosis factor (TNF) and interleukin- 

1 (IL-1) was present in glomerular cells using immunohistochemical methods 

14 days after PAN administration (Diamond and Pesek, 1991). They also 

demonstrated that proliferating MCs and infiltrating glomerular macrophages 

were present in the glomerulus during this acute nephrotic phase. EFAD 

feeding significantly reduced TNF and IL-1 positive glomerular cells.

Work carried out using the spontaneous murine lupus model provides 

further evidence that macrophage derived peptide growth factors participates in 

the process o f FSGS. This model is characterised by MC proliferation and 

macrophage infiltration into the glomerulus. It has been demonstrated that 

infiltrating macrophages in the mouse lupus nephritis model release pro- 

inflammatory mediators such as TNF-a, IL -lp  (Boswell et al. 1988). Brennan 

et al have also shown that infusion of cytokines into the peritoneum of the 

above nephritic mice caused accelerated renal disease and a higher mortality 

(Brennan et al. 1989).

Another theory suggests that MC proliferation precedes infiltration of 

macrophages into the glomerulus and glomerulosclerosis (Eng et al. 1994). 

Experiments carried out using the 5/6 nephrectomised rat model suggest that a 

phenotypic switch of MC to a contractile type and MC proliferation precedes 

influx of monocyte/macrophages into the glomerulus (Floege et al. 1992). 

Mesangial cell proliferation also precedes glomerular and interstitial fibrosis 

following an immunological insult (Couser and Johnson, 1994). MC 

proliferation is thought to involve complement and platelet factors and may 

involve the basic fibroblast factor (bFGF). Mesangial cell proliferation is
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maintained by autocrine factors that involve the upregulation of MC PDGF and 

PDGF receptors. These early changes precede upregulation of genes that code 

for extracellular matrix components, mesangial matrix expansion and sclerosis 

(Couser and Johnson, 1994). Strategies that retard MC proliferation such as 

complement and platelet depletion, administration of heparin and anti PDGF 

antibodies reduce matrix expansion (Floege et al. 1993b).

The occurrence of renal disease in patients with primary 

hyperlipidaemia is low except for a few unique conditions. Patients with 

hereditary LCAT enzyme deficiency are unable to esterify cholesterol normally, 

and have defectively matured, abnormally large, lipid-laden HDL. These 

individuals have been shown to have lipid deposition in the glomerulus and 

progressive renal insufficiency (McIntyre, 1988). Some patients with 

hepatorenal syndrome and Fabry’s disease who have lipoproteins with 

abnormal morphologies have been reported to have progressive damage in their 

glomeruli (Schatzki et al. 1979). A unique form of the nephrotic syndrome first 

seen in Japanese patients where mesangial proliferation and expansion and 

FSGS occurs, is associated with high levels o f circulating apolipoprotein E and 

glomerular deposition of lipoproteins (Koitabashi et al. 1990; Saito et al.

1989). In general the hyperlipidaemic syndromes that result in renal lesions, 

appear to be the ones where there are abnormalities associated with high 

concentrations of circulating lipids, with abnormally large size or composition. 

The fact that the more common hyperlipidaemias do not usually cause 

glomerular injury probably indicates that the involvement o f a secondary factor 

such as hypertension (Tracy, 1992) or immune-mediated glomerular damage is
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necessary before lipids may cause clinically important renal lesions. In this 

regard, intra-glomerular lipid deposition has been observed in the routine 

biopsies taken from patients with a variety o f renal diseases (Lee et al. 1991). 

Experimental data also supports the hypothesis that the presence of 

hyperlipidaemia together with other risk factors such as hypertension 

exaggerates the extent o f glomerular injury. More studies are required to 

establish whether this is a result of a particular change in lipoprotein 

metabolism caused by renal disease or some other outcome of the interaction 

between the lipids and the glomerulus.

Long-term studies of progressive renal disease have focused on factors 

such as hypertension and the role o f protein intake, usually at an advanced state 

o f renal disease. There is currently little evidence from controlled trials to 

suggest that lipid lowering slows the progression of renal disease. However, a 

retrospective study carried out patients with type 1 diabetic nephropathy, 

showed that plasma cholesterol was partly correlated with the decline in renal 

function (Krolewski et al. 1994). Lipid lowering drugs are effective in reducing 

plasma cholesterol in nephrotic patients. In an uncontrolled trial where 

symvastatin was used in a group of nephrotic syndrome for 48 weeks LDL 

cholesterol was reduced by over 50 % (Rabelink et al. 1990). This was 

accompanied by a partial remission of the nephrotic syndrome with a decrease 

in albuminuria from 5.8 to 2.3 g/24 h, with a corresponding increase in plasma 

protein concentrations while plasma creatinine levels remained unchanged.

In summary evidence is accumulating from both experimental and 

clinical studies that lipids contribute to the progression of renal disease.
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Prospective, controlled trials using lipid lowering drugs with clinically 

appropriate functional and morphological end points will be needed to properly 

evaluate the clinical implications of these experimental studies.

l.(D). Similarities in the pathogenic mechanisms underlying 

glomerulosclerosis and atherosclerosis

Focal segmental glomerulosclerosis (FSGS) is the final result o f a 

number of interrelated events leading to permanent glomerular injury. It is a 

feature o f many chronic progressive renal diseases and is evidenced 

histologically by the accumulation of macrophages, cholesterol and cholesteryl 

esters in sclerotic glomeruli. FSGS may also be a primary lesion in some 

instances (Ichikawa and Fogo, 1996). Chronic animal models of glomerular 

injury such as normal ageing, renal ablation, streptozocin-induced diabetic 

nephropathy, and nephrotoxic serum nephritis result in FSGS. The lesions of 

atherosclerosis represent a spectrum of cellular interactions that are the 

manifestations o f highly specialised, chronic inflammatory response, which is 

followed by or accompanied by a fibroproliferative response in the artery wall 

(Ross et al. 1984). The initial lesion, the fatty streak results from changes in the 

surface of specific endothelial cells located at outflow tracks, branches and 

bifurcation’s and curvatures in the arterial system. Certain subsets of 

monocytes and T-lymphocytes are also thought to be involved in fatty streak 

formation (Schwartz et al. 1993). The histological similarities between the 

progressing fatty streak and the lesion of glomerulosclerosis include:
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1) The migration of monocytes through junctional complexes of endothelial 

cells following non-immune injury into the vessel wall and glomerulus 

respectively.

2) Lipid-rich macrophages foam cells

3) The presence of cholesterol and cholesteryl esters as demonstrated by 

histochemistry.

4) The proliferation of contractile cells, either vascular smooth muscle cells 

or glomerular mesangial cells.

5) Fibrosis resulting from an increased synthesis o f collagenous and non- 

collagenous extracellular matrix material.

The atherosclerotic plaque is similar to many chronic inflammatory 

processes with a striking feature being the increase in macrophage number in 

the lesion area in both situations. During the evolution of atherosclerosis the 

fatty streak may develop into a fibrous plaque consisting of a necrotic core 

made up of lipid-filled macrophages encompassed by proliferating vascular 

smooth muscle cells (VSMC) and connective tissue (Ross, 1993). Animal 

studies have demonstrated that foam cells are formed from monocytes that 

enter the intimai regions of lesion prone arteries and ingest cholesterol (Gerrity, 

1981b; Gerrity, 1981a). In the kidney when glomeruli are damaged, evidenced 

clinically by albuminuria there is also an influx of circulating monocytes into 

damaged glomeruli which take up cholesterol and cholesteryl ester and become 

foam cells. Intrinsic glomerular cells o f both mesangial and macrophage origin 

may also become foam cells (Goldszer et al. 1984). Glomerular mesangial cells
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(MC) also proliferate at a similar rate to that o f VSMCs and there is an excess 

deposition of collagenous and non-collagenous extracellular matrix material in 

both the inflamed glomerular mesangium (Hyman and Burkholder, 1973) and 

atherometous arteries (Ross et al. 1984). Finally, hypercholesterolaemia 

accelerates both glomerulosclerosis and atherosclerosis (Steinberg, 1983; 

Moorhead et al. 1982; Keane et al. 1991).

Central to the analogy between atherosclerosis and glomerulosclerosis 

is the morphological origin and functional characteristics of the glomerular MC. 

Vascular smooth muscle cells and MCs share certain morphological and 

functional properties. These include:

1) Mesodermal origin

2) Histochemical localisation of myosin

3) Cytoskeleton components: myosin, actin

4) Expression of angiotensin II receptors.

5) Contraction in response to of angiotensin arginine vasopressin and 

norepinephrine

6) Interleukin-1 and other growth factor induced proliferation.

7) Inhibition of cell proliferation by heparin compound both anticoagulant 

and non-anticoagulant

The mesangium is thought to consists of at least two cell types whose 

characteristics are reviewed in detail in chapter 2 of this thesis. The 

predominant cells are the paraglomerular mesoderm derived, smooth muscle
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like MC (Davies, 1994). This contractile MC is closely related to VSMCs in 

terms of origin (Mene et al. 1989), microscopic anatomy and histochemistry 

(Latta, 1973). Their proliferation also seems to be governed by similar factors. 

Vascular smooth muscle cell growth is inhibited by heparin in vitro and in vivo 

(Clowes and Kamowsky, 1977). Heparin likewise inhibits proliferation of 

cultured MCs (Striker et al. 1991) and decreases the percentage o f glomeruli 

with segmental MC proliferation in the chronic aminonucleoside nephrosis 

model (Diamond and Kamovsky, 1986). Contractile MCs and VSMC also 

share other common properties such a calcium dependent contractile response 

to various agents including angiotensin II and arginine vasopressin (Singhal et 

al. 1986; Ausiello et al. 1980). Macrophage and platelet derived factors cause 

the proliferation of both these cell types (Ross and Glomset, 1973; Floege et al. 

1993b). In addition to the intrinsic contractile MC, Schreiner et al. have 

documented in the rat a second population o f resident cells in the mesangium 

which share many features of monocyte/macrophages. These cells have Fc and 

C3b receptors, express the common leukocyte antigen and many also display la 

determinants. This cell population accounts for about 3 to 7% of the cells 

found in the mesangium and are believed to be o f haemopoetic origin and are 

thought to be involved in recognising and presenting foreign antigens and to 

stimulate lymphocyte proliferation (Schreiner and Unanue, 1984).

The pathogenesis of atherosclerosis

Recent advances in the understanding of the metabolism of lipoproteins 

by the arterial wall have yielded new insights into factors that may be involved
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in the atherogenic process. Specifically, the atherogenecity of lipoproteins 

seems to be enhanced by cell-induced post-secretory modification (Steinberg et 

al. 1989).

Many types of modification may influence LDL structure and function. 

Acétylation has been used in vitro but has no immediate biological 

consequences. Oxidative modification is thought to be of particular importance 

in atherogenesis. Another is non-enzymatic glycation, which may be a very 

important mechanism linking diabetes mellitus with some of the basic processes 

involved in the pathogenesis of atherosclerosis. Glycated LDL is also more 

susceptible to oxidation, a phenomenon known as glycoxidation (Lyons, 1993; 

Colaco and Roser, 1994). Modification of the LDL particle results in it not 

been recognised by the “native” LDL receptor (i.e. The apo B/E receptor), but 

by the scavenger receptor. The scavenger receptor, in contrast to the apo B/E 

receptor does not down-regulate when intracellular cholesterol accumulates 

and therefore provides a pathway for the unregulated uptake of modified 

lipoproteins with eventual foam cell formation (Goldstein et al. 1979b). This 

mechanism is thought to play a pivotal role in the process of atherogenesis. All 

major cell types in the artery wall, endothelial cells, smooth muscle cells and 

monocyte-macrophages have been shown to be able to effect oxidative 

modification of LDL in vitro (Parthasarathy et al. 1986; Henriksen et al. 1981; 

Heinecke et al. 1986). Macrophage uptake of other lipoprotein particles 

including oxidised Lp (a) and P-VLDL may also lead to foam cell formation. 

Oxidatively modified LDL (OxLDL) is demonstrably more cytotoxic when 

compared with unmodified native LDL (Hessler et al. 1983). The cytotoxicity
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of OxLDL may be extremely important in lesion progression, specifically in the 

development of the extracellular lipid core as the foam cell undergoes necrosis 

(Schwartz et al. 1991). Altered LDL has also been found to have a role in the 

recruitment of circulating monocytes directly (Quinn et al. 1987) and by 

inducing smooth muscle cells and/or endothelial cells to produce chemotactic 

and adhesive factors such as monocyte chemotactic protein (MCP-1) (Cushing 

et al. 1990), monocyte colony stimulating factor (m-CSF) (Rajavashisth et al.

1990), Interleukin-ip (IL-ip) (Ku et al. 1992), and other adhesion molecules 

(Frostegard et al. 1993; Cominacini et al. 1997). Modified LDL may also 

inhibit the motility o f resident monocytes once they have differentiated into 

macrophages within the intima (Quinn et al. 1987). Oxidised LDL also 

inactivates nitric oxide (Mangin Jr et al. 1993), and is also antigenic (Salonen et 

al. 1992) a likely setting the stage for the development o f an autoimmune 

inflammation.

Thus the oxidation of LDL may contribute to pathogenesis of 

atherosclerosis (figure 1.4 ) as follows: Firstly, by recruiting circulating 

monocytes; secondly, by restricting the motility of resident monocytes and 

trapping them in the intima; thirdly, by accelerating the formation of foam cells 

by its enhanced uptake into macrophages and finally, by mediating the 

degeneration of endothelial integrity by its cytotoxic effects.

In vivo evidence for the involvement of OxLDL in the pathogenesis of 

atherosclerosis come firstly from intervention studies in the LDL receptor- 

deficient Watanabe heritable hyperlipidaemic (WHHL) rabbit, using the 

antioxidant probucol which showed a deceleration of fatty streak progression
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(Steinberg et al. 1988). Second, studies demonstrating the presence o f OxLDL 

in human and rabbits atherosclerotic lesions (Yla-Hertutuala et al. 1989) and 

finally the detection o f auto-antibodies against OxLDL in the serum of rabbits 

and humans with atherosclerosis (Palinski et al. 1989; Salonen et al. 1992). 

These studies suggest that therapeutic interventions that prevent oxidation 

LDL may be useful in slowing the progression o f atherosclerosis.

BLO O D
LDL

Monocytes

chemokines

O H  O H

Foam

SES
 ̂ OxLDL

• V *  MCP-1

SMC chemokines

I
Figure 1.4. A schematic of the basic mechanisms involved in the pathogenesis of 

atherosclerosis. See text for details. EC= Endothelial cells, SES= sub endothelial space, 

SMC= Smooth muscle cells
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Therefore the mechanisms involved in atherosclerosis as it is seen at 

present may be summarised as follows:

1) Influx and accumulation of plasma lipoproteins into the intima, at lesion- 

prone sites.

2) Focal intimai recruitment of monocyte-macrophages.

3)Loss o f endogenous lipoprotein antioxidants and generation within the intima 

of reactive oxygen species or free radicals by smooth muscle cells, 

macrophages and endothelial cells.

4) Oxidative modification of intimai lipoproteins by these reactive oxygen 

species to produce oxidatively modified lipoprotein species such as OxLDL and 

OxLp(a).

5) Formation o f foam cells due to the uptake of oxidised lipoproteins by the 

non-down-regulating macrophage scavenger receptors.

6) Necrosis of foam cells probably due to the cytotoxic effects of oxidised 

lipoproteins. This process is likely to give rise to the extracellular lipid core, or 

the “atheros” of atherosclerosis, and is an important event in the transition from 

the reversible fatty streak to the more permanent advanced atherosclerotic 

lesion

7) Migration and proliferation of smooth muscle cells within the intima, a 

process in which PDGF is thought to act as a chemoattractant. Fibroblast 

growth factors are likely to regulate smooth muscle cell proliferation.

8) Plaque rupture, primarily at sites of maximal macrophage density, mediated 

by macrophage derived proteolytic enzymes (metalloproteases). Plaque rupture
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ultimately leads to occlusive thrombosis. Thrombosis contributes significantly 

to the later stages of plaque growth.

9) Autoimmune inflammation, a likely result o f the antigenic epitopes of 

oxidised LDL.

As discussed in section 1.(B).4 evidence is emerging from clinical 

observations in patients with a rare genetic disorder, lecithin cholesterol 

acyltransferase (LCAT) deficiency, that defective metabolism of lipoproteins 

lead to abnormal lipoproteins and proteinuria. Several animal studies also 

provide evidence that hyperlipidaemia may exacerbate glomerular injury and in 

some cases cause it. The link between hyperlipidaemia and atherosclerosis is 

now well established. There is also some strong evidence that atherosclerosis 

and glomerulosclerosis share several common pathologic pathways.

l.(E). Aims of the study

This introductory chapter has sought to provide an overview of the 

metabolism of lipoproteins in normal individuals and briefly review the main 

lipid abnormalities seen in nephrotic patients, those patients with chronic renal 

insufficiency and renal transplant recipients. The involvement of lipids in the 

progression of renal disease and the similarities in the pathogenic pathways of 

atherosclerosis and glomerulosclerosis have also been discussed.

It is evident from these discussions that hypercholesterolaemia and 

increased traffic of monocyte/macrophage into both into the sub-endothelial 

space in blood vessels and into the glomerulus is important in advancing the 

initial lesion into a sclerotic one. It is also evident that mesangial cells play a
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central role in the pathogenesis of glomerulosclerosis. Work carried out in this 

unit by Wheeler et al. and others have demonstrated that MC express LDL 

receptors and that LDL has a bi-phasic effect on the proliferation o f these cells 

(Wasserman et al. 1989; Wheeler et al. 1990; Wheeler et al. 1991c).

The work presented here seeks to extend these earlier studies and 

investigate interactions between mesangial cells and oxidatively modified LDL 

which may be of relevance in the pathogenic processes underlying 

glomerulosclerosis.

Experiments and results presented in chapters 3 and 4 were designed to 

investigate if mesangial cells have the capacity to oxidise LDL and possess 

scavenger type receptors respectively. Chapter 5 presents data regarding the 

proliferative and/or cytotoxic responses of mesangial cells following exposure 

to lipoproteins.
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2. CELL CULTURE
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2.A. Background

The concept that the mesangium is a distinct structural entity 

comprising o f both cells and extracellular matrix was first put forward by 

Zimmerman over 60 years ago (Zimmerman, 1933). The mesangium is now 

thought to consist o f two main populations o f cells, with the mesangial cell 

(MC) predominating over a smaller population of intrinsic bone marrow- 

derived phagocytic cells. The study of renal biopsies using 

immunohistochemical methods and information gathered from several models 

o f renal disease suggest an important role for both the resident cell population, 

in the normal functioning of the centrilobular region of the glomerular tuff and 

in the initiation and progression of glomerular injury (Schlondorff, 1987). 

These studies, however, have been mainly descriptive in nature, reporting 

changes in numbers o f MCs and infiltrating leukocytes and mesangial matrix 

production. In the past decade techniques for the isolation and maintenance of 

mesangial cells in culture have improved and cultured mesangial cells have been 

used as a model to study both the normal physiology of the glomerulus and the 

pathogenesis of renal disease.

2.A.(l).The mesangial cell in vivo: Structural and functional features.

Electron microscopy of the mesangium has revealed the mesangial cell 

to be irregular in shape with numerous pseudopods of different lengths 

connecting them with the glomerular basement membrane and extending into 

the surrounding matrix (Latta, 1973). The cells have an indented nucleus and a 

cytoplasm containing mitochondria, small vesicles and lysosomes. Cell
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organelles concerned with protein synthesis and secretion, such as ribosomes, 

endoplasmic reticulum and golgi apparatus seem to be poorly developed and 

few in number. The mesangium has been shown to contain at least two 

fimctionally distinct subgroups of cell types (Striker and Striker, 1985). One 

type is probably derived from the paraglomerular mesoderm and has smooth 

muscle cell like characteristics (Striker and Striker, 1985). These cells like 

vascular smooth muscle cells are contractile (Singhal et al. 1986) and have 

several bundles of small intracellular fibrils and associated attachment bodies. 

Immunofluorescence has shown the presence of actinomycin and tropomycin 

within them (Davies, 1994). A further example of their smooth muscle like 

nature is the presence of angiotensin II receptors on their plasma membranes 

(Ray et al. 1991). Mesangial cells are also thought to serve a phagocytotic 

function within the mesangium (Sterzel et al. 1983). In addition to the smooth 

muscle like contractile MC, a small population of cells (3 to 7%), that express 

the common leukocyte antigen, posses Fc and C3b receptors and may also have 

la determinants have been demonstrated in the rat (Schreiner and Unanue, 

1984). These macrophage like intrinsic cells are thought to be involved in the 

recognition and presentation of foreign antigens to lymphocytes (Schreiner et 

al. 1981).

Several functional roles for MCs have been proposed based on their 

morphology (Ostendorf et al. 1996). Firstly, they are thought to perform a 

structural function by producing the matrix that supports the glomerular tuft 

(Davies, 1994). Secondly, they may regulate glomerular haemodynamics 

through their contraction or relaxation. Thirdly, together with resident
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macrophages they are believed to clear debris and macromolecules such as 

immune complexes from glomeruli (Schlondorff, 1987). Under normal 

conditions these functions are under tight control but several renal diseases are 

characterised by MC proliferation matrix expansion and infiltration of 

leukocytes. These observations have led to suggestions that MCs are both a 

target for cytokines and growth factors and also have the potential to generate 

pro-inflammatory mediators themselves (Schlondorff, 1987).

2.(A).2. Tissue culture of intrinsic mesangial cells

Mesangial cells were first cultured in the 1970’s and the two main 

methods used are explantation and enzymatic isolation (Striker et al. 1987; 

Striker and Striker, 1985; Kreisberg and Kamovsky, 1983). The starting 

material used in both methods are glomeruli isolated by differential sieving 

techniques. In the first method glomeruli are plated onto plastic flasks and 

cultured in relatively high concentrations o f foetal calf serum (FCS). This 

method depends on the different growth rates of intrinsic glomerular cells and 

subculture is carried out at the peak of growth of the cells o f interest (Foidart 

et al. 1979). The second method employs enzymes to partially digest the 

glomeruli to obtain glomerular “cores” depleted o f endothelial cells and also 

most of the glomerular epithelial cells. This “core”, consisting mainly of 

capillary loops and mesangium, gives rise to a heterogeneous outgrowth of 

cells within 2-4 days (Striker et al. 1987). ^H-thymidine experiments have 

shown that there are two distinct phases o f cellular outgrowth from plated rat 

glomeruli. An early phase (up to about 7 days), when epithelial cell growth is at
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its maximum and a later phase (after 9 days) when the growth o f mesangial 

cells dominate. Mesangial cell cultures are therefore established by passaging 

after 9 days of plating glomeruli (Foidart et al. 1979). Homogenous cultures 

are then established by further passaging. Macrophage/monocyte-like cells are 

thought exist in very early primary cultures but are believed not to survive for 

more than a short period of time (Kreisberg and Kamovsky, 1983). The 

medium used to culture cells can also aid in their purification with mesangial 

cells requiring a relatively high serum concentration (10-20%) and epithelial 

cells favouring a low serum containing medium (Foidart et al. 1979). Epithelial 

and endothelial cells also attach better to fibronectin or collagen coated plastic 

(Striker et al. 1987), where as MCs adhere to uncoated plastic. Both the 

explant and “core” plating methods provide reproducible and reliable cell 

cultures but the cells have to be sub-cultured several times before sufficient 

numbers can be obtained for use in experiments. These cells retain many of the 

morphological and functional characteristics of mesangial cells in vivo. 

However, when attempting to extrapolate results obtained from in vitro 

experiments to the situation in vivo, a few factors have to be borne in mind. 

Firstly, cells cultured on plastic exist in a two dimensional situation in contrast 

with the in vivo, where they are embedded in the three dimensional mesangial 

matrix. Secondly, several passages need to be carried out to purify these cells 

and to increase cell number before MCs can be used in experiments. Thirdly, 

these cells require a relatively high serum concentration to provide attachment 

and growth factors to ensure their maintenance and proliferation in culture. All 

these probably result in activated rather than quiescent cells.
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Methods for the successful culture of MCs from several different 

species have been reported (Mene et al. 1989). The majority of studies and our 

work have used MCs isolated from rat glomeruli. More recently, human MC 

cultures have been established from glomeruli obtained from normal kidney 

tissue excised from organs removed due to the presence o f cancers or from 

donor kidneys that cannot be used for transplantation for technical reasons 

(S raeretal. 1996).

2.(A).3. Characterisation and properties of mesangial cells in vitro

The purity and identification of mesangial cells in vitro has always been 

a problem because mesangial cells do not express a unique protein that enables 

them to be identified from the other cells of the glomerulus. The exceptions are 

rat mesangial cells that express Thy 1.1 antigen on their cell surface. Cells 

isolated from glomeruli and grown in two dimensional culture are usually 

characterised as intrinsic mesangial cells by immunohistochemical staining of 

intracellular cytoskeletal fibrils of actin and smooth muscle cell myosin (which 

indicates that they are contractile cells), desmin, and vimentin, and the absence 

of factor VIII, angiotensin converting enzyme activity and cytokeratins (Striker 

et al. 1987), Other characteristics useful for identification are summarised in 

table 2.1.
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Table 2.1 In vitro properties of intrinsic glomerular cells

Contractile mesangial 

cells

Epithelial cells Endothelial cells

Morphology Multilayered fusiform 

or elongated and 

stellate

Monolayered polygonal Monolayered polygonal

Serum requirement 10-20% Serum free or very low 20%

Cytoskeleton Actin, myosin, desmin Cytokeratin ? vimentin negative

Cell surface antigens 

expressed

C3B, All receptor C3b Factor VIII

Response to agents Contraction:

(All, AVP, ET-1, etc.)

Puromycin

aminonucleoside-

Cytotoxic

Requires exogenous 

Platelet derived growth 

factor

Biosynthetic profile Extracellular matrix 

growth factors, 

eicosanoids, 

lypoxygenase products, 

neutral proteases

Extracellular matrix 

growth factors, 

eicosanoids, 

lypoxygenase products

?

Mesangial cells grow in multilayers in a similar fashion to smooth 

muscle cells, and are unlike endothelial and epithelial cells which form 

monolayers. There are two morphological phenotypes, one o f which is 

elongated and stellate the other fusiform. Electron microscopy confirm these 

features and in addition some cells were found to have prominent endoplasmic 

reticulum and golgi complexes and large associations of extracellular matrix. It 

is likely therefore that MCs like vascular smooth muscle cells have two 

phenotypes, one contractile and the other synthetic (Davies, 1994).
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Mesangial cells contract in a calcium dependent manner when co

incubated with a variety of agents such as angiotensin II (A-II), arginine 

vasopressin, (AVP), endothelin-1 (ET-1) and thromboxane (TXA2) (Kreisberg 

and Hassid, 1986). These agents may affect the growth, synthesis of matrix 

components and the production of other compensatory vasoactive mediators in 

addition to their short term effect on MC contraction (table 2.2).

Table 2.2 Effects of various agonists on the function of mesangial cells

Long term actions

Agonist Short term 

contraction

Cell growth Matrix 

Coll FN

PGE2

A ll + + + +

AVP + + - +

Serotonin + + - +

Adenosine + +

ET-1 + +

TXA2 + + + + +

ANP - -

EDRF (NO) -

PGE2 - - -

A number agents have been shown to be in vitro mesangial mitogens 

(Floege et al. 1993b). It has to be noted however, that any cytokine or growth
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factor that causes cell proliferation in culture may do so because the cells have 

undergone metabolic changes and therefore may have little relevance to 

initiation of mitogenesis in vivo. Experiments need to be carried out in vivo to 

confirm that factors such as PDGF, bFGF and IGF-1 that cause MC 

proliferation in vitro are important in normal and pathological MC physiology.

Polypeptide growth factors that cause MC proliferation are usually 

VSMC and fibroblast mitogens as well. This is indicates that these cells react to 

mitogenic agents using common pathways. In general proliferative agents can 

be sub-divided into three broad groups. Firstly those that cause mitogenesis 

directly such as PDGF, bFGF and IGF-1. Secondly, agents such as IL-1 and 

TGF-P that induce proliferation indirectly, by causing the induction of specific 

mitogens. Finally, those that have a dual action, inducing proliferation directly 

as well as indirectly. (Endothelin and A-II). The growth factors that act directly 

usually activate tyrosine kinase when bound to the cell receptors, where as 

indirect mitogens generally do not activate tyrosine kinase. Mesangial cells may 

themselves produce growth factors, cytokines and other pro-inflammatory 

mediators when activated and therefore may be involved in autocrine and 

paracrine activity (Francki et al. 1995; Ostendorf et al. 1996).

The mesangial matrix consists o f collagens types IV and V, 

glycoproteins laminin and fibronectin (FN), heparan sulphate and 

dermatan/chondroitin sulphates (Couchman et al. 1994). Mesangial cells have 

been shown to synthesise all these components in culture (Thomas et al. 1995). 

In addition interstitial collagens, proteins not normally associated with the 

glomerulus, are produced in relatively abundant levels by MCs in vitro
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(Thomas et al. 1995). Cultured MCs also manufacture many different classes of 

proteinases including the metaloproteinases and their specific inhibitors (Davies 

et al. 1992).

2 (B). Methods used in rat mesangial cell (RMC) culture

2.(B).1. Methods used to harvest rat kidneys

Sprague-Dawley rats weighing between 150g and 200g were 

anaesthetised using halothane, their abdomens shaved, cleaned using 4% w/v 

chlorehexidine gluconate in industrial methylated spirit and abdominal viscera 

exposed through a mid-line incision. The viscera were moved to the left o f the 

animal and blunt dissection with gauze swabs was carried out to expose the 

aortic bifurcation and the right kidney. A 22 gauge butterfly was introduced 

into the bifurcation in the aorta and the right renal vein transected. The animal 

was then perfused with 30 ml of ice cold sterile 0.15 M phosphate buffered 

saline (PBS) after which both kidneys were removed and placed on ice in PBS. 

Animals died within a few seconds as a result o f cold cardioplegia. Usually 8 

kidneys (i.e. 4 rats) were harvested per session.

2.(B).2. Isolation of glomeruli

All procedures described below were carried out under sterile 

conditions in a laminar flow safety cabinet. The kidneys were de-capsulated and 

the cortices excised from the underlying medulla. Cortical fragments were
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minced to a pulp pressed through a 100 mm diameter stainless steel sieve 

(figure 2.1) with a mesh aperture o f 100 pm. Material collected on the

Cortical fragments

100 pm  (RMC) 
425 j^m (HM C)

Tubular fragments

Glomeruli

180 pm  (RMC & HMC)

63 pm  (RM C) 
125 pm  (HM C)

Figure 2.1. Sequence of sieves used to isolate ra t and human glomeruli

underside was washed sequentially through sieves with mesh apertures 180 pm 

and 63 pm to retain tubular fragments and glomeruli respectively. The 

glomeruli were collected and washed twice with PBS, re-suspended in a 

solution containing 400-600 units/ml o f collagenase type lA  (Sigma Chemical 

Co Ltd, Poole, Dorset) and partially digested by incubation at 37® C for 15-30 

minutes. The reaction was stopped by adding foetal calf serum containing 

medium (see section 2.(B).3.), pelleted by low speed centrifugation washed
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once using medium. The glomerular cores (90-95% pure as assessed by phase 

contrast microscopy), were then re-suspended in medium and plated on 25 cm^ 

culture flasks (Marathon Laboratory Supplies, Park Royal London).

2.(B).3. M edia and growth conditions

Growth medium consisted of 80% RPMI-1640 and 20% FCS (Life 

Technologies, Paisley, Scotland), supplemented with insulin (5 p.g/ml) human 

transferrin (5 |Lig/ml), and sodium selenite (5 ng/ml) (Insulin-Transferrin- 

Sodium selenite media supplement. Sigma Chemical Co.). Benzyl penicillin 

(100 units/ml), streptomycin sulphate (50 pg/ml), and amphotericin B (2.5 

fig/ml) was added routinely to prevent bacterial and fungal growth.

2.(B).4. Passaging cells

Primary cultures were left undisturbed for 4 days. Glomeruli attached to 

the plastic within 2-3 days. Medium was changed on day 4 and the cell were 

subcultured after 7-12 days when the cells reached confluence. Growth medium 

was removed and the cells washed with PBS. Trypsin ethylene diamine tetra 

acetic acid (EDTA), (0.025% and 0.01% respectively. Life Technologies) was 

then added and the cells incubated for 4-6 minutes at 37° C Cell detachment 

was assessed by phase-contrast microscopy and enhanced by vigorous 

agitation. The enzymatic action of trypsin was arrested by adding FCS 

containing growth medium and the detached cells pelleted by centrifugation at 

1000 g for 10 minutes. The cell pellet was then re-suspended in fresh growth
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medium. The cells detached from one 25 cm^ flask were placed in two new 

flasks at a plating density o f 1-5 x 10"* cells/ml. Medium was changed 

completely every 3-4 days and subsequent passages carried out at 7-14 day 

intervals when confluence was reached. Mesangial cells from passages 2-5 

were used in characterisation studies and for the experiments described in the 

following chapters. For experiments, cells were plated on 16 mm diameter 24 

well or 22 mm diameter 12 well clusters (Costar UK Ltd, High Wycombe, 

Bucks.).

2.(C). Methods used in RMC characterisation

2.(C).1. Morphology

Phase contrast microscopy

Cells were examined routinely under phase contrast microscopy.

Transmission electron microscopy

Rat mesangial cells were grown to confluence on plastic cover slips. 

Cells were fixed by the addition of 3% glutaraldehyde in 0.1 M cacodylate 

buffer (pH 7.4) and incubating for 12 h. After washing, specimens were post

fixed in 1% osmium tetroxide in cacodylate buffer for 90 minutes, dehydrated 

using graded alcohols and infiltrated with 50% lemix alcohol followed by 1005 

lemix epoxy resin. Sections cut from these blocks were mounted on high 

transmission copper grids stained with saturated uranyl acetate and lead citrate
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and viewed with a Phillips 300 transmission electron microscope operating at 

80 kv.

Scanning electron microscopy

Cells were grown to confluence as described above and fixed for 3 days with 

3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed with 

osmium tetraoxide, washed and dehydrated with 2 . 2  dimethoxypropane. 

Samples were transferred to a critical point dryer, dried using liquid CO2 and 

sputter coated with gold to a thickness of 20-25 nm. Cells were examined using 

a Phillips scanning electron microscope operating at 10 kv.

2(C).2. Immunohistochemical staining 

Factor VHI

Rat mesangial cells were grown on cover slips fixed with 70% 

methanol, pre-treated with normal swine serum to block non-specific binding 

and then incubated with polyclonal rabbit primary anti-factor VIII antibody 

(DAKO Ltd, High Wycombe, UK) diluted 1:400 in tris-buffered saline (TBS) 

for 30 minutes. Slides were then washed in TBS and exposed to swine anti

rabbit serum (pre-diluted 1:100) for 30 minutes washed again and then 

incubated with rabbit peroxidase anti-peroxidase (PAP) (1:1000) for 25 

minutes in a humidity chamber. The peroxidase enzyme was localised by 

development with diaminobenzidine solution for 5 minutes and slides counter 

stained with Mayer’s haemotoxylin.
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Desmin

Cells were grown and fixed as described above and incubated with a 

control reagent or monoclonal mouse anti-human desmin antibody ( 1 :2 0 0 ) 

(Dako Ltd) for 30 minutes. This was followed by a further 30 minute 

incubation with rabbit anti-mouse biotinylated antibody (1:500). Biotin was 

localised by incubation with peroxidase conjugated avidin for 30 minutes. 

Slides were developed in diaminobenzidine solution for 5 minutes and counter 

stained with Mayer’s haemotoxylin.

After staining, the slides were observed using Leitz ORTHOPLAN 

microscope fitted with a Leitz ORTHOMAT camera unit. Photomicrographs of 

representative fields were taken through a blue filter using an Kodak 50 ASA 

daylight film.

2(C).3. Response to specific agents

2(C).3.1. Cell viability in the presence of puromycin aminonucleoside 

(PAN) and mitomycin C (MYC).

Cell were grown to confluence in 12 well clusters (Costar UK Ltd). The 

growth medium was then removed, cells washed once with PBS and medium 

replaced with modified medium containing either PAN (100 pg/ml) (Sigma 

Chemical Co) or MYC (10 pg/ml) (Sigma). Control wells contained normal 

growth medium. After a 24 h incubation medium was removed and attached 

cells detached by trypsinisation. Cells were then pelleted re-suspended in 0.2 ml 

PBS. 0.2 ml of 0.2% trypan blue was added to the cell suspension and the

91



number o f viable cells estimated by counting those excluding trypan-blue using 

a haemocytometer with visualisation with a phase contrast microscope.

2(C).3.2. Proliferation in L-Valine free medium

RPMI-1640 medium which had L-valine substituted with D-valine was 

purchased from Life Technologies (Paisley, Scotland). Amino acid depleted 

FCS was prepared by extensive dialysis against PBS (pH 7.4). A modified 

growth medium was prepared using the above medium and serum and cell 

growth rate compared with that of the normal medium by measuring ^H- 

thymidine incorporation.

2(C).3.3. Contraction in the presence of Angiotensin II (A H)

Cells from the second or third subculture were grown on petri dishes 

with a tissue culture treated flexible rubber surface at low density. After 4 days 

of culture, normal medium was removed, the cells washed twice with RPMI- 

1640 medium and replaced with RPMI-1640 containing 1 pmol/1 A II. The 

experiments were carried out at room temperature and after a 2 0  minute period 

of equilibration sequential photographs were taken at 0, 20, 30, and 40 minutes 

using a camera equipped Olympus CK2 inverted microscope.
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2 (D) Methods used in human mesangial cell (HMC) culture

2.(D).1. Isolation of glomeruli

Human kidneys were obtained as surgical waste or when cadaver donor 

kidneys could not be used for surgery because o f technical reasons. Normal 

poles of kidneys removed due to the presence of cancer were identified, excised 

and placed in PBS on ice by a histopathologist. Unused cadaveric donor 

kidneys were only used after obtaining permission from United Kingdom 

Transplant Sharing Scheme (UKTSS).

Under sterile conditions the capsule was removed and the cortex 

excised from the underlying medulla. The cortical fragments were minced to a 

pulp and pushed through a 425 pm mesh stainless steel sieve (figure 2.1) using 

a glass syringe (20 ml) plunger. The material on the underside of the sieve was 

washed through a 180 pm sieve and the glomeruli retained on the top surface 

of a sieve with mesh diameter 125 pm collected by aspiration. The glomeruli 

were pelleted by centrifugation at 1000 g and placed in a collagenase (type 1 A) 

solution (400-600 units/ml) and digested for 20 min. at 37 ® C. The digestion 

was arrested by adding medium containing FCS, the glomeruli harvested by 

centrifugation and plated on 25 cm^ or 75 cm^ Falcon tissue culture flasks 

depending on how many glomeruli were obtained.
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2.(D).2. Media and growth conditions

Growth medium and conditions were the same as used for RMC 

detailed in section 2.(B).3.

2.(D).3. Passaging cells

Primary cultures of HMC were left undisturbed for 1 week after which 

growth medium was changed completely. After an initial outgrowth of 

epithelial cells (day 7-14), HMC began to predominate and overgrew epithelial 

cells within 3 weeks of plating. Cells were subcultured when they reached 

confluence using methods described in section 2.(B).4.

Cells from subcultures 2-4 were also routinely frozen in liquid nitrogen 

in a freezing medium containing 80% FCS, 10% DMSO and 1 0 % RPMI and 

thawed as required (recovery -70-90%).

2.(E). Methods used in HMC characterisation

2.(E).1. Morphology

Cultures of HMC were observed under phase contrast microscopy 

during various stages o f their growth and photomicrographs taken using a 

Olympus 0M 4 Ti camera loaded with an Kodak Ektachrome 64T film.

2(E).2. Immunohistochemical staining

Human mesangial cells were grown on plastic chamber slides ( 8  

chambers/slide. Nunc) grown to -80-90% confluence and used for subsequent 

staining studies.
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The staining was carried out by the academic department of histopathology 

(Royal Free Hospital) using standard methods. Cells were tested for the 

presence o f the following antigens.

1. Desmin

2. Vimentin

3. Actin

4. Cytokeratin

5. Factor VIII

After staining, the slides were observed using Leitz ORTHOPLAN 

microscope fitted with a Leitz ORTHOMAT camera unit. Photomicrographs of 

representative fields were taken through a blue filter using an Kodak 50 ASA 

daylight film.
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Statistics

For all the following chapters, Sigmaplot for windows (Version 2, 

Jandel Scientific, Ekrath, Germany) was used to present the data graphically. 

For box plots, the box encompasses the 25 ^ through 75 * percentiles, the 

horizontal line within the box the median and the error bars the range o f the 

data.

Data were analysed using MINITAB statistical software (Release 8 , 

State college, PA, USA). To test for significant differences between data, the 

students’ t test was used unless otherwise stated in the figure legends. The 

Mann-Whitney U  test were used for non-parametric data or when sample 

numbers were small and a p value < 0.05 was considered to be significant.
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2.(F). Results of RMC characterisation studies

2.(F).1. Morphology

Attachment of rat glomeruli to culture flasks occurred within 4 days 

during which time the flasks remained undisturbed. The original plating 

medium was changed on day 4.

Microscopy

There was an initial outgrowth of a mixed population of cells from 

glomeruli attached to the flask surface [figure. 2.2.(a)]. After about 7 day of 

the initial plating the majority of the other cells (mainly epithelial cells) died 

out, leaving a cell population dominated by mesangial cells [figure. 2 . 2  (b)]. 

Examination of pure cultures of RMC using phase-contrast microscopy showed 

that they grew in multi-layers and appeared to exist as two morphological sub- 

types, one fusiform and the other elongated and stellate in shape (figure. 2.3). 

The characteristic stellate morphology was also observed when measangial 

cells were viewed by scanning electron microscopy (figure. 2.4) and 

transmission electron microscopy further confirmed the presence of 

intracellular microfilaments a prominent feature of contractile cells (figure. 2.5).
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(a)

(B)

%

Figure 2.2. Rat mesangial cell culture viewed by phase contrast microscopy

(a) Photomicrograph (x 200) o f  a rat glomerular core 7 days after plating showing a 

heterogeneous outgrowth o f cells dominated by epithelial cells

(b) Photomicrograph (x 200) o f  a rat glomerular core 14 days after plating. The majority of 

epithelial cells have died out and mesangial cells are beginning to proliferate.
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Figure.2.3. Rat mesangial cells viewed by phase-contrast microscopy

Photomicrograph (x 200) o f  a confluent rat mesangial cells showing cells o f  stellate or 

fusiform morphology growing in multi-layers.

2(F).2. Immunohistochemical staining characteristics

Cytoskeletal components of rat mesangial cells showed positive 

staining for desmin confirming that the cells were contractile mesangial cells. 

Periodic acid-Schiff base staining demonstrated that only 2-3 % o f the cells 

were desmin negative. Cells stained negative for the endothelial marker factor 

VIII (photomicrograph not shown).
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Figure.2.4. Mesangial ceils viewed by electron microscopy

Scanning EM Photomicrograph (x 1000) showing characteristic stellate-shaped 

cells forming multi-layers
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Figure.2.5. Mesangial cells viewed by electron microscopy

Transmission EM photomicrograph (x 22,500) showing intracellular 

microfilament (arrowed )
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2.(F).3 Response to agents

Cells grown in the presence o f the epithelial cytotoxin PAN for 24 h did 

not significantly affect the numbers o f viable mesangial cells (figure 2.6). 

Exposure o f RMC to the rat mesangial cell toxin mitomycin C however caused 

a statistically significant decrease in the number o f viable mesangial cells (figure 

2.7). Depletion o f L-valine from the growth medium did not significantly affect 

cell proliferation as measured by ^H-thymidine uptake (figure 2.8).
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Figure 2.6. Effect of PAN on RMC viability.

Cells were incubated with control medium or medium containing PAN (100 p.g/ml) for 24 h 

in a humidified 95 % air 5% CO2 incubator at 37 *̂ C. Viable cells were counted using the 

tiypan-blue exclusion method. Data represents medians and range of three representative 

experiments. *p=NS (Control vs PAN using the Mann-Whitney test).

102



200 -,

175

150 -

75 -

50 -

25 -

Medium + MYCControl medium

Figure 2.7. Effect of MYC on RMC viability.

Cells were incubated with control medium or medium containing MYC (10 ng/ml) for 24 h 

in a humidified 95 % air 5% CO] incubator at 37 ^C. Viable cells were counted using the 

tr>pan-blue exclusion method. Data represents median and range of three representative 

experiments. *p < 0.006 ( Control vs MYC using the Mann-Whitney test).
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Figure 2.8 Effect of L-valine depletion on mesangial cell proliferation

Cells were grown in 96 well plates for 24 h in control medium (24 wells) or medium 

containing D-valine (24 wells) in place of the L-isomer. Cell proliferation rate was measured 

by estimating incorporation of ^H-thymidine as described in section 5.(B).1. The data 

represents the median and range of two experiments. * p = NS (Control vs L-valine free 

using the Mann-Whitney test).

When RMC plated at a low density on a flexible rubber surface were 

incubated with All (1 pM), a decrease in cytoplasmic area was seen within 10 

min. A progressive disappearance o f cytoplasmic projections was observed 

within the next 20 min. and after 40 min. the majority o f cells had rounded up. 

These results demonstrate that RMC from passages 2 and above had a 

contractile potential, (figures 2.9a-2.9d).
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c)30' d) 40'

Figure.2.9. Effect of angiotensin II on mesangial cells (x 400)

Cells were grown at a low cell density on petri dishes with a tissue culture treated flexible 

rubber surface. For experiments, cultures were incubated in RPMI containing 1 pmol/L A II 

and following a 20 minute equilibrium period sequential photomicrographs o f representative 

fields taken at the following times 

a) 0 min, b) 20 min, c) 30 min, d) 40 min
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2.(G). RESULTS OF HMC CHARACTERISATION STUDIES 

2.(G).1. Morphology

Phase contrast microscopy

Examination of cultures o f human glomeruli origin between days 7-14 

using phase-contrast microscopy showed mixed population of cells (figure 

2.10). A homogeneous cell population predominated within 21 days. These 

cells grew in multilayers and appeared to exist as two morphological sub- 

types, one fusiform and the other elongated and stellate in shape (figure 2.11).

Figure.2.10. Human mesangial cells viewed under phase contrast microscopy

Photomicrograph (x 200) o f a mesangial cell culture 12 days after plating, showing a 

glomerular core with a heterogeneous outgrowth o f  cells.
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Figure.2.11. Human mesangial cells viewed under phase contrast microscopy

Photomicrograph (x 200) o f a mesangial cell culture 24 days after plating, showing a 

homogeneous population o f cells growing in multilayers with the characteristic stellate or 

fusiform morphology of mesangial cells
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2(G).2. Immunohistochemical staining

Human mesangial cells stained positively for the desmin (figure 2.12), 

vimentin (figure 2.13) and human a-smooth muscle actin (figure 2.14) and 

negatively for cytokeratin (figure 2.15) and factor VIII (figure 2.16).

%

#

Figure,2.12. Human mesangial cells stained with anti desmin antibody (x 500)

Human mesangial cells fixed using methanol were incubated with a mouse anti-desmin 

monoclonal antibody (DAKO code No: 724), which was subsequently localised using the 

peroxidase technique. Cells were counterstained with Mayer’s haemotoxylin. Desmin is seen 

localised within intracellular microfilaments.
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Figure.2.13. Human mesangial cells stained with anti vimentin antibody (x 500)

Human mesangial cells fixed using methaiiol were incubated with a mouse anti-human 

monoclonal antibody directed against vimentin (DAKO code No: Vim 3B4), which was 

subsequently localised using the peroxidase technique. Celb were counterstained with Mayer’s 

haemotoxylin. Light microscopic photomicrographs were taken as described in the text.
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Figure.2.14. Human mesangial cells stained with anti human a-sm ooth muscle actin 

antibody (x 500)

Human mesangial cells fixed using mehanol were incubated with an anti-a-smooth muscle 

actin monoclonal antibody (DAKO, Code No. M 0851)? which was subsequently localised 

using the peroxidase technique. Cells were counterstained with Mayer’s haemotoxylin. Light 

microscopic photomicrographs were taken as described in the text.
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Figure.2.15. Human mesangial cells stained for the presence of cytokeratin (x 200)

Human mesangial cells fixed using methanol were incubated with a mouse anti-human 

cytokeratin monoclonal antibody (DAKO, Code No.M 0821), which was subsequently 

localised using the peroxidase technique. Cells were counterstained with Mayer’s 

haemotoxylin. Light microscopic photomicrographs were taken as described in the text.

I l l



Figure.2.16. Human mesangial cells stained for the presence of Von Willebrand factor (x 

200)

Human mesangial cells were fixed with methanol and incubated with a mouse anti-human 

monoclonal antibody directed against Von Willebrand factor (DAKO code No. M0616), 

which was subsequently localised using the peroxidase technique. Cells were counterstained 

with Mayer’s haemotoxylin. Light microscopic photomicrographs were taken as described in 

the text.
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The desmin antibody used (DAKO Anti-desmin mouse monoclonal 

antibody code No. M724) labels cells and tissues of both striated and smooth 

muscle origin. The myogenic nature of HMC is confirmed by the positive 

staining obtained using this antibody. Cells o f mesenchymal origin are 

recognised by the vimentin antibody (DAKO-Vimentin, Vim 3B4). The 

antibody reacts strongly with a range of tissues including lymphoid cells, 

endothelial cells, smooth muscle cells and fibroblasts. The positive staining of 

HMC cultures by this antibody indicates that these cells are o f mesenchymal 

origin, but does not exclude contamination by the cells given above. HMC 

stained positively for a-smooth muscle actin demonstrating that they posses 

smooth muscle cytoskeletal components. The monoclonal antibody used 

(DAKO, Code No. M 0851) does not react with fibroblast (3- and y- 

cytoplasmic actin (Skalli et al. 1986) excluding the presence of significant 

numbers of fibroblasts in the HMC cultures.

Anti-factor VIII antibodies react with cells of endothelial and lymphoid 

origin, and cells o f epithelial lineage stain positively for cytokeratin. The 

absence o f staining when HMCs when labelled with these two antibodies 

indicates that a low number o f contaminating endothelial and epithelial cells.

2.(H). Discussion

The techniques for isolation of rat and human mesangial cells are now 

well established. It is however desirable to confirm that the cells used in 

experiments are mesangial cells using the widely accepted criteria outlined 

above. The methods used to isolate glomeruli and media and tissue culture
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plastic wear used has been designed to optimise the growth of mesangial cells 

rather than other glomerular cells. Characterisation studies were carried out on 

RMC using cells of passage 2 and 3 and 3-5 for HMC. These studies confirmed 

that cells from the above passages had the morphological features and staining 

characteristics of contractile mesangial cells and also demonstrated that 

significant contamination by endothelial, epithelial, macrophage and fibroblast 

cells was absent. It was obviously impractical to confirm all the batches o f cells 

used in the experiments described in the proceeding chapters but the RMCs and 

HMCs used were from the same passage numbers used for characterisation 

studies and therefore it can be assumed with a fair degree of confidence that the 

cells used were contractile mesangial cells.

2.(1). Other cell culture

2.(1). 1 Proximal tubular cell culture 

Medium

DMEM:F12 1:1 with 15 mMHEPES 

5% PCS

1% ITS (5 mg/ml Insulin, 5 mg/ml transferrin and 5 ng/ml sodium selenite)

0.05% Benzyl penicillin (100 U/ml) [stock 200,000 U/ml]

0.1% Streptomycin sulphate (100 mg/ml) [stock 1 mg/ml]

0.125% Amphotericin B (2.5 mg/ml) [stock 2 mg/ml]

0.01% Hydrocortisone 21 hemisuccinate (2x10'^ M) [stock 2mM lOmg/lOOml]
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0.005% Ï 3 (5x10^ M) [stock 1x10'^ M]

0.2% EGF (10 ng/ml) [stock 5 ug/ml]

Preparation of proximal tubular ceils 

Materials

PBS

400-600 U/ml coUagenase (Sigma Chemical Co Ltd, Poole, Dorset, UK)

Collagen coated 25 cm ,̂ and 75 cm^ (see below for method)

PCS containing medium

Nylon mesh or 50 |^m aperture 100 mm stainless steel sieve (Merke Ltd, 

Lutterworth, Leics, UK)

Method

The sources of human kidneys were the same as described for HMC 

culture. Under sterile conditions, the capsule was removed from the kidney and the 

outer cortex carefully excised from the underlying medulla. The cortical fragments 

were then minced and placed in 30 ml universal containers with 10 ml of 

coUagenase warmed to 37 ®C. The fragments were coUagenase digested for 60-90 

mins at 37 ^C shaking every 5 mins. The reaction was arrested by adding an equal 

volume of serum containing medium and strained through the nylon mesh or sieve. 

The filtrate was coUected and centrifuged for 5-10 mins at 1000 g. The ceU peUet 

was washed twice by adding fresh PBS and centrifugation at the speed indicated 

above. The ceUs were re-suspended in medium and placed in coUagen coated flasks 

at a relatively high density (3 ml ceU suspension per 25 cm^ flask) and placed in a
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humidified 37 incubator. A further 1 ml of medium per flask was added after 24 

h and complete medium change carried out 48 h later, after washing off non

adherent cells and debris. Subsequently, the medium was replaced completely eveiy 

1-2 days and the cultures passaged when confluent.

Collagen coating tissue culture plastic ware 

Materials

Vitragen 100, (3 mg/ml collagen, CELTRIX Laboratories, Palo Alto California, 

USA) or 3 mg/ml rat tail collagen (Sigma)

O .lNNaOH

PBS

Method

3 ml o f Vitragen, 6.5 ml PBS and 0.5 ml of 0.1 N NaOH was placed in a 50 ml 

sterile centrifuge tube and mixed by gentle inversion. 0.25 ml or 1 ml of the above 

collagen solution was placed per 25 cm  ̂or 75 cm^ flask respectively and swirled to 

cover the growth surface taking care not to introduce air bubbles. The flasks were 

incubated in a 37 °C incubator for 1 h, any excess collagen removed and the flasks 

dried in a safety cabinet overnight without their caps. The flasks were stored afl;er 

replacing the caps.

Before using the flasks the collagen was re-hydrated by adding sufficient 

PBS to cover the growth surface of the flasks and removing the excess. The flasks 

were then pre-incubated with a thin film of PCS for 1-2 h at 37 and any surplus 

serum discarded by vacuum aspiration.
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The cells were characterised using methods described by Ong et al. (Ong et 

al. 1994). For experiments described in chapter 3, the cells from passages 2-3 were 

subcultured into 12 well clusters and used when confluent.

2.(I).2. Culture of human monocyte cell line THP-1

THP-1 cells were a kind gift from Dr. James Owen (Academic department 

of Medicine, Royal Free Hospital, London, UK). They were originally derived from 

peripheral blood of a one year old male with acute monocytic leukaemia. The cells 

were grown in continuous suspension in the medium given below, and can be 

differentiated into macrophages by using phorbol esters as described by Graham et 

al (Graham et al. 1994).

Materials

Media, serum and other and chemicals were purchased from sources given

above.

Medium A

RPMI 1640 with L-glutamine containing 25 mm HEPES 

10% FCS

1% L-glutamine (200 mM)

1% Penicillin-streptomycin solution (10,000 units and 10,000 |ig/ml respectively)

40 nmol/ml mercaptoethanol (Sigma)

Medium B

RPMI 1640 with L-glutamine containing 25 mm HEPES 

10% FCS
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1% L-glutamine (200 mM)

1% Penicillin-streptomycin solution (10,000 units and 10,000 ng/ml respectively)

40 nmol/ml mercaptoethanol (Sigma)

125 nmol/ml phorbol ester myristate acetate (PMA, Sigma)

Method

Cells were grown to a level of 2-4 x 10  ̂ cells/ml during a 7 day growth 

period. The cells were then harvested by centrifiigation for 10 min at 400 g using a 

GC-6 Beckman centrifiige and the cells re-suspended in medium A to give a 

concentration of 1 x 10̂  cells/ml.

Differentiation into macrophages was achieved by re-suspending the 

harvested cells in medium B at a concentration of 5.25 x 10̂  cells/ml and placing 1 

ml into each well of a twelve well plate. The medium was replaced with 1 ml/well 

of medium B every 2 days and the plates incubated in a humidified incubator at 37 

and 5 % CO2 for 7 days for complete differentiation to occur.

2.(I).3. Human umbilical vein endothelial cells (HUVEC)

Human umbilical cords were obtained from obstetric department o f the 

Royal Free Hospital.

Materials

Sterile ties 

14 G cannula

Hanks buffered salt solution (HBSS), [Life technologies. Paisley, Scotland]
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Iscoves’ medium (Life technologies, Paisley, Scotland)

CoUagenase type A (Boehringer Mannheim, East Sussex.)

Fibronectin

Endothelial growth factor

Penicillin-streptomycin solution (10,000 units and 10,000 fag/ml respectively)

PCS

Mucosal heparin 

L-glutamine (200 mM)

Human umbilical vein endothelial cells were obtained from human 

umbilical cord veins by the method of Jaffe (Jaffe, 1980). Briefly, in a laminar 

flow hood, the cord was cannulated using a 14 G cannula at both ends and 

secured using sterile ties. The cord was rinsed with 50 ml HBSS and the vein 

filled till slightly distended with 0.1% coUagenase type A (Boehringer 

Mannheim, East Sussex.) and incubated for 30 minutes at 37 °C in a petri dish 

containing warmed HBSS. The coUagenase solution (containing endothelial 

cells) was flushed vigorously with 30 ml of HBSS and placed in a 50 ml 

centrifuge with 1 0  ml o f serum containing medium and centrifiiged at 1 0 0 0  g 

for 10 min and the supernatant removed. The cell pellet was re-suspended in 

culture medium consisting of Iscoves’ medium with 20 % PCS, (Life 

technologies. Paisley, Scotland) 1 u/ml mucosal heparin, 50 p.g/ml endothelial 

growth factor, penicillin (100 units/ml) and streptomycin (100 |ig/ml), L- 

glutamine (2mM) (all from Sigma chemical Co., Fancy Road, Poole, Dorset, 

UK) and placed in fibronectin (50 pg/ml) coated T25 flasks, the cells were
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maintained in a 37 incubator under 5% CO2 and were passed using standard 

methods when confluent. Cells were characterised as endothelial by positive 

immuno-fluorescence staining for factor VIII. Experiments were performed on 

cells o f passage 2 and 3.
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3. Low-density lipoprotein oxidation by 

mesangial cells
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3.A. Background

An increased concentration of plasma low density lipoprotein (LDL) 

constitutes a major risk factor for atherosclerosis (Ross. 1993). Although 

clinical, epidemiological and genetic studies provide strong evidence that LDL 

promotes atherosclerosis the mechanisms by which this particle causes the 

development of atherosclerotic lesions have not been fully elucidated. Several 

lines of evidence suggests that oxidative modification o f LDL may be an 

initiating event (Steinberg et al. 1989; Yla-Herttuala et al. 1990). The interior 

o f advanced human atherosclerotic plaques are thought to provide an oxidation 

promoting environment. Material extracted from these advanced plaques have 

been found to generate highly-reactive hydroxyl radicals from H2O2 and 

accelerate lipid oxidation (Smith et al. 1992) including LDL peroxidation (Hoff 

and O'Neil, 1988). These oxidation promoting effects appear to have a 

requirement for transition metal ions which are “catalytic” for reactions that 

involve free radicals. The source of these metal ions is still a matter of 

conjecture, but it is believed that copper ions might be liberated in the arterial 

wall during the degradation of the copper-containing plasma proteins such as 

ceruloplasmin (Gutteridge et al. 1985; Swain et al. 1994). Iron ions could arise 

due to cell death or as a result of haemoglobin breakdown (Gutteridge, 1986) 

and there is evidence that haeme-proteins themselves may peroxidise LDL 

(Paganga et al. 1992) and that iron may be released from activated myoglobin 

by the action of OxLDL (Rice-Evans et al. 1993).
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It is unlikely that the sources of metal ions alluded to above exist in 

early lesions such as the fatty streak. However, in these lesions foam cells are 

observed presumably as a result o f macrophages taking up modified lipids via 

the scavenger pathways (Schwartz et al. 1993). The mechanisms by which 

oxidation occurs in these early lesions have stimulated much research activity. 

All the cell types present in the arterial wall including endothelial cells (van 

Hinsberg et al. 1986), smooth muscle cells (Morel et al. 1984), 

monocyte/macrophages (Parthasarathy et al. 1986) and lymphocytes (Lamb et 

al. 1992b) have been shown to be capable of oxidising LDL in vitro. 

Interpretation of these results is fraught with problems however because 

reaction conditions and methods used to measure peroxidation vary widely 

(Esterbauer et al. 1990).

3.A.(1). Oxidative modification of LDL

Human LDL is defined as the population of lipoproteins that can be 

isolated by ultracentrifugation with a density between 1.019 and 1.063 g/ml 

(Esterbauer et al. 1990). They are large spherical molecules with a diameter of 

19-25 nm and relative molecular mass between 1.8 an 2.8 million. Each LDL 

particle on average contains -600 molecules o f cholesterol, -1600 molecules of 

cholesterol ester (mostly cholesteryl linoleate), and 170 molecules of 

triglycerides within a hydrophobic core. To facilitate transport of these particles 

through the aqueous medium of plasma, the hydrophobic core is surrounded by 

a monolayer o f -1700 molecules of phospholipids, mainly phosphatidyl choline, 

with their polar heads oriented towards the aqueous phase (Esterbauer et al.
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1992). Embedded in this outer layer is also a large protein, apolipoprotein B- 

100 consisting of 4536 amino acid residues. The total number o f fatty acids 

bound on different classes of an LDL molecule is -2700, approximately half of 

these being poly-unsaturated fatty acids (PUFAs). Variations in susceptibility of 

different LDL samples to oxidation is partly depended on the PUFA content of 

the LDL. This is because hydrogen ion abstraction, the initial event of 

peroxidation, is facilitated by the presence o f double bonds in the carbon chain. 

This means that the order of susceptibility to radical attack is 

PUFA>monounsaturated fatty acids»saturated fatty acids (Halliwell, 1995). 

The PUFAs in LDL are protected against free radical damage by the presence 

o f several endogenous antioxidants (table 3.1), quantitatively the most 

important being a-tocopherol.

Oxidation of LDL is a free radical-mediated process which results in 

many structural modifications o f the particle and depends on a common 

initiating event, the peroxidation of PUFA side chains in LDL. Initiation of 

peroxidation (figure 3.1) in a completely peroxide free system, occurs when a 

species capable of abstracting hydrogen atoms attacks a fatty acid side chain 

(L-H). Species capable o f hydrogen removal include peroxyl radicals such as 

the trichloromethylperoxyl radical (CCI3O2’)» the hydroxyl radical (OH*), and 

the hydroperoxyl radical (HO2*) which is the protonated form of superoxide 

(0 2 *̂ ). Haeme ferryl radicals and associated amino acid radicals such as 

Tyrosine peroxyl radicals (Tyr-Oi*), which are formed when haeme proteins 

such as haemoglobin and myoglobin react with H2O2 are also thought capable
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of being initiator species. Initiating events involving haemoglobin may be 

important in advanced atherosclerotic plaques where cell damage occurs.

Table 3.1 Composition of native human LDL (adapted from Halliwell, 

1995).

Constituents Mean amount

molecules/LDL particle

Total Lipids

Phospholipids 700

Phosphatidyl choline 450

Triglycerides 170

free cholesterol 600

Cholesterol ester 1600

Fatty acid esters

Palmitic 693

Palmitoleic 44

Stearic 143

Oleic 454

Linoleic 1100

Arachidonic 153

Docosahexaenoic 29

Total PUFAs 1282

Antioxidants

a-Tocopherol 3-15

y-Tocopherol 0.50

Ubiquinol-10 0.10-0.30

Putative antioxidants

p-Carotene 0.30

a-Carotene 0.12

Lycopene 0.16

Lutein and zeaxanthin 0.02

Phytofluene 0.05
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“Free” iron which catalyses free radical reactions may also arise in advanced 

lesions due to the breakdown of haemoglobin following bleeding (Gutteridge, 

1986).

The most likely fate of the carbon centred radical (L*) produced 

following hydrogen abstraction from a PUFA side chain is molecular 

rearrangement to conjugated diene structures. These have a characteristic 

absorbance at 234 nm in LDLs (Esterbauer et al. 1989). This molecular 

rearrangement is most likely followed by reaction with oxygen to give 

conjugated diene peroxyl radicals (LO2'). Peroxyl radicals can deplete 

antioxidants, damage proteins and react with adjacent side chains to produce 

further propagating radicals and lipid hydroperoxides (LO2H). Therefore in the 

absence of antioxidants, once peroxidation has been initiated it progresses a 

chain reaction fashion (figure 3.1) until radical termination reactions consume a 

significant proportion of propagating radicals or a substrate such as PUFAs 

and/or oxygen becomes limiting.

Chain breaking antioxidants (AH) delay the autocatalytic phase of lipid 

peroxidation by competing with PUFAs for propagating radicals. It is 

important for the efficacy of the antioxidant, for the radical produced (A*) after 

the antioxidant has reacted with the propagating radical not be hydrogen 

abstracting. Hence the “lag phase” before the peroxidation enters the 

autocatalytic phase is increased when there are chain breaking antioxidants 

present.

126



LH

Abstraction of a 
H atom

CCljOj*, OH*, H O /?  

protein radicals (TyrOj*)

Molecular
rearrangement

Conjugated'diene
species

AH LH

LOj*
LÔ H

LOOL+O2
LCjOL

TERMINATION REACTIONS

Autocatalysis

Figure 3.1 Basic chemistry of Lipid peroxidation.

L-H: PUFA side chain L* : Carbon centred radical LO2’: Conjugated diene peroxyl radical 

LO2H: Lipid peroxides AH: Chain breaking antioxidants

It is still unclear as to how the initiation of peroxidation occurs. Some 

peroxides may be found in LDL used for in vitro studies and may be formed 

during the lengthy isolation procedures employed (Esterbauer et al. 1989). 

Freshly prepared plasma from healthy human volunteers has very low levels of 

peroxides thought to be <100 nmol/L (Frei et al. 1988; Holley and Slater,

1991). These low levels of plasma peroxides may be due to a low endogenous 

peroxidation rate or to the rapid clearance of lipid peroxides by specialised 

hepatocytes.
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Transition metal ions such as copper and iron will decompose peroxides 

to chain propagating radicals as follows (Halliwell and Gutteridge, 1984)

LOOM + (Cu^O -> (Cu3 + LOO • + H * (1)

LOOK + Fe (Cu3 Fe (Cu^O + LO * + OH ' (2)

Alkoxyl radicals (LO*) can also abstract hydrogen and continue the lipid

peroxide chain reaction (reaction 3).

LO -+ L H L O H  + L* (3)

When isolated LDL is exposed to Cu^^ ions in simple buffers such as 

PBS peroxidation occurs at first slowly giving rise to the characteristic lag 

phase o f LDL oxidation (Esterbauer et al. 1989). This is followed by a rapid 

phase known as the propagation phase (figure 3.2). Antioxidants, most 

importantly a-tocopherol and others such as ubiquinol-1 0 , y-tocopherol, P and 

a-carotenes and lycopene are lost during this phase (Esterbauer et al. 1989). 

The slow rate of oxidation during this period is thought to reflect the natural 

lag period of autocatalytic lipid peroxidation and the effect of the activity o f 

chain breaking antioxidants especially a-tocopherol. Tocopherols (TH) react at 

a faster rate than PUFAs with peroxyl radicals and generate tocopherol radicals 

(Halliwell, 1995).

TH + L02*^T* + L02H(4)

The tocopherol radical may abstract hydrogen from PUFAs (Dowry et al.

1992) but is far less reactive than LO2’. Also, any ascorbate present in the LDL 

sample may recycle T' to TH as follows.

T* + ascorbate -> TH + semidehydroascorbate (5)
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In some in vitro situations a-tocopherol may exert a pro-oxidant effect. 

Stocker has proposed that an LDL solution is an aqueous emulsion of lipid 

particles and that the tocopherol radical acts as phase transfer agent which 

transports the initiating radical from the aqueous phase to the lipid core o f the 

LDL particle (Stocker, 1994). This tocopherol mediated peroxidation may 

occur particularly under reaction conditions where there is a low rate of 

initiating radical flux where the number o f terminating reactions are relatively 

low. Tocopherols are also reducing agents capable o f converting Fe^  ̂ to Fe^  ̂

and Cu^^ to Cu^ (Halliwell 1995) and therefore are able to accelerate metal ion- 

dependent peroxidation, as reaction (2 ) proceeds at a faster rate than reaction 

( 1) [see page 1 2 2 ].

As depicted in figure 3.2, the lag-phase is proceeded by a propagation 

phase where peroxidation of PUFAs occurs at an accelerated rate. Cholesterol 

may also be oxidised to oxysterols and 7-kétocholesterol (Kritharides et al.

1993). A decomposition or degradative period follows the propagation phase 

and is characterised by the cleavage of double bonds, leading to the formation 

o f aldehydes. The major aldehydes produced include malondialdehyde (MDA), 

4-hydroxynonenal (HNE) and hexanal. These aldehydes are capable of binding 

covalently with amino groups on apo B-lOO (Jialal and Devaraj, 1996).
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Figure. 3.2 : Continuous monitoring of conjugated-diene generation
during Cû "̂  mediated LDL oxidation

3

2
D ecom position phase  
########*###########CN

Propagation
ph ase

Lag ph ase

0
1800 60 120 240

Time (min)

Oxidation of LDL also leads to changes in the protein moiety o f the 

particle. The negative charge on the LDL particle increases probably due to the 

derivatisation of positively charged amino groups such as lysine through the 

formation o f Schiff-bases with aldehydes. The apo B-lOO may also fragment 

due to oxidative scission (Steinbrecher et al. 1984).

There is considerable evidence suggesting an important role for OxLDL 

in the pathogenesis of atherosclerosis (Steinbrecher et al. 1990). All four cell 

types present in atherosclerotic lesions namely arterial endothelial cells, arterial 

smooth muscle cells macrophages and lymphocytes have been shown to oxidise 

LDL in vitro sufficiently to increase its uptake by macrophages via their 

scavenger receptors (Steinberg, 1990).
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Oxidation o f LDL by cells may be a consequence the release of reactive 

oxygen species, such as superoxide anions, hydrogen peroxide or nitric oxide 

by cells which may then react with LDL extracellularly. Cells may also oxidise 

LDL by oxidising there own polyunsaturated lipids and releasing these 

oxidation products to LDL (Wilkins and Leake, 1994). The superoxide anion 

has been reported to play a dominant role in arterial smooth muscle induced 

LDL oxidation (Heinecke et al. 1986). The mechanism by which endothelial 

cells oxidise LDL still remains unclear with some studies suggesting a 

mechanism exclusively dependent on superoxide (Steinbrecher, 1988), 

lipoxygenase (Parthasarathy et al. 1989) or neither of these pathways (van 

Hinsbergh et al. 1986). Activated human monocytes are thought to oxidise 

LDL by a dual mechanism that involves both superoxide and lipoxygenase 

(McNally et al. 1990; Cathcart et al. 1989). A consensus on the mechanism of 

LDL oxidation by monocyte derived macrophages has yet to emerge but a role 

for 15-lipoxygenase has been suggested by Yla-Herttuala et al. on the basis of 

histological studies (Yla-Herttuala et al. 1990; Yla-Herttuala et al. 1991). 

Mouse peritoneal macrophages have been reported to oxidise LDL through a 

lipoxygenase mediated mechanism but this has not been confirmed (Rankin et 

al. 1991). Chait et al. have suggested that the sulphur containing compounds 

thiols that are found in experimental media may be involved in cell mediated 

LDL oxidation in vitro (Chait and Heinecke, 1994) Thiols can cycle between 

their reduced (thiolate) and oxidised (disulphide) forms and in the presence of 

metal ions, auto-oxidise, forming reduced metal ions, thiyl radicals and 

superoxide which promote lipid peroxidation. These authors suggest that cells
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may reduce L-cystine found in culture media to a thiol probably L-cysteine, 

which is then responsible for reducing molecular oxygen to the superoxide 

anion which in the presence of redox-active transition metals is capable of 

oxidising LDL (Chait and Heinecke, 1994). These claims are controversial as a 

recent study has demonstrated that thiols only influence LDL oxidation if the 

LDL used already contained low levels o f pre-formed lipid peroxides 

(Santanam and Parthasarathy, 1995).

Atherosclerosis and glomerulosclerosis share similar pathobiologic 

mechanisms (Diamond, 1991). OxLDL is believed to play a role in the 

pathogenesis of atherosclerosis (Steinbrecher et al. 1990). We propose that 

OxLDL may similarly influence the progression of renal disease and the 

development of glomerulosclerosis. Raised plasma levels of auto-antibodies 

against OxLDL have been found in dialysis patients and the in vitro 

oxidisability of LDL was measured to be faster in renal transplant patients than 

in normal controls (Apanay et al. 1994). Magil et al. have also reported that 

glomeruli o f rats with experimental focal glomerulosclerosis stained positively 

for OxLDL (Magil et al. 1993). Therefore we investigated whether mesangial 

cells were capable o f oxidising LDL in vitro. The initial experiments were 

carried out using human LDL and rat mesangial cells (RMC) and were repeated 

using human mesangial cells (HMC).
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3.B. Methods

Cell cultures of RMC and HMC, human proximal tubular cells (PTC), 

human monocytic cell line (THP-1) and human umbilical vein endothelial cells 

(HUVEC) were established and characterised as described in chapter 2. Rat 

mesangial cells, HMC, PTC, HUVEC were used between passages 2-5, 3-7, 2-

4, and 3-5 respectively. Experiments were carried out on cells plated into 12 

well clusters o f well diameter 2 2  mm, when they were confluent.

3.B.(1). Preparation of human low density lipoprotein (LDL)

LDL was isolated from plasma by sequential ultracentrifugation as 

described by Havel (Havel et al. 1955).

Materials

1) 0.2 M disodium EDTA (pH 7.4) [Merk Ltd. Poole UK],

2) 2.5% sodium azide (Sigma Ltd. Poole UK)

3) Benzyl penicillin 600 U/ml

4) Streptomycin sulphate 100 mg/ml

5) 2000 U/ml kallikrein inactivator Aprotinin (Trasylol, Bayer UK Ltd, 

Newbury, UK)

6 ) 0.3 M Sodium chloride (NaCl, Merk Ltd. Poole UK)

7) Sodium bromide (NaBr, Merk Ltd. Poole UK)

8 ) Visking tubing

9) 0.15M Phosphate buffered saline (PBS pH 7.4)
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Method

4 ml o f solution 1), 1 ml of 2), 0.125 ml of 3) 0.25 ml o f 4) 0.125 ml of

5) and 7 ml of 6 ) was mixed together and 1 ml added to universal tubes. This 

preservative solution was added to prevent enzymatic degradation of 

lipoprotein particles.

180 ml of blood was collected following an overnight fast by 

venipuncture from normo-lipidaemic healthy volunteers and 2 0  ml placed in 

universal containers pre-filled with 1 ml o f preservative solution prepared as 

described above. The plasma was separated by centrifugation at 3000 g for 10 

minutes. LDL (density range 1.019-1.063 g/ml) was isolated by 

ultracentrifugation in a Beckman L8-55 M or L8-80 M ultracentrifuge fitted 

with a 50.3 Ti rotor, using NaBr for density adjustment. The plasma was 

adjusted to a density of 1.019 g/ml using formula. 1 to calculate the amount of 

NaBr to be added and centrifuged at 40000 rpm for 20 h at 4 °C to remove 

CMs, VLDL and IDL.

Formula 1.

Vi{df -df )
X  =

\ - [ V x d f ]

X  = g NaBr to be used for density adjustment
V, = The initial volume
di = Initial density of plasma
di = Final density required
V = Partial specific volume of NaBr = 0.235

The tubes were removed from the rotor, placed on ice, the tube caps removed 

and the supernatant containing the VLDL and IDL aspirated using a 19 gauge 

needle attached to a 10 ml syringe and discarded. The infranatants were pooled.

134



mixed well, and adjusted to a density of 1.063 g/ml by adding NaBr using the 

formula given above. The tubes were re-capped and centrifuged at a 

temperature of 4®C for a further 20 h at 40000 rpm to obtain LDL. The LDL 

could be visualised as an orange layer at the top o f the tube. LDL was 

harvested using a syringe as described above, concentrated and purified by 

centrifugation for a further 20 h at the speed and temperature given above. The 

concentrated LDL was harvested, placed within a dialysis membrane which had 

been softened by boiling in distilled water, and dialysed in 5 1 of PBS containing 

1 mM EDTA for 24 h, changing dialysate 2 times (total volume of PBS used 

=15 L). 24 h prior to the commencement o f an oxidation experiment a portion 

o f the LDL was re-dialysed as described above omitting the EDTA. LDL 

protein concentration was measured using the Lowry assay as modified by 

Markwell et al (Markwell et al. 1978).

3.(B).2 Methods used to measure LDL oxidation

3.(B).2.1 Measurement of thiobarbituric acid reactive substances 

(TBARS)

The method for the measurement of TBARS in lipoprotein samples 

was carried out essentially as described by Steinbrecher et al (Steinbrecher et 

al. 1984), with a few modifications. Thiobarbituric acid (TBA) reacts with 

malondialdehyde (MDA) to form a MDA-TBA adduct (figure 3.3) which can 

be measured by spectroscopy at 532 nm or by fluorometry. The 3 carbon
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aldehyde is MDA arises from the oxidation of arachidonic acid. It should be 

noted that the arachidonic acid content o f LDL can vary from individual to 

individual and therefore estimation of TBARS alone may be inadequate to 

assess the oxidation status o f the LDLs from different donors.

HS H cH o

CHO
OH

TBA MDA

pH HO. SH

OH
OH

TBA MDA adduct

Figure 3.3 The reaction between MDA and TBA

Materials

1) 6  M Hydrochloric acid (HCl) (Merck Ltd, Lutterworth, Leics)

2 ) 0 .1  M HCl

3) 4 M 1,1,3,3, Tetra ethoxy propane (Sigma, Poole, Dorset)

4) Freshly prepared 0.67% TBA (Merck Ltd, Lutterworth, Leics)

5) 20% Trichloro acetic acid TCA (Merck Ltd, Lutterworth, Leics)

6 ) 25 mM Butylated hydroxy toluene (BHT) [Merck Ltd, Lutterworth, Leics]

7) 125 mM EDTA (Merck Ltd, Lutterworth, Leics)

Method

Malondialdehyde was prepared by hydrolysis of 1,1,3,3 tetra 

ethoxypropane . 0.1 ml o f this compound was added to 4.9 ml o f 6 M HCl and 

incubated for 15 minutes at 37®C. The yellow colour that developed is an
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indication of complete hydrolysis. A standard curve (0-8 nmoles) was 

constructed by appropriate dilution of the hydrolysed sample. The solution was 

prepared immediately before use because MDA is unstable.

25-50 |ig of LDL sample or 0.125 ml standard solution was placed in 

10 ml glass tubes together with 20 p,M BHT and 100 \xM EDTA (final 

concentration). 1.5 ml of 20% TCA and 1.5 ml 0.67% TBA was added, the 

solution vortex mixed and heated in an oil bath at 95-100 for 45 min. The 

tubes were then allowed to cool to room temperature and centrifuged at 4000 

rpm for 15 minutes. The fluorescence intensity was recorded using a Perkin- 

Elmer fluorometer at a wavelength of 525 nm excitation (band width 5 nm) and 

547 emission (band width 10 nm) (Hendriks and Assmann, 1988).The TBARS 

in the samples were calculated as nmol MDA/mg LDL using Formula. 2.

Formula 2.

TBARS (nmol MDA / mg LDL) = X x  (3.5 4^ x 1 0 0 0

X = Sample MDA (nmol/ml) obtained from the standard curve 
Y = Sample volume (ml)
Z = LDL protein (|ig)

3.(B).2.2. Lipid peroxide assay

The assay used was carried out as described by El-Saadani et al (El- 

Saadani et al. 1989). In principle this test employs the ability o f lipid peroxides 

to oxidise iodide present in the colour reagent of a commercially available 

cholesterol kit to iodine which is then measured spectrophotometrically at 365 

nm.
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Materials

1) Colour reagent (Merck Lutterworth, Leics. Catalogue number 14106) from 

the commercially available kit for the enzymatic measurement o f cholesterol 

(CHOD-iodide, Merck, Lutterworth, Leics)

2) Hydrogen peroxide (H2O2) Sigma, Poole, Dorset]

3) 125 mM EDTA

4) 25 mM BHT

Method

1) A standard curve between 0-20 nmol/ml was prepared using H2O2 diluted in 

RPMI immediately before use.

2) 0.125 ml of standard or sample (25 pg LDL protein) with added EDTA and 

BHT (100 pM and 20 pM, final concentration respectively) was vortex mixed 

with 1 ml o f colour reagent.

3) The samples and standards were allowed to stand at room temperature in the 

dark for 30 min.

4) The absorbance was read at 365 nm using a Lambda 3B spectrophotometer.

5) The lipid peroxide (LPO) content of the LDL samples were then estimated 

utilising the H2O2 standard curve. The results were expressed as nmol LPO/mg 

LDL.

3.(B).2.3. Agarose gel electrophoresis of lipoproteins

Native and oxidised LDL samples were separated by electrophoresis 

according to their net charge at pH 8 . 6  using low voltage electrophoresis
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(Noble, 1968). Separated lipoproteins are stained using Fat Red 7B. The 

electrophoretic mobility o f a sample was compared to that of a native LDL 

sample and the results expressed as a relative electrophoretic mobility (REM).

Materials

1) Barbitone buffer (0.05 mol/L pH 8 .6 )

Sodium barbital 8.85g/L 

Barbital 1.3 g/L 

Sodium chloride 0.5g/L 

Sodium EDTA 0.35g/L 

All Analar grade from BDH Ltd, Poole, Dorset

2) Pre-prepared agarose gels (lOg/L) supplied by Ciba-Coming Cat.No. 

470100

3) Fat Red 7B stain (Sigma, Poole, Dorset).

4) Methanol (Rathbum chemicals)

5) Water

Preparation of reagents

1) 2 L o f barbitone buffer was prepared, the pH adjusted to 8 . 6  and stored at 4 

for up to 4 months. The buffer was saved and re-used once after mixing

contents o f anode and cathode chamber thoroughly.

2) A stock solution o f Fat Red 7B stain (0.225g/l) was prepared by stirring 

0.045g o f the stain in 100 ml o f methanol in a flask for ~ 6  h.
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Immediately prior to use a working stain solution was prepared by adding 2 ml 

of distilled water to 1 0  ml o f stain in a clean dry measuring cylinder.

3) A de-stain was prepared by mixing methanokwater (2:1)

Method

The agarose film was gently peeled away from its backing plate and 

placed on a level surface. The wells were filled with approximately 0.8 pi of 

sample or reference control. Both the anode and cathode chambers o f the Ciba- 

Coming electrophoresis tank were filled with 100 ml barbitone buffer and the 

gel placed in the holder and the lowered into the buffer. The sample origin was 

placed on the cathode side and the samples migrated towards the anode. The 

electrophoresis chamber was plugged into the power pack and electrophoresed 

at a voltage of lOOmV and a current of 4 mA for 40 minutes. The progress of 

electrophoresis was followed by the movement o f the tracking dye 

(bromophenol blue). When electrophoresis was completed, the film was 

removed from the chamber and dried in an oven at 55 ^C for 15-20 minutes.

For visualisation of the bands, the film was removed from the oven, 

placed in staining tray and stained for 1-4 minutes with freshly prepared 

working stain. The gel was de-stained in methanol:water solution (2:1 v/v) and 

dried in an oven for 15-20 minutes after wiping the backing of the gel.
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3.(C). LDL oxidation experiments performed using rat

mesangial cells

3.(C).1. Experimental medium and conditions

Cells in 12 well clusters were washed twice with 1 ml of warmed 

RPMI-1640 medium pH 7.4, buffered with 15 mM HEPES (Life technologies) 

and incubated at 37"̂  C in a humidified 5% CO2 95% air incubator with 1 ml of 

experimental medium consisting o f RPMI-1640 medium, 200 |ig/ml o f LDL 

and 5 )liM  CuCb (Sigma Chemical company). After 24 h (unless otherwise 

stated), the well clusters were placed on ice, further oxidation arrested by 

adding 20 pM BHT and 100 pM EDTA and the medium removed and placed 

in LP4 tubes centrifuged at 1000 g for 15 minutes to remove cellular debris and 

stored at 4® C for the estimation of the extent of lipid peroxidation using 

methods describe above. Cell free incubations o f LDL were also carried out 

routinely under identical conditions to those described above.

Some experiments were performed using inhibitors of cellular systems 

which could promote LDL oxidation. The inhibitors used were 5,8,11,14- 

eicosatetraynoic acid (ET Y A) an inhibitor o f lipoxygenase, superoxide 

dismutase (SOD) and diphenyl iodonium chloride (DPI) an inhibitor of 

NADPH oxidase (all these agents were obtained from Sigma-Aldrich, Poole, 

Dorset).

All reagents were either obtained sterile or were sterilised by filtration 

using a 0.2 pm filter. Procedures prior to the commencement of incubations
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and during the incubation period were performed in a class II laminar flow 

safety cabinet, utilising aseptic techniques.

3.(C).2. Oxidation of LDL by RMC: effect of copper concentration

Cell were incubated with experimental medium containing 2 0 0  pg/ml 

LDL and varying Concentrations of CuCL as indicated in the results section, 

incubated for 24 hours under conditions described above and the cell 

supernatants collected. The samples were stored at 4® C and the amount of 

TBARS present measured within 24 hours.

3.(C).3. Time course of LDL oxidation of LDL by rat mesangial cells

Cells were incubated with experimental medium containing 200 pg/ml 

o f LDL and 5 pM CuCL under the conditions described above. Cell 

supernatants were removed at 1, 2, 4, 8 , 16 and 24 hour intervals placed on ice 

in LP4 tubes containing 20 pM BHT and 100 pM EDTA on ice. The samples 

were stored at 4® C and used in the TBA assay within 24 hours.

Rat mesangial cells were also incubated with 200 pg/ml o f LDL in 

experimental medium containing 5 pM FeCL. Cell supernatants were collected 

at 0, 0.5, 2, 8 , and 24 h into LP4 tubes as described above used for the 

measurement of TBARS. Parallel cell free incubations were also carried in well 

clusters and medium removed at the indicated time points for the estimation of 

TBARS.
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Table 3.2 Components of RPMI-1640 medium

Inorganic

salts

œg/L Other

components

mg/L Amino acids mg/L Vitamins mg/L

Ca(N03)2.4H20 100 D-Glucose 2000 L-Arg. HCl 240 D-Biotin 0 . 2

KCl 400 Glutathione 1 L-Asparagine 50 D-Ca Pantotlienate ,25

M gS04.7H20 100 HEPES 5958 L-Aspartic acid 20 Choline

chloride

3

NaCl 5500 Phenol red 5 L-Cystine 50 Folic Acid 1

NaHCOj 2000 L-Glutamic acid 20 i-lnositol 35

NaHP04 800 L-Glutamine 300 Nicotinamide 1

Glycine 10 P-aniinu beiv.oic 

acid

1

L-Histidine 15 Pyridoxal HCl 1

L-Hydroxyproline 20 Riboflavin 0 .2

L-Isoleucine 50 Thiamine HCl 1

L-Leucine 50 Vitamin 8 , 2 0.005

L-Lycine.HCl 40

L-Methionine 15

L-Phenylalanine 15

L-Proline 20

L-Serine 30

L-Threonine 20

L-Tryptophan 5

L-Tyrosine 20

L-Valine 20
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3.(C).4. Initial LDL oxidation experiments with rat mesangial cells

Experimental medium containing 200 pg/ml LDL with or without 5 pM 

CuClz was incubated with RMCs or in cell free dishes for 24 hours. The 

medium was collected as described earlier and used to measure the extent of 

LDL oxidation using methods described above. The results presented are the 

means and standard deviations of the number experiments given in figure 

legends. A two tailed two sample /-test was performed to test for the statistical 

significance between cell free and cell induced LDL oxidation.

3.(C).5. LDL oxidation by RMC: effect of EDTA and BHT

Rat mesangial cells in 12 well clusters or cell free dishes were incubated 

with experimental medium with or without BHT (20 pM) or EDTA (100 pM). 

100% ethanol was used as a solvent for BHT at a final concentration of 0.1% 

in the experimental medium. Cell supernatants or cell free media were collected 

as described above and used in the thiobarbituric acid assay.

3.(C).6. Effect of DPI on LDL oxidation by RMC

100 pM DPI (dissolved in 100% ethanol, final solvent concentration 

0 .1%) was added to experimental medium containing LDL and CuCl: at the 

concentration indicated above and incubated with rat mesangial cells or in cell 

free dishes for 24 hours under standard conditions. The medium was removed 

and stored and assayed for TBARS as described earlier. The cells were
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dissolved in 0.1 N NaOH and protein concentration measured using the Lowry 

assay.

3.(C).7. Effect of ETYA on LDL oxidation by RMC

Experimental medium was incubated for 24 hours with RMC or in cell 

free dishes with or without added 150 p.M ETYA. 100% ethanol was used as a 

solvent (final concentration was 0 .1%). Supernatants were collected and 

assayed as described above. Protein was also estimated after dissolving the cells 

using the Lowry assay.

3.(C).8. LDL oxidation by RMC in the presence of SOD

24 hour incubations of experimental media containing 5 pM CuCh, 

were carried out with or without RMCs in the presence or absence of 100 

|Lig/ml SOD. Supernatants were collected, stored and assayed as described 

earlier.

3 (D). LDL oxidation experiments performed with human 

mesangial cells

3.(D).1. Experimental media and conditions

Experimental medium, incubation conditions, reagents and inhibitors 

were the same as used for RMC experiments [section 3.(C).1]. Sample 

collection and storage was also carried out in the same fashion.
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3.(D).2. Effect of transition metal ion concentration on oxidation of LDL 

by HMC.

Experimental media containing 200 pg/ml of LDL and varying 

concentrations o f CuCli and FeS0 4  were incubated with HMC or in cell free 

dishes under standard conditions for 24 hours. The supernatant were collected 

and stored as described earlier.

3.(D).3. Initial LDL oxidation experiments performed with HMC

24 hour incubations of experimental media containing 200 pg/ml of 

LDL, with or without CuCb (5 pM), were performed under standard conditions 

with cultures o f HMC or in cell free dishes and the supernatants stored and 

subsequently analysed to obtain the extent o f LDL oxidation using methods 

described above.

3.(D).4. The effect of EDTA and BHT on the oxidation of LDL by HMC

Experimental medium containing CuCli (5 pM), with added BHT ( 2 0  

pM) or EDTA (100 pM) was incubated with or without HMC for 24 hours 

under standard conditions. The supernatants were collected and stored as 

described before.

3.(D).5. The effect of inhibitor DPI on HMC induced LDL oxidation

24 hour incubations with HMC under standard conditions were 

performed with CuCli and LDL containing experimental medium into which
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100 |iM DPI was added. Control incubations where DPI was omitted were also 

performed in parallel. 100% Ethanol was used as solvent for DPI and the final 

concentration of ethanol in the experimental medium was 0 .1%.

3.(D).6. The effect of ETYA on HMC induced LDL oxidation

150 pM ETYA was added to experimental medium containing LDL 

and CuCl2 at concentrations given above and incubated with HMC or in cell 

free dishes for 24 hours under standard conditions. The supernatants collected 

and assayed using methods described above. Ethanol was used as solvent for 

ETYA and the final concentration of ethanol in the experimental medium was 

0.1%. At the end of the experiments cells were detached by trypsinisation 

pelleted by centrifugation at 1 0 0 0  g for 1 0  minutes and solubilised using 1 % 

Triton X-100. These cell lysates were used to estimate the cell associated 

lactate dehydrogenase (LDH) activity. An aliquot of the cell supernatant was 

also used to measure LDH activity using the assay described in the method 

section 5.(C).2.2.

3.(D).7. LDL oxidation by HMC in the presence of SOD

Experimental medium containing the usual concentrations of LDL and 

CuCli, with or without added SOD ( 1 0 0  pg/ml, dissolved in H2O) was 

incubated with HMC or in cell free dishes for 24 hours under standard 

incubation conditions. Cell and cell free supernatants were collected and 

assayed as described earlier.
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3.(D).8. Effect of L-Homocysteine on LDL oxidation by HMC

L-Homocysteine (Sigma Chemical Co, Poole, Dorset), was dissolved in 

0.1 M HCl to give a stock solution of 15 mM. L-Homocysteine was added at 

the final concentrations of 0, 5, 25, 50, 100, and 200 p.mol/1 to experimental 

medium containing LDL (200 M-g/ml) and CuCb (5 ^iM) and incubated in the 

standard way. Supernatants were collected as described before and stored for 

analysis using methods described above.

3.(D).9. Superoxide production by HMC

Superoxide production by HMC was measured as the SOD-inhibitable 

reduction of ferricytochrome c, essentially as described by McCord et al 

(McCord et al. 1977). HMC plated out into 12 well clusters as described 

before, were washed two times with 1 ml of RPMI-1640 warmed to 37 °C and 

incubated with 1 ml of RPMI-1640 containing 80 ^iM cytochrome c in the 

absence or presence of SOD (20 }ig/ml) in a humidified 5% CO2 95% air 

incubator at 37® C. Parallel cell-free incubations were also carried out under 

identical conditions. Cell supernatants were removed and placed in 1.5 ml 

microcentrifuge tubes on ice at 0, 0.5, 1.5, 3, 6 , and 8  hours and the 

absorbance read immediately at a wavelength of 550 nm using a Perkin-Elmer 

Lambda 3B spectrophotometer. The results were expressed as nmol of O2*" /mg

cell protein/min, using an extinction coefficient E 550. for cytochrome c = 28.0

mM cm '\
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3.(E) Experiments performed with other cells using our

experimental conditions

3.(E).1. Oxidation experiments using different cell plating densities

Proximal tubular cells (PTC), HMC and Human umbilical vein

endothelial cells (HUVEC) were plated in 12 well clusters, at densities of 2 

x lO \ 4 xlO* and 8 xlO* cells/ml and allowed to grow for 48 h before using 

them in oxidation experiments. Before commencing an experiment, cells from 

duplicate wells at each density were washed with 1 ml of PBS and solubilised 

by adding 1 ml of 0.1 mol/L NaOH and aliquots used for the measurement of 

cell protein using the Lowry method. THP-1 cells were plated at a densities of 

1x10^, 2x10^, and 4x10^ cells/ml into 12 well clusters and transformed into 

macrophages [THP-1 (T)] as described in section 2.(I).2. THP-1 cells in their 

un-transformed state [THP-1 (U)], were used at densities o f 1x10^, 2x10^, and

4x10^ cells/ml. Initial THP-1 (U) and THP-1 (T) cell protein levels were

measured as described for the other cell types used. For oxidation experiments 

the cells were washed twice with RPMI warmed to 37® C and incubated in the 

experimental medium as before under standard conditions except that 2.5 

pmol/1 of CuCb was added. At the end of the experiment aliquots of the 

supernatants were used to measure the TBARS and electrophoretic mobility of 

the LDL in the medium. The experiments were run three times using different 

preparations of LDL and cells.
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Statistical analysis.

The data was presented and analysed as described on page 96. The 

number of experiments performed are given in the figure legends and most of 

the data present are the means and standard deviations (SD) of several 

experiments. An unpaired, two-tailed, two-sample /-test was performed on data 

unless otherwise stated in figure legends. For data where the sample size was 

small or did not fit a normal distribution the non-parametric Mann-Whitney test 

was performed to test for statistical significance. A probability value (p) o f < 

0.05 was considered to be statistically significant

3.(F). Results of LDL oxidation experiments performed with 

RMC

3.(F).1. Effect of copper ion concentration.

Addition of Cu^  ̂to the experimental medium promoted LDL oxidation 

in cell free controls and in the presence of RMC [figure 3.4] in a dose 

dependent manner.
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Figure 3.4 Oxidation of LDL: 

effect of concentration.

Experimental medium 

containing 200 pg/ml of LDL, 

was incubated with or without 

RMC in the presence of CuCl: 

at the concentration given in the 

bar graph for 24 h under the 

conditions described in section 

3.(C).1. The TBARS were 

measured in the supernatants 

and expressed as nmol of 

TBARS/mg LDL. Data are the 

means ± SD of duplicate 

experiments.

The TBARS generated in the presence o f cells were consistently higher 

than in cell free controls. The experimental medium RPM I-1640 is formulated 

without the addition o f copper and iron salts and has been reported to contain 

undetectable concentrations of transition metal ions as measured by atomic 

absorption (Esterbauer et al. 1990). There is an absolute requirement for the 

presence o f trace amounts o f transition metal ions in incubation media for cells 

to oxidise LDL (Jurgens et al. 1987). The copper concentration used [5 nmol 

per 200 fig LDL, (in an incubation volume o f 1 ml)] in this study was similar to 

that used for smooth muscle cell mediated LDL oxidation experiments 

(Heinecke et al. 1986). It has been reported that the transition metal ion 

concentration needed to promote LDL oxidation in complex media such as 

RPM I-1640 (composition given in table 3.2) needs to be somewhat higher than 

that required for oxidation of LDL in PBS (1.3 nmol Cu per 200 pg LDL)
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because the available copper concentration may be somewhat diminished due to 

binding to media components such as histidine residues (Esterbauer et al 

1990).

3.(F).2. Time course of LDL oxidation.

LDL oxidation was followed over time, by measuring the TBARS 

generated in RMC and cell free experimental medium at the time points 

indicated in figures 3.5 and 3.6.

60
RMC  
Cell free
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Figure 3.5 Time course of LDL oxidation in the presence of CuCh (5 gM).

RMCs or cell free dishes were incubated with experimental medium containing 200 M-g/ml of 

LDL and 5p.M CuCb at 37 °c. Medium was removed at the time points indicated on the 

graph and the extent LDL oxidation estimated by measuring the concentration o f TBARS 

generated. The results represent the means ± SD of duplicate experiments.
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Oxidation o f LDL proceeded at a relatively slow rate for 3-6 hours (the 

lag period) followed by a rapid rise in the levels o f TBARS generated (the 

propagation phase). This phase was followed by a plateau phase in which the 

concentration o f TBARS measured was relatively stable. It is important to note 

that copper induced LDL oxidation followed continuously by measuring the 

generation o f diene-conjugates (absorption at 234 nm), lipid hydroperoxides 

and TBARS proceeds at a faster rate in PBS than in RPMI and by 24 hours is 

in the decomposition phase. It is also difficult to get a accurate determination 

o f the lag-phase o f LDL oxidation by measuring TBARS. Continuous 

monitoring of LDL oxidation over time is problematic in experiments involving 

cells as the most commonly used method involves monitoring the generation of 

diene-conjugates by measuring the absorption o f an LDL sample at 234 nm in a 

spectrophotometer continuously. Therefore it is

Cell free 
RMC

0 5
Time (hours)

Figure 3.6 Time course of 

LDL oxidation in the 

presence of FeCh (5 gM ). 

RMCs or cell free dishes 

were incubated with 

experimental medium

containing 2 0 0  gg/ml of 

LDL and 5gM  FeCL at 37 

°c. Medium was removed at 

the time points indicated on 

the graph and the extent 

LDL oxidation estimated by 

measuring the concentration 

of TBARS generated. Each 

time point represents means

± SD of duplicate experiments
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difficult to conclude whether the length of the lag period before LDL oxidation 

enters the auto-catalytic phase is altered by the incubation of LDL with RMC. 

The most frequently used assay to measure LDL oxidation in this study was the 

TEA assay and the level of TBARS generated was relatively stable at 24 hours. 

Therefore most of the experiments were performed using an incubation period 

o f 24 hours.

3.(F).3. LDL oxidation is promoted by RMC.

Several independent experiments performed showed that RMC 

promoted LDL oxidation to a greater extent than cell free controls.

Freshly isolated LDL had <0.1 nmol TBARS/mgLDL and had similar 

electrophoretic mobilities to serum LDL (data not shown). However, in 

experiments where Cu^^ was not added to the LDL containing experimental 

medium, there was detectable TBARS [figure 3.7] lipid hydroperoxides [figure 

3.8] and an increase in electrophoretic mobility [figure 3.9] in media analysed 

after a 24 hour incubation with cell free dishes or RMCs. The results obtained 

for cell incubations, although higher than cell free controls did not reach 

statistical significance
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RMCs or cell free dishes 

were incubated with 

experimental medium 

containing 2 0 0  pg/ml of 

LDL at 37 °c for 24 h with 

or without CuCb (5pM) 

and the medium was 

assayed for TBARS as 

described in section 

3.(C).1. Results presented 

are the mean ± SD of 5 

independent experiments. *p=0.202 (cell free vs RMC) **p=0.024 (cell free+CX^ vs 

RMC+CX^).

Thiobarbituric acid reactive substances generated in experimental media 

containing LDL (200 pg/ml) and (SpM) after an incubation period of 24 

hours with cultures o f RMCs were 43 % higher than in cell free controls and 

this results was statistically significant at a value o f p=0.024.

Figure.3.7 Thiobarbituric 

acid assay results.
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Cell free 
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RMC+Cu^*
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Figure 3.8 Lipid 

hydroperoxide assay results. 

RMCs or cell free dishes were 

incubated with experimental 

medium containing 2 0 0  pg/ml 

of LDL at 37 °c for 24 h with or 

without CuCb (5pM) and the 

medium was assayed for LPO as 

described in section 3.(C).2. 

Results presented are the mean 

±SD of 4 independent 

experiments. *p=0.261 (cell free 

vs RMC) **p-Q 03 (cell 

free+Cu^^ vs RMC+Cu^l.
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A similar result was obtained when total lipid hydroperoxides were 

measured in LDL containing media incubated with RMCs in the presence of 

Cu^^, yielding values 48 % higher than cell free controls and this result was 

statistically significant at a p value o f 0.03.

The electrophoretic mobility of LDL incubated with RMCs in the 

presence o f Cu^^ (relative to native LDL) was also 28 % greater than LDL 

incubated in the presence of Cu^^ in the absence o f cells (p=0.049)

7 -

f :

i : :
1 H

0

CZZl Cell free 
RMC
Cell free + Cu^* 

RMC + Cu^+

Î

Figure 3.9 Electrophoretic 

mobility results.

RMCs or cell free dishes 

were incubated with 

experimental medium 

containing 2 0 0  fj.g/ml of 

LDL at 37 ĉ for 24 h with 

or without CuCb (5|o.M) and 

an aliquot of the medium 

was subjected to agarose gel 

electrophoresis as described 

in section 3.(C).3. The 

mobility of each sample was 

compared with the mobility of a native LDL sample. The results presented are the means ± 

SD of 3 independent experiments. *p=0.15, **p=0.049.

3.(F).4. LDL oxidation in the presence of RMC: Effect of EDTA and 

BHT.

The divalent cation chelator EDTA (100 pM) substantially decreased 

cell induced and cell free LDL oxidation (figure 3.10). This decrease in 

oxidation was statistically significant. However, TBARS were still detectable in

156



cell free and RMC (1.36 ± 0.014 and 7.44 ± 1.75 nmol TBARS/mg LDL 

respectively), media, incubated in the presence of EDTA. This suggests that 

either copper-EDTA complexes may still be able to promote LDL oxidation, 

that the LDL used in the experiments contained low levels o f pre-formed lipid 

peroxides or that experimental solutions may have contained low levels o f iron 

ions. It has been reported that copper-EDTA complexes and Iron-EDTA 

complexes promote reactions that result in LDL oxidation in Hams F-10 

medium. However concentrations greater than 10 pM EDTA were found to 

inhibit oxidation o f LDL (Lamb and Leake, 1992a).

Cell free control 
RMC control 
Cell free + EDTA 
RMC + EDTA50 -

20  -

10  -

Figure 3.10 LDL oxidation 

by RMC: effect of EDTA

RMCs or cell free dishes were 

incubated with experimental 

medium containing 200 

|ig/ml of LDL and CuCL 

(5}iM) at 37 °c in the 

presence or absence of EDTA 

(100 [iM) for 24 h. The 

supernatants were assayed for 

TBARS as described above. 

The results in the figure are 

the means ± SD of 4

experiments. *p=0.004 (cell free control vs cell free + EDTA). **p=0.014 (RMC control vs 

RMC+EDTA).

The chain breaking antioxidant BHT (20 pM) caused a substantial and 

statistically significant reduction in both cell free and RMC induced LDL 

oxidation (figure 3.11). There were low concentrations o f TBARS detectable 

in cell free and RMC media incubated in the presence o f BHT (0.22 ± 0.083
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and 0.436 ± .141 nmol TBARS/mg LDL respectively). This was probably due 

to the presence o f pre-formed endogenous lipid peroxides in LDL or peroxides 

introduced during LDL isolation procedures.
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Cell free + BHT 
RMC + BHT

Figure 3.11 LDL oxidation 

by RMC: effect of BHT

RMCs or cell free dishes 

were incubated with 

experimental medium 

containing 200 gg/ml of 

LDL and CuCb (5pM) at 37 

°c in the presence or absence 

of BHT (20 pM) for 24 h.

The supernatants were 

assayed for TBARS as 

described above. The results 

in the figure are the means ± 

SD of 4 experiments.

*p=0.004 (cell free control vs cell free + BHT). **p=0.014 (RMC control vs RMC+ BHT).

3.(F).5. Effect of the NADPH oxidase inhibitor DPI on LDL oxidation.

Diphenyl iodonium chloride, an inhibitor o f the NADPH oxidase 

enzyme system did not significantly affect LDL oxidation in a cell free system 

or in the presence o f RMC (figure 3 .12). Incubation o f cells in the presence of 

DPI did not have any obvious effect on cell morphology on examination o f the 

cultures using a phase-contrast microscope, following the 24 hour incubation 

period. Cell protein measured after incubation was not statistically significantly 

different from the protein concentration of cells incubated in experimental alone 

(data not shown). The inclusion o f 0.1 % ethanol, which was used as solvent 

for DPI and ET Y A, in the experimental medium did not appreciably affect cell- 

free or RMC induced LDL oxidation.
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Figure 3.12 Effect of DPI on 

LDL oxidation

RMCs or cell free dishes were 

incubated with experimental 

medium containing 200 [j.g/ml 

of LDL and CuClz (5pM) at 37 

®c in the presence or absence of 

DPI (100 |iM) for 24 h. The 

supernatants were assayed for 

TBARS as described above. The 

results in the figure are the 

means ± SD of 4 experiments. 

*p=0.872 (cell free control vs

cell free + DPI),**p=0.335 (RMC control vs RMC+ DPI).

3.(F).6. Effect of the lipoxygenase inhibitor ETYA on LDL oxidation.

5,8,11,14-eicosatetraynoic acid at a concentration o f 150 \xM did not 

cause a statistically significant decrease in cell free LDL oxidation as measured 

by the TEA assay (figure 3.13). LDL oxidation in the presence o f RMC was 

decreased by 74% when ETYA (150 pM) was included in the incubation 

medium and this reduction was statistically significance (p=0.008). However, 

there was a significant reduction in cell protein o f wells where ETYA was 

included in the incubation medium and this decrease was dependent on the dose 

o f ETYA added (figure 3.14). The reduction in cell protein was probably due 

to the toxic effects o f ETYA.. Therefore it is difficult to conclude from the 

results obtained from this series of experiments whether inhibiting RMC 

lipoxygenase activity has any effect on oxidation of LDL by these cells.
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Figure 3.13 Effect of ETYA on 

LDL oxidation

RMCs or cell free dishes were 

incubated with experimental

medium containing 200 pg/ml of 

LDL and CuCb (5|iM) at 37 °c in 

the presence or absence of ETYA 

(150 pM) for 24 h. The 

supernatants were assayed for 

TBARS as described above. The 

results in the figure are the means 

± SD of 4 experiments. *p=0.300 

(cell free control vs cell free + 

ETYA),**p=0.008 (RMC control

vs RMC+ ETYA).
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Figure 3.14 Effect of ETYA on rat mesangial cell protein

RMCs were incubated with experimental medium containing 200 pg/ml of LDL and CuClz 

(5pM) at 37 "̂ C in the presence or absence of ETYA at the concentrations indicated on the 

graph for 24 h. The medium was removed, the cells solubilised and the protein measured by 

the Lowry assay. The data presented are the median and range of 2 experiments. *p = NS. 

**p < 0.01 (control vs ETYA) using the Mann-Whitney test

160



3.(F).7. Effect of SOD on oxidation of LDL

Superoxide dismutase at a concentration of 100 pg/ml inhibited RMC 

induced LDL oxidation by 81% (figure 3.15) and this reduction was 

statistically significant (p=0.002). There was no evidence o f cytotoxicity on 

examining cells under phase-contrast microscopy after incubation with SOD. 

The cell protein also remained unchanged when compared with cell proteins of 

wells where SOD was excluded. The oxidation o f LDL in the absence o f cells 

was also inhibited by up to 75 %. This result suggests that the inhibition of 

LDL oxidation by SOD may be due to a general antioxidant effect as suggested 

by Jessup et al (Jessup 1993). However, it cannot be fully discounted that SOD 

does not inhibit cell induced LDL oxidation by dismissing superoxide anions

generated by cells.
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Figure 3.15 Effect of SOD on 

LDL oxidation

RMCs or cell free dishes were 

incubated with experimental 

medium containing 2 0 0  pg/ml of 

LDL and CuCb (5gM ) at 37 °c in 

the presence or absence of SOD 

(100 jig/ml) for 24 h. The 

supernatants were assayed for 

TBARS as described above. The 

results in the figure are the means 

± SD of 5 experiments. *p=0.002 

(cell free control vs cell free + 

SOD),**p=0.002 (RMC control

vs RMC+ SOD).
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3.(G). Results of human mesangial cell experiments

3.(G).1 The effect of transition metal ion concentration on LDL oxidation.

Addition o f the transition metal ions, C u^ and Fe^^ to the experimental 

medium promoted LDL oxidation in cell free controls and in the presence of 

HMC in a dose dependent manner (figures 3.16 and figure 3.17).

Figure 3.16 Oxidation of 

LDL: effect of 

concentration.

Experimental medium 

containing 2 0 0  pg/ml of 

LDL, was incubated with 

or without HMC in the 

presence of CuCb at the 

concentration given in the 

bar graph for 24 h under 

the conditions described in 

section 3.(E).1. The 

TBARS were measured in 

the supernatants and

C ell free  
HMC

A #
0 .1 3 3

C u^* C oncentration  (^iM)

1 .3 3

expressed as nmol of TBARS/mg LDL.

The TBARS generated in the presence o f cells were consistently higher 

than cell free controls irrespective o f the concentration o f transition metal ions 

added. A low level o f TBARS was detectable even when of Cu^^ and Fe^^ was 

not added to the LDL containing experimental medium. Similar results were 

obtained from experiments performed using RMC and the possible reasons why 

LDL may have been oxidatively modified under these conditions were
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discussed in section 3.(F).1 of this chapter. Most of the subsequent experiments 

were carried using a Cu^  ̂concentration of 5 |_iM, unless otherwise stated.
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Figure 3.17 Oxidation of LDL: 

effect of Fê  ̂concentration.

Experimental medium containing 

200 |j.g/ml of LDL, was incubated 

with or without HMC in the 

presence of FeS0 4  at the 

concentration given in the bar 

graph for 24 h under the 

conditions described in section 

3.(E). ]. The TBARS were 

measured in the supernatants and 

expressed as nmol of TBARS/mg 

LDL. Data are the means ± SD of 

2 independent experiments

The LDL oxidation as measured by the generation of TBARS was lower in 

experiments performed in the presence of Fe^  ̂ in both cell free and cell 

incubation when compared with those performed with CuCb.

163



3.(G).2. Human mesangial cells promote the oxidation of LDL

Several independent experiments provided results to suggest that 

HMCs had the ability to promote LDL oxidation as measured by an increase in 

TBARS, total lipid hydroperoxides and REM o f the LDL.

Oxidation o f LDL as measured by the generation o f TBARS (figure 

3.18) was 60 % higher in incubations with HMCs compared with cell free 

controls. This difference was statistically significant when the data was 

analysed using the unpaired, two-sample /-test (two-tailed) giving a probability 

value o f p=0.005. The data presented represents the means and standard 

deviation o f 5 independent and representative experiments, each condition 

within the experiment performed in triplicate. The oxidation o f LDL in the 

presence o f HMCs as measured by TBARS in experiments where Cu^^ was not 

added were not significantly different from cell free controls.
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Figure 3.18 Thiobarbituric 

acid assay results.

HMCs or cell free dishes were 

incubated with experimental 

medium containing 200 pg/ml 

of LDL at 37 ®c for 24 h with or 

without CuCb (5pM) and the 

medium was assayed for 

TBARS as described in section 

3.(C). 1. Results presented are 

the mean ± SD of 5 

independent experiments. 

*p==0,368 (cell free vs HMC)

**p=0.005 (cell free+Cu^^ vs HMC+Cir^)
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The total lipid peroxides generated (figure 3.19) when LDL was

incubated with HMCs in Cu^" containing RPMI was 46% higher than cell free

controls and this difference was statistically significant (p=0.013) when the data

was analysed using the statistical test described above.

Figure 3.19 Lipid 

hydroperoxide assay results. 

HMCs or cell free dishes were 

incubated with experimental 

medium containing 200 pg/ml 

of LDL at 37 ĉ for 24 h with or 

without CuCb (5pM) and the 

medium was assayed for LPO as 

described in section 3.(C).2. 

Results presented are the mean 

± SD of 5 independent 

experiments.
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The electrophoretic mobility of LDL (table 3.3) after incubation with 

HMC was also increased by 46% over cell free controls and this increase was 

statistically significant (p=0.004).

Table 3.3 Electrophoretic mobility results.

HMCs or cell free dishes were incubated with experimental medium containing 200 pg/ml of 

LDL at 37 °C for 24 h with CuCb (5gM ) and an aliquot of the medium was subjected to 

agarose gel electrophoresis as described in section 3.(C).3. The mobility of each sample was 

compared with the mobility of a native LDL sample. The results presented are the means ± 

SD of 4 independent experiments.

Ceii free REM HMC REM N e s t Cell vs HMC
M ean 1.74 3 24
± S D 0 24 0 29 p = 0.004
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3.(G).3. LDL oxidation in the presence of HMC: Effect of EDTA and 

BHT

The chain breaking antioxidant BHT completely inhibited HMC 

promoted and cell free LDL oxidation as measured by the generation of 

TBARS (figure 3.20). The electrophoretic mobility o f the LDL was also 

significantly decreased (table 3.4). Oxidation o f LDL in the presence in HMC 

was inhibited by over 80% when EDTA (100 piM) was added to the incubation 

medium (figure 3.20)
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Figure 3.20 LDL oxidation by HMC: effect of BHT and EDTA

HMCs or cell free dishes were incubated with experimental medium containing 200 |ig/ml of 

LDL and CuCl? (5^M) at 37 °c in the presence or absence of BHT(20 pM) or EDTA (100 

pM) for 24 h. The supernatants were assayed for TBARS as described above. The results in 

the figure are the medians and range of 2 experiments each experimental condition intra

experiment was performed in triplicate. * p < 0.03 (cell free control vs cell free + EDTA or 

BHT). * * p <  0.007 (HMC control vs HMC+EDTA or BHT).using a Mann-Whitney test.

166



The electrophoretic mobility o f the LDL was also decreased significantly when 

oxidation experiments were performed in the presence of EDTA or BHT (table 

3.4)

Table 3.4 REM of LDL incubated with HMC: effect of BHT and EDTA HMCs or cell 

free dishes were incubated with experimental medium containing 200 pg/ml of LDL at 37 °c 

for 24 h with CuCb (5pM) in the presence or absence of BHT(20 pM) or EDTA (100 pM) 

for 24 h. An aliquot of the medium was subjected to agarose gel electrophoresis as described 

in section 3.(C).3. The mobility of each sample was compared with the mobility of a native 

LDL sample. The results presented are the medians and range of 2 independent experiments. 

Data were tested for statistical significance using the Mann-Whitney test

Cell free côûtrol 

REM

HMC control 

REM

Ceilfree+BHT

REM

: HMC+BHT

■■'' ■■REM'

Cell free + EDTA HMC+EDTA 

REM ;

2.0 

(1.7-2.4)

3.4 

(3.0-3.6)

1.2 

(1.0-1.5)

1.5 

(1.1 -2.0)

1.2 

(1.0-1.6)

2.1 

(1.6-2.3)

p = 0.03 p = 0.01 p=0.03 p = 0.01

3.(G).4. LDL oxidation in the presence of HMC: Effect of NADPH 

oxidase inhibitor DPI.

The NADPH oxidase inhibitor DPI at a concentration o f 100 pM did 

not significantly affect HMC promoted oxidation of LDL. Cell free LDL 

oxidation was similarly unaffected (figure 3.21).
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Figure 3.21 Effect of DPI on LDL oxidation by HMC

HMCs or cell free dishes were incubated with experimental medium containing 200 pg/ml of 

LDL and CuCb (5pM) at 37*̂  C in the presence or absence of DPI (100 pM) for 24 h. The 

supernatants were assayed for TBARS as described above. The results in the figure are the

8 0  -, 

7 0  4

Cell free control 
Cell free + DPI 
HMC control 
HMC + DPI

or 30

means ± SD of 4 experiments. *p=0.181 (cell free control vs cell free + DPl),**p=0.888 

(HMC control vs HMC+ DPI).

3.(G).5. LDL oxidation in the presence of HMC: Effect of lipoxygenase 

enzyme inhibitor ETYA

Oxidation o f LDL in the presence of HMC as measured by TBARS was 

decreased by -34%  when 150 pM ETYA was added to the incubation medium 

(figure 3.22). This inhibition was statistically significant. The cell free oxidation 

o f LDL was also a modestly decreased but this change was not found to be 

statistically significant. The agarose gel electrophoretic mobility o f LDL was 

also significantly decreased in cell incubations in the presence o f ETYA but 

electrophoretic mobility o f LDL with and without ETYA were not significantly 

different in cell free experiments (table 3.5).

168



Table 3.5. Electrophoretic mobility of LDL after co-incubation with ETYA

HMCs or cell free dishes were incubated with experimental medium containing 200 pg/ml of 

LDL and CuCb (5pM) at 37 °c in the presence or absence of ETYA (150 pM) for 24 h. An 

aliquot of the medium was subjected to agarose gel electrophoresis as described in section 

3.(C).3. The mobility of each sample was compared with the mobility of a native LDL 

sample. The results presented are the means ± SD of 4 independent experiments.

mu'
EM C control

.............A M

Cell frec+ETYA

REMllllll
HMC+ETYA

.....A m

1.74 ± 0 .2 4 3.24 + 0.29 1.85 + 0.35 2.7 + 0.36

p = NS p = 0.05

The LDH leakage from cells into the medium was also measured after 

completion of the experiments and the results are presented in table 3.6. The % 

leakage o f LDH was greater when cells were co-incubated with ETYA

Cell free control 
HMC control 
Cell free + ETYA 
HMC + ETYA

Figure 3.22 Effect of ETYA on 

LDL oxidation

HMCs or cell free dishes were 

incubated with experimental 

medium containing 200 pg/ml of 

LDL and CuCb (5pM) at 37 °c in 

the presence or absence of ETYA 

(150 pM) for 24 h. The results in 

the figure are the means ± SD of 5 

experiments. *p=0.301 (control vs 

cell free + ETYA), **p-0.012  

(HMC vs HMC+ ETYA)

and this increase was found to be statistically significant (p < 0.002). This 

suggests that the inhibition cell promoted LDL oxidation caused by ETYA may 

be due to its cytotoxic effect on HMC.
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Table 3.6 Effect of ETYA on LDH release by HMC

HMCs were incubated with experimental medium containing 200 |ig/ml of LDL and CuCl2 

(5pM) at 37^ C in the presence or absence of ETYA (150 pM) for 24 h. The cell supernatants 

were assayed for LDH activity as described in the methods section. Results were expressed as 

a % LDH activity of supernatants [LDH activity (supernatants + Cell)] The results in the 

table are the means ± SD of 3 experiments, each experimental condition performed in 

triplicate.

LDH release (% of total) p value Control vs ETYA

Control 16.22 ±8.052 0.0014

ETYA 37.26 ±8.02

3.(G).6. LDL oxidation in the presence of HMC: Effect of SOD.

SOD at a concentration of 100 pg/ml inhibited both cell free and HMC 

promoted LDL oxidation as measured by a reduction in TBARS by 81% and 

35% respectively (figure 3.23). This decrease in oxidation was found to be 

statistically significant.

Table 3.7 Electrophoretic mobility of LDL after co-incubation with SOD

HMCs or cell free dishes were incubated with experimental medium containing 200 pg/ml of 

LDL and CuCb (5pM) at 37 °c in the presence or absence of ETYA (150 pM) for 24 h. An 

aliquot of the medium was subjected to agarose gel electrophoresis as described in section 

3.(C).3. The mobility of each sample was compared with the mobility of a native LDL 

sample. The results presented are the means ± SD of 3 independent experiments.

Cell free control 

REM

HMC control 

REM

Cell free+SOD 

REM

HMC+SOD

REM

1.74 + 0.24 3.24 + 0.29 1.50 + 0.1 2 .2 5 + 0 .2 2

p = NS p = 0.01
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The electrophoretic mobility of LDL incubated with HMC in the presence of 

SOD was also decreased significantly (table 3.7).

Cell free control 
K sœ  HMC control 
ssssiss Cell free + SOD 

HM C+SO D

rr 3 0

Figure 3.23 Effect of SOD on 

LDL oxidation (TBARS)

HMCs or cell free dishes were 

incubated with experimental 

medium containing 200 fo-g/ml of 

LDL and CuCL (5pM) at 37 °c in 

the presence or absence o f SOD 

(100 pg/ml) for 24 h. The results 

in the figure are the means ± SD 

of 3 experiments.

*p=0.043(control vs cell free + SOD), **p=0.007 (HMC vs HMC+ SOD)

The activity o f LDH in the cell supernatants was also measured. The 

results (table 3.8) show that the leakage of LDH from cells co-incubated with 

SOD was not significantly different from that o f cells incubated without SOD.

Table 3.8 Effect of SOD on LDH release by HMC

HMCs were incubated with experimental medium containing 200 pg/ml of LDL and CuCL 

(5p.M) at 37° C in the presence or absence of SOD (100 pg/ml) for 24 h. The cell 

supernatants were assayed for LDH activity as described in the methods section. Results were 

expressed as a % LDH activity of supernatants |LDH activity (supernatants + Cell)] The 

results in the table are the means ± SD of 3 experiments, each experimental condition 

performed in triplicate.

LDH release {% of total) p value Cofitroi vs SOD

Control 16.22 + 8.052 0.195

SOD 19.44 ± 11.46 p = NS
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3.(G).7. Effect of L-homocysteine on LDL oxidation in the presence of 

HMC

Individuals with the rare genetic condition homocysteineuria develop 

atherosclerotic lesions prematurely. There have been suggestions that 

homocysteine may participate in LDL oxidation reactions. Also there are 

conflicting reports o f an absolute requirement for thiol containing compounds 

in cell culture media, for cell mediated LDL oxidation to take place in-vitro. 

The cell culture medium used (RPMI) contains 262.8 pM cystine. 

Supplementing this medium with up to 200 pM L-homocysteine did not lead to 

any significant change in the oxidation of LDL as measured by generation

TBARS (figure 3.24).
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Figure 3.24 Effect of L- 

homocysteine supplementation 

on LDL oxidation:

HMCs were incubated with 

experimental medium 

containing 200 pg/ml of LDL 

and CuCb (5pM) at 37°C  

supplemented with HC at the 

concentrations indicated on the 

graph for 24 h. The results in 

the figure are the means ± SD 

of 2 experiments.

3.(G).8. Superoxide production by HMC

HMC incubated in RPMI produced extracellular O2*” as measured by 

the SOD inhibitable reduction o f cytochrome c (figure 3.25). The values
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obtained were somewhat lower than those produced by monkey smooth muscle 

cells (0.3 nmol/min/mg) as reported by Heinecke et al (Heinecke et al. 1987). 

The results shown here are similar to those obtained by Garner et al. for un

stimulated human macrophages (Garner et al. 1994). The former investigators 

suggested that there is an absolute requirement for the presence of sulphur 

containing amino acids in the medium to ensure production of 0 2 *“ by smooth 

muscle cells. Our medium contained 262.8 pmol/1 L-cystine which is adequate 

for maximal production of O2* . We did not measure O2*" production in sulphur 

containing amino acid depleted medium, to confirm that these amino acids were 

essential for O2'  production and/or LDL oxidation by HMC.
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Figure 3.25 Time course of superoxide release by HMC

HMCs were incubated at 37 ^C with 80 (a,M cytochrome c in RPMI. The resulting O2' 

production was measured as described in the methods section. The results are expressed as 

nmol O2* /m g cell protein. All points are the means ± SD taken from three experiments.
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3.(H).LDL oxidation by HMC: comparison with other cells.

We attempted to compare the promotion of LDL oxidation by HMC 

with other cells of a similar type to those which may be involved in causing 

oxidative modification o f lipoproteins within the kidney. The cells used were 

human proximal tubular cells (PTC), human umbilical vein endothelial cells 

(HUVEC) and cells from human monocytic cell line THP-1 which were used in 

there non transformed monocytic and macrophage transformed state.

There is a large volume of literature concerning oxidation of LDL by 

several cell types. However it is difficult to compare these studies because 

conditions and types of cells used differ widely. The other factor is that very 

few studies correct the LDL oxidation measurements for cell protein. Therefore 

we conducted oxidation experiments for all the above cells, using the same 

LDL preparations under identical experimental conditions. We also corrected 

our LDL oxidation measurements for protein to estimate the relative capacity 

o f these different cells to promote LDL oxidation.

Plating cells at different densities resulted in a corresponding difference 

in measured cell proteins. The three different plating densities in ascending 

order resulted in cell protein concentrations (mean ± S.D) of 42.0 ± 5 .2  mg/ml, 

78.7 ± 5.4 mg/ml, and 121.0 ±11.3 mg/ml, for PTC, 39.4 ± 1 .6  mg/ml, 82.9 ± 

2.3 mg/ml, and 133.0 1± 7.4 mg/ml for HMC, 35.0 ± 4.0 mg/ml, 62.4 ± 7.1 

mg/ml, and 90.5 ± 12.1 mg/ml for HUVEC, 35.0 ± 5.5 mg/ml, 62.4 ±7 . 1  

mg/ml and 99.0 ± 12.2 mg/ml for THP-1 (U) and 39.6 ± 2.6 mg/ml, 97.9 ± 2.64 

mg/ml and 136.0 ± 8.9 mg/ml for THP-1 (T).
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LDL incubated with PTC, HMC, HUVEC and TH F-1(1) had 

significantly higher levels o f TEARS and anodic electrophoretic mobility than 

cell free control LDL (p < 0.01). However, the REM and TEARS levels of 

LDL incubated with THP-1 (U) cells at the lowest cell density was not 

statistically different to LDL oxidation in the absence o f cells. Oxidation of 

LDL was greater than cell free controls (p<0.05) in experiments where the 

highest density o f THP-1 (U) cells (4x105 cells/ml) was present.
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Figure 3.26 TEARS present in LDL incubated with different cell types: effect of cell 

plating density

Cells were seeded into 12 well clusters at three different cell densities as detailed in the 

method section and incubated in experimental medium containing 200 \ig LDL protein/ml 

and CuCl] (2.5 pmol/L) at 37 for 24 h in duplicate. The medium was assayed for TEARS 

as described in the method section Results presented are the mean ± SD. of 3 independent 

experiments and are expressed as nmol MDA/mgLDL protein.
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Our experiments using different cell densities showed that although an 

increase in cell number resulted in a higher degree o f LDL oxidation this 

relationship was not directly proportional (figure 3.26 and figure 3.27). This 

probably indicates that oxidation of LDL increases as the cell number is 

increased but plateaus thereafter and remains at this level even if cell number is 

further increased.

C a l free

HUVEC
THP-1(u)nm THP-i(t)

lU 2 0

Plating d en sity

Figure 3.27 Agarose gel electrophoretic mobility of LDL incubated with different cells: 

effect of plating density

Cells were seeded at different densities and incubated in experimental medium as described 

above and agarose gel electrophoresis was carried out as described in the method section. 

Results are the means ± SD of 3 independent experiments.

Analysis o f the TEA assay results not corrected for cell protein (figure 

3.26) and those corrected for cell protein (figure 3.28) revealed that HUVEC 

promoted LDL oxidation to the greatest degree (p<0.05; HUVEC vs. all other
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cells studied). This was true for all cell densities used. LDL incubated with 

THP-1 cells that had not been transformed into macrophages had significantly 

lower levels o f TEARS (figure 3.26) than LDL incubated with all other cell 

types (p<0.05; THP-1 (U) vs all other cells studied).

Figure 3.28 TEARS results corrected for cell protein

The results presented in this figure are the TEARS results given in figure 3.26 corrected for 

cell protein and are therefore are expressed as nmol MDA/mg LDL protein/mg cell protein.

PT C  
HMC 
HUVEC 

^ 3  THP-1 (U) 
rïïTÏÏTH THP-1 (T)

§ 2000

Q. 1800 -

1600 -

1400 -
0)
2  1200 -

O  1000 -

E 800 - 

°  6 0 0 -

E 400 -

CO 200 - q:
<m 0

Plating d en sity

These differences were still evident when TEARS results were corrected for 

cell protein (figure 3.28) but were not significantly different to values obtained 

for PTC, HMC and THP-1 (T) at the highest plating density studied (plating 

density 3 in figure 3.26). HMC and THP-1 (T) cells appeared to promote LDL 

oxidation to a similar extent. The TEARS levels measured in LDL incubated 

with these cells were not significantly different [p=NS; HMC vs THP-1 (T)].
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TBARS (both corrected and not corrected for cell protein concentration) were 

significantly lower (p<0.05) in LDL samples co-incubated with PTC compared 

with those incubated with HMC, HUVEC and THP-1 (T) at all plating 

densities. LDL oxidised by PTC however had higher levels o f TBARS than 

THP-1 (U) cells at the lowest cell density used in experiments [p<0.05, PTC 

plating density 1 vs THP-1 (U) plating density 1 (figure 3.26 and figure 3.28).

PTC

HUVEC 
^  T H P -I(U ) 
fïïïïrm T H P -i(T )

Plating d en sity

Figure 3.29 Agarose gel electrophoretic mobility of LDL incubated with different cells 

corrected for cell protein.

The bar graph represents the REM results given in figure 3.27 corrected for cell protein and 

are therefore are expressed as REM/mg cell protein.
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A similar trend emerged when REM  results (figure 3.27 and 3.29 and 

3.30) were analysed but differences between the cell types were less obvious. 

Statistical analysis o f  REM  data not corrected for cell protein showed that LDL 

incubated with HUVEC had mobilities not significantly different to those 

incubated with HMC and THP-1 (T) and PTC (at the lowest plating density). 

LDL incubated with THP-1 (U) cells at all plating densities had lower REMs 

(p<0.05; REM  o f THP-1 (U) vs REM  o f all other cells studied). REM  data 

corrected for cell protein concentration showed that LDL incubated with 

HUVEC (at all plating densities) had the highest REM  (p<0.05, REM/mg cell 

protein; HUVEC vs REM/mg cell protein all other cells used). However, REM 

o f LDL incubated with the other cells used in the study (expressed as REM/mg 

cell protein) were not statistically different from each other.
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Figure.3* 3Q Agarose gel electrophoretic mobility of LDL incubated with different 

cells:

Cells were seeded into 12 well clusters at three different cell densities as detailed in the 

method section and incubated in experimental medium containing 200 pg LDL protein/ml and 

CuCL (2.5 pmol/L) at 37 °C for 24 h in duplicate. Agarose gel electrophoresis o f LDL pre

incubated with cells and cell free controls in was carried as detailed in the method section. 

This gel shows the electrophoresis o f LDL samples incubated with the different cells at their 

highest plating density. Lane land 8: freshly isolated native LDL. Lane 2,3,4,5,6,7: LDL 

incubated in the absence of cells and with PTC, HMC, HUVEC, THP-l(U) and THP-1 (T) 

respectively.
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3.(1). Discussion

Evidence is emerging suggesting that LDL is oxidised within the artery 

wall and once oxidatively modified, plays a role in the pathogenesis o f 

atherosclerotic and vascular disease. Several cell types including endothelial 

cells, smooth muscle cells, T-lymphocytes, monocytes and macrophages are 

capable o f  oxidising LDL in vitro. Cell induced oxidation therefore may be one 

o f  the mechanisms by which LDL is modified, making it a more atherogenic 

particle in vivo. There are histological similarities between atherosclerosis and 

glomerulosclerosis and lipids may be important in the latter process. Therefore 

we investigated whether glomerular mesangial cells are capable o f oxidising 

LDL in vitro  as cell mediated LDL oxidation is potentially an important 

process in the pathogenesis o f glomerulosclerosis.

Our initial experiments carried out with rat mesangial cells and human 

LDL suggested that RMC were capable o f  promoting oxidation o f LDL and 

subsequent experiments performed with HMC confirmed these early studies. 

There was an absolute requirement for the presence o f transition metal ions in 

experiments involving both cell types and this seems to be a universal 

requirement for cell induced LDL oxidation in vitro. There were detectable 

levels o f TBARS in media containing LDL even in the absence o f  copper iron 

ions following a 24 h incubation with or without cells. There was no 

statistically significant difference between cell-free and cell-induced LDL 

oxidation in these experiments and this LDL oxidation was probably due to the 

presence o f low levels o f lipid peroxides in the LDL preparations. 

Contamination by transition metal ions used in media and other solutions used
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cannot be excluded. Having established that mesangial cells were capable of 

promoting LDL oxidation, we investigated the mechanisms o f MC mediated 

LDL oxidation.

There have been several reports that free radicals and/or the production 

o f  oxidised lipids by the action o f  lipoxygenases may be important in the 

oxidation o f  LDL by cells. Activated human monocytes were found to oxidise 

LDL in a superoxide dismutase inhibitable manner, suggesting that the 

superoxide radical (O /"  ) may play a role in the oxidative process (Cathcart et 

al. 1989). This study also showed that O2'" was most important in the initial 

period o f LDL oxidation (< 6h) as SOD was ineffective at preventing LDL 

oxidation when added after this time. Earlier studies carried out by Heinecke et 

al. demonstrated that O2'  may be involved in smooth muscle induced LDL 

oxidation (Heinecke et al. 1986).

Our results show that HMC are capable o f producing O2'" as measured 

by the SOD inhibitable reduction o f cytochrome c. We also showed that SOD 

inhibited both RMC and HMC promoted LDL oxidation. It is however difficult 

to conclude that mesangial cell induced LDL oxidation occurs solely due to a 

O2'  dependent mechanism for several reasons. Firstly, although SOD inhibited 

mesangial cell promoted oxidation o f  LDL, it had a similar effect on cell-free 

oxidation. This may due to a non-specific antioxidant activity possibly due to 

its metal chelating activity. Secondly, although SOD is present at a 

concentration far in excess o f that necessary for the complete removal o f O2'" it 

only partially inhibited RMC and HMC induced LDL oxidation. We also found 

that DPI, an inhibitor o f the NADPH oxidase enzyme system which generates

182



Û2*” did not significantly reduce LDL oxidation induced by RMC or HMC. 

Gamer et al. have also reported that stimulation o f human monocyte derived 

macrophages to  produce large fluxes o f O2'" by causing a respiratory burst did 

not enhance LDL oxidation, either during the respiratory burst or at later 

stages. These and other studies question the role o f O2'  in cell-induced LDL 

oxidation (Gamer et al. 1994; Jessup et al. 1993).

The conversion o f polyunsaturated fatty acids to lipid peroxides by the 

action o f lipoxygenase (LO) enzymes has been suggested as another potential 

mechanism o f LDL oxidation for the following reasons: 1) LDL can be 

oxidised in vitro  by soybean LO in the presence o f phospholipase A2 (Sparrow 

et al. 1988), 2) Cell-induced LDL oxidation is reduced by LO inhibitors 

(McNally et al. 1990), 3) Lipoxygenase activity stimulators augment LDL 

modification (McNally et al. 1990), 4) 15-LO is expressed in the artery wall 

(Yla-Herttuala et al. 1990). It is unlikely that 5-LO is involved in cell-promoted 

oxidation o f LDL because specific inhibitors o f this enzyme which do not have 

general antioxidant properties such as MK886 and Revlon 5901 have been 

shown not to  inhibit LDL oxidation by mouse peritoneal macrophages (Jessup 

et al. 1991). A similar conclusion regarding 5-LO was reached by Folcik et al 

(Folcik and Cathcart, 1993; Sparrow 1992). ETYA an inhibitor o f 15- 

lipoxygenase has been shown by several investigators to inhibit cell induced 

LDL oxidation (McNally et al. 1990; Wilkins and Leake, 1994). Although 

ETYA has been shown to be an antioxidant (Jessup et al. 1991; Sparrow 

1992), it did not inhibit cell-free oxidation o f LDL under our experimental
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conditions or in the studies performed by Jessup et al. and Wilkins et al (Jessup 

et al. 1991; Wilkins and Leake, 1994).

The results o f our experiments with ETYA showed that RMC and 

HMC induced LDL oxidation was inhibited by 74% and 34% respectively. The 

concentration o f ETYA used was found to be toxic to mesangial cells as 

measured by a decrease in post-incubation cell protein (RMC) and an increase 

in LDH release (HMC). Similar results have been reported by several other 

investigators. ETYA has been shown to be toxic to mouse peritoneal 

macrophages when used at concentrations not greatly higher than that required 

to inhibit LDL oxidation. It has also been reported that the concentration o f 

ETYA required to block 15-LO was much lower ( I C 5 0  =60 nM) than that 

required to block LDL oxidation by mouse peritoneal macrophages (10 pM) 

(Sparrow and Olszewski, 1992). Therefore at present there is limited evidence 

that LOs are involved in cell mediated LDL oxidation (Sparrow and Olszewski,

1992).

Considering our data with ETYA together with other reports in the 

literature it is difficult to assign a conclusive role for lipoxygenases in LDL 

oxidation by mesangial cells. Further studies, using other techniques will be 

needed to resolve this issue.

There have been reports that oxidation o f LDL by macrophages, 

endothelial cells and smooth muscle cells, may be mediated by the production 

o f free thiols in the presence o f transition metal ions. Chait et al. have proposed 

that arterial smooth muscle cells reduce L-cystine to a thiol probably L- 

cysteine, which is then responsible for the extracellular reduction o f O2 to O2'
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which in turn oxidises LDL in the presence o f redox-active transition metals 

(Heinecke et al. 1987; Chait and Heinecke, 1994). Supporting this hypothesis, 

Sparrow et al. have reported that LDL oxidation by rabbit endothelial cells and 

mouse peritoneal macrophages involves thiols generated from L-cystine 

(Sparrow and Olszewski, 1993). These workers also assigned an important 

intermediary role for the thiyl radical -S'. Heinecke and co-workers have also 

reported that several thiols including cysteine, homocysteine, and glutathione 

all caused LDL oxidation in a reaction involving iron or copper (Heinecke et al.

1993). Graham et al. working with THP-1 cells concluded that the primary 

mechanism by which thiols cause LDL oxidation was independent o f 

superoxide production and dependent on the iron catalysed auto-oxidation o f 

the thiols (Graham et al. 1994). They also found that the susceptibility o f thiols 

to auto-oxidation was dependent on their structure (Graham et al. 1994).

The experimental medium used in this study, RPMI-1640 contains 268 

pM  L-cystine and 3.25 pM  glutathione. We tested whether supplementing this 

medium with homocysteine in the presence o f copper ions affected LDL 

oxidation by HMC. We found that adding up to 200 pM  L-homocysteine did 

not significantly increase or inhibit LDL oxidation by HMC. We did not 

however test if depleting RPMI o f cystine leads to the prevention o f  LDL 

oxidation by these cells. Therefore it is difficult to conclude that presence o f 

cysteinyl derivatives are essential for mesangial cell-mediated LDL oxidation. 

Santanam and Parthasarathy have also reported that oxidation o f freshly 

prepared LDL samples by macrophages o f the RAW line were inhibited by 

cysteine (L-cystine had no effect), and that addition o f L-cystine enhanced the
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oxidation o f LDL o f older preparations o f  LDL (Santanam and Parthasarathy, 

1995). This suggests that the presence o f cysteinyl derivatives become 

important for LDL oxidation only when there are pre-formed lipid 

hydroperoxides present in LDL preparations. Graham et al. have also 

suggested that cysteinyl derivatives work by reducing transition metal ions 

which in turn are more effective at facilitating the decomposition o f seeding 

peroxides within LDL as alluded to in the introduction to this chapter (Graham 

et al. 1994).

We also attempted to investigate the efficiency o f LDL oxidation by 

different cells in our experimental medium. Cell proteins were measured at the 

start o f an experiment to ensure that results were divided by these initial cell 

protein levels. This procedure was used because the oxidised LDL generated 

may cause cell detachment, and therefore dividing results by protein 

concentrations measured at the end o f experiments could lead to the generation 

o f inaccurate results. Oxidation experiments were performed using three 

different cell densities with broadly equivalent cell protein concentrations and 

these results were used to make calculate the potential cells had to promote 

LDL oxidation. Our TBARS results indicate that the promotion o f  LDL 

oxidation by cells in descending order was HUVEC > THP-1 (T) and HMC > 

PTC > TH P-l(U ). The electrophoretic mobility results also followed a similar 

trend. However the REMs o f LDL incubated with the cells were not 

dramatically different from each other. It would be interesting to study if these 

small changes in charge o f the protein moiety o f the LDL particle lead to a 

differences in uptake by scavenger receptors on macrophages
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Summarising our results we can state that both RMC and HMC have 

the ability to oxidise LDL in vitro. We investigated if these cells oxidise LDL 

using a superoxide dependent mechanism and found that although SOD 

inhibited oxidation by mesangial cells, this inhibitions was incomplete and SOD 

can also act as an general antioxidant. Also inhibition o f the NADPH oxidase 

system that generates O2" , did not block LDL oxidation by these cells. 

Experiments designed to investigate the role o f lipoxygenase in MC mediated 

LDL oxidation also yielded inconclusive results. This was because the 

lipoxygenase inhibitor used (ETYA) was toxic to MC. Supplementing the 

experimental medium with the cysteinyl derivative L-homocysteine did not 

affect the mesangial cell induced LDL oxidation. However, further studies are 

needed to clarify the role o f thiols in mesangial oxidation o f LDL. Finally, we 

found that endothelial cells were the most efficient at causing oxidative 

modifications o f LDL in our experimental system. In conclusion it can be stated 

that MC promote LDL oxidation in vitro  but further studies are needed to 

elucidate the mechanisms involved in this process.
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(4). Lipoprotein binding studies
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4.(A). Background

The transport o f macromolecules into cells by receptor-mediated 

endocytosis first emerged as a distinct mechanism following studies carried out on 

human fibroblasts by Brown and Goldstein (Brown and Goldstein, 1975). These 

studies were designed to investigate the normal function o f LDL the major carrier 

o f cholesterol in human plasma. On exposure o f fibroblast cell cultures to LDL, the 

cellular endogenous cholesterol synthesis was decreased while the intracellular 

content o f cholesterol remained largely unchanged. Following further biochemical 

studies it emerged that in mammals, the delivery o f  LDL-derived cholesterol into 

hepatic and extra-hepatic cells was mediated by a specific cell surface receptor 

known as the apo B/E receptor. The sequential process o f receptor-mediated 

endocytosis o f LDL and the subsequent regulation o f cellular synthesis of 

cholesterol has been termed the LDL receptor pathway.

4.(A).1. The LDL receptor pathway

This important receptor pathway is represented schematically in figure 4.1. 

It depicts the events that are involved in the receptor-mediated endocytosis o f 

LDL which allows cells to control their intracellular cholesterol content.

LDL receptors are found in specialised regions o f cell plasma membranes 

known as “coated pits” into which they move continuously and spontaneously 

even in the absence extracellular ligand (Goldstein et al. 1979a). These pits are o f a 

diameter o f  ~ 100-500 nm and have a lining o f  fuzzy appearance on their
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cytoplasm side when viewed under an electron microscope (Goldstein et al. 

1979a). They may contain a variety o f receptors in addition to LDL receptors but 

LDL only binds its receptor due to its high affinity and specificity. When LDL 

binds its receptor the coated pit invaginates and pinches off enclosing its contents 

to form an endocytic “coated vesicle” in the interior o f the cell. This process 

occurs constitutively even when LDL or other ligands in the pit are not bound to 

their respective receptors (Brown et al. 1983a).

The next step in this process is the movement o f the endocytic vesicle 

coated on its cytoplasmic side with network o f fibrous protein mainly consisting of 

clathrin into the interior o f the cell (Schneider, 1989). Thereafter there is a rapid 

loss o f coat and fusion with un-coated endocytic vesicles followed by acidification, 

a process involving ATP-pumps (Xie et al. 1983; Stone et al. 1983). Subsequently 

LDL detaches from its receptor due to the low pH conditions and is delivered to 

lysosomes where it is degraded. The LDL receptor however is not degraded but 

recycles back to the cell surface (Goldstein et al. 1979a). Lysosomal degradation 

o f LDL results in the liberation o f cholesterol from LDL cholesterol esters. This 

cholesterol or cholesterol derived oxysterols precipitate a series o f events that lead 

to the regulation o f intracellular cholesterol. Firstly, it inhibits the rate limiting 

enzyme o f cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl-CoA reductase 

(HMG CoA reductase) thus inhibiting the de-novo synthesis o f cholesterol (Brown 

et al. 1974). Secondly, the cholesterol esterifying enzyme, cholesterol acyl-CoA 

transferase (ACAT) is activated by the cholesterol allowing any excess to be stored
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as droplets o f choiesteryi ester (Goldstein et al. 1974). Finally, new LDL receptor 

protein synthesis is inhibited to ensure that receptor mediated delivery o f 

cholesterol into the cell is decreased. These events prevent the over-accumulation 

o f  cholesterol in cells (Brown and Goldstein, 1975).

1. #  H M G  C oA  r c d u c la s ^

LDL receptors

choiesteryi 
leate

2. #  A C A l 

lolesterol

Choiesteryi
oleate

J . # L D L  re cep to rs

annno acids4
apoprotein

1.1)1. bimlino Inli'niiiliziition Lysosomal hyd to lysis Rogulatory
actiuiis

Figure 4.1 The LDL receptor pathway. See le.xt for details of the pathway.

4.(A).2. The LDL receptor protein

The structure o f  the LDL receptor from four species (human, rabbit, 

bovine and hamster) has been well characterised using protein chemistry, 

molecular and cell biology techniques (Schneider et al. 1982). It is a highly 

conserved integral membrane glycoprotein with five main domains (Schneider et 

al. 1982). These domains listed in order o f their appearance from the amino 

terminus o f  the protein are: 1) The LDL binding domain, 2) a domain which has a 

strong homology to the epidermal grow th factor (EGF) precursor, 3) a domain in
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which there is a cluster of 0-linked carbohydrate chains, 4) a transmembrane 

domain and 5) a short region that extends into the cytoplasm (Schneider, 1989).

4.(A).3. The human LDL receptor gene

The LDL receptor gene locus is located on the distal short arm of 

chromosome 19 and spans about 45 kb of DNA. The gene consists of 18 exons 

which are separated by 17 introns (Sudhof et al. 1985). There is a strong 

correlation between the proposed structural arrangement of the receptor protein 

and the sequence of exons on its gene. The first exon encodes the non-translated 

signal sequence and exons 2-6 the 7 cysteine-rich repeats of the LDL binding 

domain (Yamamoto et al. 1984; Schneider, 1989). The next 8 exons code for the 

EGF precursor homology domain and the third receptor domain (0-linked sugar 

cluster) is translated from a single exon found between introns 14 and 15. The 

membrane spanning and cytoplasmic domains are encoded by 2 exons and the 18 ^ 

and final exon is translated into the carboxyl end amino acids of the receptor 

protein and also contains a 2.5 kb non-translated stretch of mRNA (Yamamoto et 

al. 1984; Schmid and Jelinek, 1982).

4.(A).4. Familial hypercholesterolaemia

The understanding of lipoprotein metabolism and has been greatly 

advanced by functional and molecular studies using fibroblast cell lines isolated 

from individuals with the disease familial hypercholesterolaemia (FH). This disease
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was recognised in 1974, to arise due to mutations that result in a defectively 

functioning LDL receptor (Brown et al. 1974). It is an example of a single-gene 

mutation that leads to obligatory atherosclerosis. This disease is characterised by:

a) a raised level of plasma cholesterol localised in LDL b) cholesterol deposition in 

tendons (xanthomata) and arteries (atheromata). c) disease inheritance in an 

autosomal dominant fashion with severity of the disease depending on the number 

of genes affected. Homozygotes, individuals who have inherited two mutant 

alleles, have an accumulation of LDL derived cholesterol deposition in the intimai 

region of major arteries. Sudden death may occur due to myocardial infarction 

often before the age of 15. Heterozygotes, individuals who have inherited one 

mutant allele have less severe and more variable clinical manifestations of 

atherosclerosis than homozygotes (Goldstein and Brown, 1978). The probability of 

FH men having a myocardial infarction before the age of 60 being 75%. This risk 

in normal men is 15% (Stone et al. 1974). Although female FH heterozygotes 

display the same genetic abnormalities and raised plasma LDL levels as male 

patients the risk of them experiencing a myocardial infarction before the age of 60 

is 45% compared with 10% for normal females (Stone et al. 1974). About 11 

different mutant alleles of the LDL receptor protein have thus far been identified 

(Stone et al. 1974).
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4.(A).5. Multiligand lipoprotein receptors

Receptors for LDL, described above and most other mammalian cell- 

surface receptors that mediate endocytosis, adhesion or signalling have two 

essential properties; A high affinity for its ligand and a very narrow specificity. 

More recently, receptors for lipoproteins that have a high affinity for their ligands 

but also exhibit a broad specificity have been identified. These include the 

macrophage scavenger receptors Type Al and All, the B type scavenger receptors 

and the LDL receptor-related protein (LRP). The binding of ligands to the 

receptors above is of a high affinity and broad specificity. This enables binding of 

both lipoprotein and non-lipoprotein ligands to these receptors.

4.(A).6. Macrophage scavenger receptors

These receptors were first described by Brown and Goldstein during their 

studies examining the link between elevated plasma LDL levels and the 

development o f atherosclerosis (Goldstein et al. 1979b). An early feature of 

atherosclerotic lesions is the presence of cholesterol laden macrophages. These 

investigators found that cholesterol uptake by the LDL receptor pathway described 

in the section above did not lead to the massive accumulation of cholesterol in cells 

because uptake was tightly coupled to the concentration of intracellular 

cholesterol. They noticed however, when LDL was chemically modified, 

macrophages in culture were able to accumulate large amounts of lipid and convert 

into cholesterol ester droplet-filled cells. These cells show a striking morphological
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similarity to lipid laden macrophage foam cells found in atherosclerotic plaques. 

Chemical modification that enable scavenger receptors to bind LDL include 

acétylation or oxidation (Brown and Goldstein, 1990; Brown and Goldstein, 1983; 

Steinberg et al. 1989). These receptors were first termed acetyl LDL (AcLDL) 

receptors but are now known as macrophage scavenger receptors (SCR) because 

of their multiligand binding capacity.

4.(A).7. Scavenger receptor ligands

Initial studies indicated that SCRs found on mouse peritoneal macrophages 

were capable of high affinity binding, internalisation and degradation of 

labelled AcLDL (Goldstein et al. 1979b). A wide variety of compounds were 

found to able to competitively inhibit this binding (Krieger et al. 1993). Using 

direct binding assay and competitive inhibition studies a variety of compounds that 

can bind SCRs with a high affinity have been identified (table 4.1). Ligands that 

bind macrophage SCRs identified so far are either polyanionic molecules or 

macromolecular complexes. However many polyanions are not ligands for SCRs. 

This suggests exact determinants that make compounds SCR ligands have not been 

elucidated. The structures needed for one class of ligands that include 

oligodeoxynucleotides and polyribonucleotides to bind SCRs have been identified. 

These nucleic acids need to form base-quartet stabilised four-stranded helices, 

known as quadraplexes before they can bind scavenger receptors with a high 

affinity. The spatial arrangement of charged phosphates in the quandraplexes are
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thought to form a charged surface complementary with that of the SCR binding 

domain (Krieger and Herz, 1994).

Table 4.1 Macrophage scavenger receptor ligands adapted from Krieger and 

Herz (1994)

Effective competitors Ineffective competitors
M odified proteins

AcLDL, OxLDL, M-LDL, M-HDL, M-albumin
Native and m odified proteins

Poly (D-glutamate), Phosvitin, thyroglobulin, 
orosomucoidin, fetuin, asialoorosomucoidin, 

lysozyme, acetylated proteins including albumin, 
y-glubulin, a - 1-antitrypsin, transferrin, 

ovalbumin, histones, ovomucoid, a - 1-acid 
glycoprotein, HDL and methylated LDL

Four stranded nucleic acids
polyinosinic acid (poly 1), poly G, poly 0:1, 

polyxanthinylic acid, telomere models [dCG^TOsl

Non-four stranded nucleic acids
poly A, poly C, poly U, single and double 

stranded DNA
Polysaccharides 

Dextran sulphate, Fucoidin, carragheenan
Polysaccharides 

Heparin, chondroitin sulphate A and C, 
colominic acid (polysialic acid), yeast mannan

Phospholipids
Phosphatidylserine

Phospholipids
Phosphatidylcholine

Others
Bovine sulfatides, polyvinyl sulphate, endotoxin, 

lipoteichoic acid, crocidolite asbestos

O thers
Polyphosphates

4.(A).8. Cloning and predicted quaternary structure of SCR

Scavenger receptors have been detergent isolated and purified from bovine 

lung membranes using ligand affinity and immuno-affinity chromatographic 

techniques (Kodama et al. 1988). These purified bovine receptors have been used 

to identify corresponding cDNAs. Homologues of the bovine SCR cDNA have 

been cloned in the mouse (Ashkenas et al. 1993), rabbit (Bickel and Freeman, 

1992) and human (Matsumoto et al. 1990). In addition the bovine, human and
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murine receptor genomic DNA has been isolated and the organisation of the 

intron-exon arrangement has been determined (Krieger and Herz, 1994).

The two isoforms of SCR, type Al and type All are produced by 

alternative splicing of a message encoded by a single gene located on chromosome 

8 in mice (Freeman et al. 1990) and humans (Matsumoto et al. 1990). Both type 

IA and type HA SCR are expressed in macrophages in vitro (Naito et al. 1991) 

and in vivo (Matsumoto et al. 1990).

The quaternary structure of type A SCRs have been determined by the 

cDNA sequences of the receptor together with other biochemical (Kodama et al. 

1988) and biophysical methods (Krieger and Herz, 1994). These studies predict 

the type I receptors to be monomers made up of 451-454 amino acids (aa) with an 

elongated homotrimeric integral membrane protein structure. The SCR protein has 

been determined to be arranged into 6 distinct domains (figure 4.2) (Krieger et al. 

1992; Ashkenas et al. 1993). I: The N-terminal cytoplasmic domain [aa residues 1- 

50]. II; A single transmembrane domain per chain (aa 51-76). Ill: A spacer region 

(aa 77-150). IV: An a-helical coiled coil domain composed of three helices, each 

consisting of a series of up to 16, seven amino acid repeats known as heptads (aa 

151-271). V: A second coiled-coil domain composed of a right handed, 

collagenous triple helix containing 23 or 24 uninterrupted Gly-X-Y triplet repeats 

(aa 272-343). VI: A C-terminal cysteine-rich domain (SRCR) which is thought to 

fold into a globular structure (aa 344-453) (Krieger and Herz, 1994).
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Type II receptors have domains I -V found in type I receptors but lack the 

cysteine-rich domain VI which is replaced by a truncated C-terminus consisting o f 

6-17 aa. Although type II receptors lack SRCR they still have a broad ligand- 

specificity suggesting that this region is not essential to ensure binding o f multiple 

ligands (Rohrer et al 1990).

Figure 4.2 Models of the 

predicted quaternary structure 

of macrophage type A 

scavenger receptors.

Type I and type II receptors 

consist of 6 domains (see text). 

Type II receptors share domains 

I-V but the C-term inal domain 

VI (the SRCR region) is replaced 

by a short oligopeptide (6-17 aa 

residues depending on the 

species). The aa residues of the 

bovine type I receptor are 

indicated in parenthesis. 

Adapted from Krieger and Herz, 

(1994)
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4.(A).9. Ligand binding properties of SCR

Binding o f ligands to type I and type II scavenger receptors is a process 

that exhibits a number o f  complex features.

1) Broad specificity (Krieger and Herz, 1994).
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2) Binding is temperature and pH dependent (Goldstein et al. 1979b; Ashkenas et 

id. 1993).

3) AcLDL binding can be both high and low affinity (Ashkenas et al. 1993).

4) The binding of OxLDL and AcLDL displays a phenomenon termed non

reciprocal cross-competition (NRCC) (Ashkenas et al. 1993; Freeman et al. 1991; 

Sparrow et al. 1989; Aral et al. 1989; Ottnad et al. 1995; Van Berkel et al. 1991). 

This scenario occurs when one ligand effectively competes for the binding of the 

other, but the latter does not, or only partially inhibits the binding of the former to 

its receptor. The reason for NRCC is still not entirely clear. It was first thought 

that the two ligands may be binding two entirely different receptors on the same 

cells. But work carried out with Chinese hamster ovary cells (CHO) transfected 

with one type of SCR showed that NRCC is possible even in the absence of 

multiple receptor (Ashkenas et al. 1993; Freeman et al. 1991). NRCC may be due 

to the presence of multiple binding sites for ligands on a single receptor or the 

existence of multiple receptor conformations with differing ligand binding 

capacities (Freeman et al. 1991). Most of the binding studies have been performed 

under non-equilibrium conditions; therefore some of the features of NRCC may be 

due to the complex kinetics that occur under these conditions. NRCC cross

competition may also occur if macrophages express SCRs which are not of type I 

or II (Krieger and Herz, 1994).

5) Ligand binding may also be receptor-species-dependent (e.g. bovine versus 

murine) or receptor type dependent (type I versus type II) (Ashkenas et al. 1993).
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There is strong evidence from sequence analysis, mutagenesis experiments 

and studies involving analogues of the scavenger receptor that binding of 

polyanionic ligands to scavenger receptors involves the positively charged 

collagenous domains (Doi et al. 1996). Certain lysine residues, particularly lysine 

337 in the C-terminal region and other positively charged aa residues are highly 

conserved in the mammalian receptor sequences and mutations of the residues 

reduces binding of OxLDL and AcLDL to these receptor (Doi et al. 1996). There 

is also circumstantial evidence that certain negatively charged areas in the 

collagenous domain are important in determining which polyanions are capable of 

receptor binding. Effective polyanionic SCR ligands may be the ones that have 

negative charges that can interact with the positive regions of the receptor and are 

not repelled by the receptors own negatively charged area (Krieger and Herz,

1994).

4.(A).10. Other modified LDL receptors

Binding studies carried out with macrophage and endothelial cells using 

AcLDL and OxLDL suggest that there are three classes of modified LDL receptor 

one each for OxLDL and AcLDL and one which binds both ligand (Sparrow et al. 

1989; Arai et al. 1989; Nagelkerke et al. 1983; Ueda et al. 1993; Kume et al.

1991). Two other cell surface molecules, an Fc receptor FcyRII-B2 (Stanton et al.

1992) and a collagen receptor CD36 expressed in macrophages platelets and 

several other cells have been shown to bind OxLDL (Endemann et al. 1993). The
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binding of modified LDL to endothelial cells is not associated with the type I or II 

scavenger receptor (Nagelkerke et al. 1983; Van Berkel et al. 1991) but is 

mediated by a receptor belonging to the C-type lectin family, which has recently 

been characterised (Sawamura et al. 1997). Scavenger receptors from the CD36 

family, named scavenger receptor type B (SR-B), which bind AcLDL and other 

polyanions have been recently found on the mutant CHO cell line Var-261, 

adipocytes and hepatocyte (Abumrad et al. 1993; Endemann et al. 1993; Acton et 

al. 1994; Ottnad et al. 1995). The receptor may also play a role in the 

internalisation of apoptotic cells (Ottnad et al. 1995). Other receptors that may 

bind modified LDL are modified albumin receptors, and (3-2 integrin (Krieger and 

Herz, 1994).

The regulation of expression of scavenger receptors has only recently come 

under scrutiny. Type A I and II scavenger receptors seem to be maximally 

expressed only after monocytes have differentiated into macrophage (Kodama et 

al. 1988; Kodama et al. 1990; Fogelman et al. 1981). In vitro studies have shown 

that a variety of agents including phorbol ester (Bickel and Freeman, 1992; Pitas, 

1990), macrophage colony-stimulating factor (M-CSF) (Clinton et al. 1992) and 

1,25-dihydroxy-vitamin Dg upregulate the expression of scavenger receptors, and 

endotoxin (Van Lenten et al. 1985), TGF-P (Bottalico et al. 1991), Interferon-y 

(Geng and Hansson, 1992), platelet secretory products (Aviram, 1989), and 

prostacyclin agonists (Kowala et al. 1993) decrease scavenger receptor activity. It
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is noteworthy that phorbol ester-treated smooth muscle cells and fibroblasts also 

express scavenger receptors (Bickel and Freeman, 1992; Pitas, 1990).

4.(A).11. Putative functions of scavenger receptors

The physiological and pathophysiological functions o f scavenger receptors 

have not been fully elucidated but putative functions include atherosclerosis, 

adhesion and host defence.

Atherosclerosis: The massive accumulation cholesterol, in foam cells that are 

present in atherosclerotic plaques, is thought to involve scavenger receptors 

(Brown and Goldstein, 1983; Steinberg et al. 1989), although this has not yet been 

proven. However, several lines of evidence support this view. Firstly, macrophage 

like cells (Goldstein et al. 1979b; Brown et al. 1979), and CHO cell transfected 

with scavenger receptors (Freeman et al. 1991) accumulate modified LDL and 

become lipid-laden foam cells in vitro. Secondly, scavenger receptor mRNA, 

protein and the receptor ligand OxLDL is present in atherosclerotic plaques (Yla- 

Herttuala et al. 1989; Matsumoto et al. 1990), and finally the antioxidant drug 

probucol inhibits formation of atherosclerotic plaques in animal models of 

atherosclerosis (Carew et al. 1987; Steinberg et al. 1988; Kita et al. 1987). 

Adhesion: The fibrous SRCR region of the scavenger receptor is thought to be 

involved in intercellular or cell-matrix interaction (Krieger, 1992).

Host defence: A wide range of foreign and endogenous substances are recognised, 

internalised and destroyed by macrophages (Gordon et al. 1988). Macrophages 

recognise some pathogens as foreign due to a coating of antibody or complement.
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Immune cells may also modify pathogens by the releasing chemicals, enzymes and 

oxidants to make recognition easier. Non-altered pathogens may also be 

recognised as foreign or non-self and eliminated by macrophages (Gordon et al. 

1988). Because of their broad ligand specificity, It has also been speculated that 

macrophages utilise scavenger receptors to discriminate between self and non-self, 

modified and unmodified and may have evolved as an early strategy in host defence 

(Krieger and Herz, 1994; Resnick et al. 1994; Krieger et al. 1993; Freeman et al. 

1990).

4.(A).12. The LDL receptor-related protein (LRP)

The cDNA for this receptor was cloned in 1988 by Herz at al (Herz et al. 

1988). The predicted protein structure o f this receptor includes many structural 

motifs found in the LDL receptor (see section 4.(A).2.). These include clusters of 

ligand binding (complement-type) domains which contain repeats of cysteine-rich 

regions, cysteine-rich EOF repeats, EGF-precursor homologous domains. LRP is 

primarily expressed in the liver (Herz et al. 1988), brain and placenta (Krieger and 

Herz, 1994).

The main ligands for LRP are thought to be apo E containing lipoprotein 

“remnants” that are formed from VLDL and chylomicrons by modifications caused 

by removal or addition of apoproteins and the action of hydrolytic enzymes such as 

lipoprotein lipase (Kowal et al. 1989). There is strong evidence however that LRP 

is also multiligand receptor for other important ligands such as (3-VLDL,
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lactoferrin, a 2-macroglobulin and complexes of plasminogen activator/inhibitor 

(Krieger and Herz, 1994). A VLDL receptor has also recently been characterised 

(Sakai et al. 1994).

4.(A).13. Lipoprotein receptors in the kidney

As discussed in the introductory chapter glomerulosclerosis and 

atherosclerosis share several histological features (Diamond, 1991a). Lipid-filled 

foam cells in the mesangial region of the kidney have been seen to be present in 

patients with familial type III hyperlipoproteinaemia associated with diabetes 

mellitus and in nephrotic individuals (Suzaki et al. 1990; Hiroto et al. 1994). The 

foam cells found in the mesangial region also stain positively for apo B and apo E 

(Suzaki et al. 1990).

Several investigators have demonstrated the presence of the native LDL 

receptors in renal cells in culture. These cells include rat mesangial cell (Wheeler et 

al. 1991a; Wasserman et al. 1989), human mesangial cells (Grone et al. 1992a), 

and human glomerular epithelial cells (Grone et al. 1990). There is also evidence 

that cytokines, growth factors and endothelin increase the expression of LDL 

receptors (Grone et al. 1992a).

Mesangial cells play a central role in the physiology and pathophysiology of 

the glomerulus and are thought to have macrophage-like properties (see chapter

2). They are also capable of oxidising LDL in vitro (Fernando et al. 1993). It is 

possible therefore that under certain pathological circumstances mesangial cells
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may take up abnormal lipoproteins such as OxLDL and (3-migrating low density 

lipoprotein ((3-VLDL) and become foam cells. Therefore, we investigated if RMC 

express high affinity binding sites for the scavenger receptor ligands OxLDL and 

AcLDL.

4.(B). Methods

Rat mesangial cells were isolated and maintained as described in chapter 2. 

For experiments, cells (passage 2-5) were seeded into 12 well clusters with well 

diameters of 1 2  mm and used when confluent.

Human LDL was isolated by sequential ultracentrifugation and stored as 

described in section 3.(B).2. Protein concentrations of lipoprotein and cells were 

measure using the modified Lowry assay (Markwell et al. 1978).

4.(B).1. LDL modification

LDL was oxidised by diluting LDL (without BHT and EDTA) to 200 

pg/ml with PBS and exposure to 10 pM CUSO4 for 24 h in a 37 incubator. 

Oxidation was arrested by placing the reaction mixture on ice and adding 20 pM 

BHT and 100 pM EDTA. The LDL was then concentrated using Amicon 

concentrating cones. The concentrated LDL sample was then dialysed for 24 h 

against PBS pH 7.4 containing 100 pM EDTA and 20 pM BHT. An aliquot of 

OxLDL was used to measure TBARS using the method described in chapter 3 and
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OxLDL preparations with TBARS of 15-25 nmol MDA/mg LDL were used in 

experiments.

LDL was acetylated using the method described by Innerarity et al. 

(Innerarity et al. 1986). Ice cold LDL (2-5 mg/ml) was diluted 1:1 with saturated 

sodium acetate solution. The mixture was stirred continuously at 4 and 2-8 

aliquots of acetic anhydride (1.5 [x\ per mg LDL) was added to the mixture over 90 

min. The acetylated LDL was then dialysed extensively for 18 h against PBS 

containing 0.01% EDTA pH 7.4.

4.(B).2. lodination of LDL

LDL was iodinated using the enzymobead method. The enzymobead reagent 

consists of an immobilised preparation of lactoperoxidase and glucose oxidase which 

are carefully blended to provide optimal enzymatic activity as a system. The solid phase 

support for this dual enzyme system consist of hydrophilic spheres several microns in 

diameter. On addition of glucose, Na and protein to an enzymobead suspension, 

the immobilised glucose oxidase generates a small steady stream of hydrogen peroxide. 

The lactoperoxidase in turn, catalyses the peroxide oxidation of labelled Iodide to 

labelled Iodine which reacts with the protein to produce the radioiodinated protein 

(Hubbard and Cohn, 1972).

Materials

1) Enzymobead reagent (50ml)
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2) 1% Beta-D(+)-Glucose

3) Disposable tubes

4) l.O m C iN a^I (5-25ml)

5) 0.2M Phosphate Buffer (50ml)

6) Protein Sample 50-250 mg (10-25ml)

7) Sephadex G-25 PD-10 Columns

9) Micropipette

10) Retort Stand

Method

The class III cabinet and surrounding area was monitored using a 44a probe 

mini-monitor and readings recorded. The enzymobead reagent, phosphate buffer and 

protein sample was placed in a LP4/3 tube with and the total radioactivity used 

recorded. 50 \x\ of 1% Beta-D(+)-Glucose was then added to the reaction mixture and 

iodination was allowed to take place for 5-15 min. After the addition of cold protein 

the iodination reaction was quenched by applying the reaction mixture onto a PD-10 

column. 0.5 ml factions were then collected using TRIZMA 7.0 as the eluting buffer. 

All tubes were capped and radioactive content measured. Fractions containing 

radioiodinated proteins were placed in a lead pot and labelled. All solid waste was 

sealed in Jencon plastic bags and consigned to the waste containment area. Personal 

and work area monitoring was carried out and readings recorded.
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100 EDTA and 20 |liM  BHT was added immediately to the ^^^I-LDL to 

prevent oxidation and dialysed for 18 h in 5 L of PBS containing EDTA and BHT 

at the concentrations given above. ^^^I-OxLDL was obtained by copper-oxidising 

^^^I-LDL (without EDTA and BHT) for 18 h as described in section 4.(B).1. 

OxLDL was dialysed in the same manner as ^^^I-LDL was.

4.(B).3. Binding experiments

Lipoprotein binding experiments were carried out using the methods first 

described by Brown and Golstein et al. (Goldstein et al. 1983) and modified by 

Innerarity et al (Innerarity et al. 1986). At 4 ®C, lipoproteins bind to LDL 

receptors, but the lipoprotein-receptor complexes are not internalised. Binding 

reaches equilibrium in ~3-6 h and we have determined that ^^^I-LDL binding to 

RMC reaches equilibrium by 4 h at 4 (Wheeler et al. 1991).

Materials

Experimental medium: RPMI pH 7.4 containing 0.2% fatty acid free bovine serum

albumin (FAF-BSA) and 1 mM CaCL

Buffer A: PBS pH 7.4 containing 0.2 % BSA and 1 mM CaCb

Buffer B: PBS pH 7.4 containing 1 mM CaCL

'^^I-Lipoprotein

Unlabelled lipoprotein

0.1 M NaOH
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Method

Cells grown to confluence in 12 well clusters were washed twice with 1 ml 

o f RPMI and cooled to < 4 by placing them in a cold room for 30 min on ice. 

The RPMI was then removed and replaced with 1 ml o f experimental medium 

containing iodinated lipoproteins at the concentrations indicated in the results 

section. After an incubation period o f 4 h with gentle rocking, the experimental 

medium was removed and the cells washed using 1 ml o f buffer A and buffer B 

(PBS) in the following sequence:

•  Three rapid washes with buffer A.

•  Two 10 min incubations in buffer A with gentle rocking.

•  A 5 min incubation with solution B

•  A final rapid wash with solution B

After washing, the cells were dissolved by incubation at room temperature for at 

least 1 h in 1 ml o f 0.5 M NaOH. The whole sample was assayed in a y-counter to 

determine the ^̂ Î radioactivity associated with cells, after which an aliquot was 

used to determine the content o f cellular protein.

Non-specific binding was estimated by measuring ^^^I-lipoprotein binding in 

the presence o f a 50 fold excess o f the corresponding non-iodinated lipoprotein.
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4.(B).4. Scatchard plots and calculation of dissociation constants and receptor 

concentrations

Saturation binding curves were analysed using the EBDA/LIGAND 

program originally written by Munson and Rodbard (Muson and Rodbard, 1980) 

and modified for microcomputers by McPhearson (McPherson, 1983), to obtain 

values for the dissociation constant and the total receptor concentration Bmax- 

The raw data was first analysed by EBDA to obtain a graphical representation o f 

the data in the form o f a Scatchard and Hill plots. This programme also provides 

initial estimates for Æo and Bmax and produces a file for use in the non-linear curve 

fitting program LIGAND. Final estimates for Æo and Bmax and a graph o f the 

Scatchard plot was obtained using the LIGAND program.

4.(B).5. Measurement of cell induced proteolytic degradation of ^^^-labelled 

lipoproteins

After binding to receptors ^^^I-labelled lipoproteins are internalised and 

degraded to amino acids in the lysosomes. The degradation assay measures ^^^I-labelled 

tyrosine released into the cell supernatant. The principle of the assay is to remove un

degraded '^^I-labelled lipoproteins by TCA precipitation free ^̂ Î is removed by 

precipitation using AgNOg 

Materials 

I lipoprotein 

14% Trichloro acetic acid (TCA)
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5% AgNOs 

Pooled plasma

Experimental medium :RPMI-1640 + ImM CaCli +2 mg/ml FAF Albumin.

Method

The cell monolayers were incubated with ^^^I-lipoprotein for the time periods 

indicated in the results section at 37 ®C. The clusters were then placed on ice and 

0.7 ml o f the cell supernatants removed and placed in LP4 tubes containing 2 ml o f 

14% TCA. 0.1 ml o f pooled plasma was added and the mixture incubated on ice 

for 30 min. The resulting TCA precipitate was pelleted by centrifuging tubes at 

3000 rpm for 10 mins. 2 ml o f the TCA soluble supernatant was then placed in 

tubes containing 1 ml o f 5% AgNOs incubated for 15 mins and sediment 

precipitated by centrifugation. The radioactive content o f a 2 ml aliquot o f the 

AgNO] soluble supernatant was measured by y-counting. The cells were dissolved 

by a 1 h incubation with 0.1 M NaOH and an aliquot used for protein content 

estimation by the Lowry method.

A parallel incubation o f ^^^I-lipoprotein without cells was carried out for 

each lipoprotein concentration or time point to estimate the spontaneous 

degradation o f  the iodinated lipoprotein.

Calculation

^  , [C P M icells) -  C P M (cell free)]  x 3 x 2.7 x 1
D e^ a d a tio n  = ------------- ---------------- ------------ ------- --------------------------------------

Specific activity (C P M  / ng) x C ell pro tein  ip ig) x 2 x 2 x 0.7
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4.(B).6. Histology 

Materials

• 5% Formal saline

8.5 g NaCl, 50 ml Formalin (40 % H.CFIO, M erck Ltd, Lutterworth, 

Leics, UK), 950 ml Distilled H2O.

• Oil Red O (saturated solution)

•  0.2g Oil Red O (Sigma, Poole, Dorset) was dissolved in 100 ml Iso-

Propanol (Mercke Ltd, Lutterworth, Leics, UK).

• Oil Red O working solution

The stock solution was diluted 3:2 with distilled H 2O, mixed and allowed 

to stand for 10 min and filtered through Whatman N o .l filter paper and used 

within 1 hour

• PBS

• 1,2-Propanediol (Sigma, Poole, Dorset)

• Carazzi’s Haematoxylin

50 g Potassium or Ammonium Alum, 1 g Haematoxylin, 0.2 g Potassium 

lodate, 800 ml distilled H 2O, 200 ml Glycerine (all from Sigma, Poole, Dorset).

The alum was dissolved in the water and the haematoxylin added. When 

the haematoxylin had completely dissolved the potassium iodate was added to 

ripen. Finally the glycerine was added when the solution turned purple.
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Method

Mesangial cells were grown on tissue culture treated coverslips and 

incubated with various concentrations o f lipoproteins for 24 h. Following the 

incubation period the coverslips were washed 3 times with PBS and fixed for 30 

min with 5% formal saline and subjected to the following staining procedure.

1) 2 washes with distilled H 2O.

2) Incubated with 1,2-Propanediol for 2 min.

3) Stained with Oil red O working solution for 30 min at room temperature.

4) Rinsed 3 times with distilled H 2O

5) Carazzi’s haemotoxylin for 1-2 min.

6) Washed in tap H 2O for 5 min to blue.

7) Drained and mounted in glycerine jelly on glass slides.

Bright-field micrographs were taken using a Leica Orthomat microscope 

using a magnification o f x40 or xlOO using an Kodak Ektachrome tungstun 60 

film.

4.(C). Experiments performed with ^^^I-Lipoprotein

4.(C).1. Experiments performed with I LDL 

4.(C).1.I Binding of ^^ Î-LDL to RMC at 4

Rat mesangial cells in twelve well clusters were incubated for 24 h in serum 

free experimental medium and then incubated with ^^^I-LDL at a range o f 

concentration between 0 and 100 pg/ml in duplicate for 4 h at 4 °C. Non-specific
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binding was estimated by measuring ^^^I-LDL bound to RMC in the presence o f a 

50 fold excess o f unlabelled LDL, After the incubation period the cell monolayers 

were washed as described in section 4.(B).3 and radioactivity associated with cells 

measured by y-counting. The specific activity o f ^^^I-LDL ranged between 80-500 

CPM/ng LDL protein. The results were expressed as ng o f ^^^I-LDL bound per mg 

cell protein and the means and SD o f 3 representative experiments are shown in 

the results section. Specific binding was calculated by subtraction o f non-specific 

binding from total binding values.

4.(C).1.2. Binding of ^^ Î-LDL to RMC at 37

Rat mesangial cells in twelve well clusters were incubated for 24 h in serum 

free experimental medium and then incubated with ^^^I-LDL at a range o f 

concentration between 0 and 50 pg/ml in duplicate for 4 h at 37 ^C. After the 

incubation period the cell monolayers were washed as described in section 4.(B).3 

and radioactivity associated with cells measured by y-counting. The specific 

activity o f ^^^I-LDL ranged between 80-500 CPM/ng LDL protein. The results 

were expressed as ng o f ^^^I-LDL bound per mg cell protein and the means and SD 

o f duplicate experiments are shown in the results section.
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4.(C).1.3. ^^ Î-LDL binding to RMC: Effect of unlabelled LDL

Rat mesangial cells were incubated with 2.5 M-g/ml o f ^^^I-LDL in 

combination with 0, 10, 25, 50, 100, 200 ug/ml o f  non-iodinated LDL. After the 4 

h incubation period the cells were washed to remove unbound ligand and dissolved 

in NaOH and an aliquot used to measure cell associated radioactivity as described 

above. Binding o f ^^^I-LDL in the absence o f unlabelled ligand was taken to be 100 

% and ^^^I-LDL bound to RMC in the presence o f  various concentrations o f LDL 

was expressed as % o f this value.

4.(C).1.4. I-LDL binding to RMC in the presence of polyinosinic acid (poly 

I) and OxLDL

Following a 24 h incubation in serum free medium RMCs in 12 well 

clusters were incubated with 5 pg/ml o f ^^^I-LDL with or without 20 pg/ml Poly I 

or 100 pg/ml OxLDL. Binding in the presence o f poly I and OxLDL was 

expressed as a % o f total binding in the absence o f  the two agents.
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4.(C).2. Experiments performed with I-AcLDL

4.(C).2.1. Binding of ^^^I-AcLDL to RMC at 4

Rat mesangial cells in twelve well clusters were incubated for 24 h in serum 

free experimental medium and then incubated with ^^^I-AcLDL at a range o f 

concentration between 0 and 100 pg/ml in duplicate for 4 h at 4 ^C. Non-specific 

binding was estimated by measuring AcLDL bound to RMC in the presence o f 

a 50 fold excess o f unlabelled AcLDL. After the incubation period the cell 

monolayers were washed as described in section 4.(B).3 and radioactivity 

associated with cells measured by y-counting. The specific activity o f ^^^I-AcLDL 

ranged between 400-1000 CPM/ng AcLDL protein. The results were expressed as 

ng o f ^^^I-AcLDL bound per mg cell protein and the means and SD o f 3 

representative experiments are shown in the results section. Specific binding was 

calculated by subtraction o f non-specific binding from total binding values.

4.(C).2.2. I AcLDL binding to RMC: Effect of unlabelled of AcLDL

Rat mesangial cells were incubated with 2.5 pg/ml o f ^^^I-AcLDL 

combined with 0, 10, 25, 50, 100 ug/ml o f non-iodinated AcLDL. after the 4 h 

incubation period the cells were washed to remove unbound ligand and dissolved 

in NaOH and an aliquot used to measure cell associated radioactivity as described 

above. Binding o f AcLDL in the absence o f unlabelled ligand was taken to be
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100 % and AcLDL bound to RMC in the presence o f various concentrations 

o f LDL was expressed as % o f this value.

4.(C).2.3. Time course of proteolytic degradation of I-AcLDL by RMC

Cells were grown to confluence in tissue culture treated petri dishes o f 40 

mm diameter and rested for 24 h in serum free medium. The medium was changed 

to experimental medium containing 10 pg/ml AcLDL with or without 500 

p.g/ml o f AcLDL (to calculate non-specific degradation) and incubated at 37 ®C. 

Duplicate dishes were removed at 15, 30, 60, 120, 240, and 480 mins and placed 

on ice. The cell supernatants were used to measure cell-induced proteolytic 

degradation o f AcLDL as described in section 4.(B).5. Cells were washed 

twice with buffer A and once with buffer B and then dissolved by incubation with 

0.1 N NaOH for > 1 hr at room temperature and an aliquot used for cell protein 

determination using the lowry assay. Parallel cell-free incubations were also carried 

out to estimate spontaneous degradation o f ^^^I-AcLDL and subtracted from 

values obtained for RMC incubations. Results presented are the means and SD of 

specific degradation (total - non-specific degradation) o f duplicate experiments and 

are expressed as ng I-AcLDL degraded per mg cell protein.

4.(C).2.4. Proteolytic degradation of ^^^I-AcLDL by RMC dose dependency.

Cells were grown in 6 well clusters and incubated in duplicate with 1 ml of 

experimental medium containing 0, 10, 25, 50 and 100 pg/ml o f AcLDL for 5
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h at 37 ®C. Cell supernatants were used for measurement o f proteolytic 

degradation, and aliquots o f dissolved cells used for protein estimation as 

described above. Non-specific degradation (single wells) was calculated by 

carrying out incubations in the presence o f a 50 fold excess unlabelled AcLDL for 

each concentration o f ^^^I-AcLDL used. Parallel cell-free incubations were also 

carried out to estimate spontaneous degradation o f ^^^I-AcLDL and subtracted 

together with non-specific degradation values from the total ^^^I-AcLDL degraded 

by RMC. Results presented are the means and SD o f duplicate experiments and are 

expressed as ng ^^^I-AcLDL degraded per mg cell protein.

4.(C).3. Experiments carried out with *^^I-OxLDL 

4.(C).3.1. Binding of "^I-OxLDL to RMC at 4

Rat mesangial cells in twelve well clusters were incubated for 24 h in serum 

free experimental medium and then incubated with ^^^I-OxLDL at a range of 

concentration between 0 and 100 pg/ml in duplicate for 4 h at 4 ®C. Non-specific 

binding was estimated by measuring ^^^I-OxLDL bound to RMC in the presence o f 

a 50 fold excess o f unlabelled OxLDL. After the incubation period the cell 

monolayers were washed as described in section 4.(B).3 and radioactivity 

associated with cells measured by y-counting. The specific activity o f  ^^^I-OxLDL 

ranged between 80-600 CPM/ng OxLDL protein. The results were expressed as 

ng o f *^^I-OxLDL bound per mg cell protein and the means and SD o f 3
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representative experiments are shown in the results section. Specific binding was 

calculated by subtraction o f non-specific binding from total binding values.

4.(C).3.2. Binding o f '“ l-OxLDL to RMC at 37 "C

Rat mesangial cells in twelve well clusters were incubated for 24 h in serum 

free experimental medium and then incubated with ^^^I-OxLDL at a range o f 

concentration between 0 and 50 pg/ml in duplicate for 4 h at 37 °C. After the 

incubation period the cell monolayers were washed as described in section 4.(B).3 

and radioactivity associated with cells measured by y-counting. The specific 

activity o f ^^^I-OxLDL ranged between 50-120 CPM/ng OxLDL protein. The 

results were expressed as ng o f ^^^I-OxLDL bound per mg cell protein and the 

means and SD o f duplicate experiments are shown in the results section.

4.(C).3.3. ^^^I-OxLDL binding to RMC: Effect of unlabelled OxLDL

Rat mesangial cells were incubated with 2.5 pg/ml o f ^^^I-OxLDL 

combined with 0, 10, 25, 50, 100, 200 ug/ml o f non-iodinated OxLDL. after the 4 

h incubation period the cells were washed to remove unbound ligand and dissolved 

in NaOH and an aliquot used to measure cell associated radioactivity as described 

above. Binding o f ^^^I-OxLDL in the absence o f unlabelled ligand was taken to  be 

100 % and ^^^I-OxLDL bound to RMC in the presence o f  various concentrations 

o f non-radioactive OxLDL was expressed as % o f this value. The results shown 

are the means ± SDs o f three independent experiments.
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4.(C).3.4. ^^^I-OxLDL binding to RMC in the presence of polyinosinic acid 

(poly I) and LDL

Following a 24 h incubation in serum free medium RMCs in 12 well 

clusters were incubated with 5 pg/ml o f ^^^I-OxLDL with or without 20 pg/ml 

poly I or 100 pg/ml LDL. Binding in the presence o f poly I or LDL was expressed 

as a % o f total binding in the absence o f the two agents.

4.(C).3.5. Time course of proteolytic degradation of I-OxLDL by RMC

Cells were grown to confluence in tissue culture treated petri dishes o f 40 

mm diameter and rested for 24 h in serum free medium. The medium was changed 

to experimental medium containing 15 pg/ml ^^^I-OxLDL and incubated at 37 *̂ C. 

Duplicate dishes were removed at 15, 30, 60, 120, 240, and 360 mins and placed 

on ice. The cell supernatants were used to measure cell-induced proteolytic 

degradation o f ^^^I-OxLDL as described in section 4.(B).4. Cells were washed 

twice with buffer A and once with buffer B and then dissolved by incubation with 

0.1 N NaOH for >1 hr at room temperature and an aliquot used for cell protein 

determination using the lowry assay. Parallel cell-free incubations were also carried 

out to estimate spontaneous degradation o f ^^^I-OxLDL and subtracted from 

values obtained for RMC incubations. Results presented are the means and SD o f 

duplicate experiments and are expressed as nmol ^^^I-OxLDL degraded per mg cell 

protein.
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4.(C).3.6. Proteolytic degradation of ^^^I-OxLDL by RMC dose dependency.

Cells were grown in 6 well clusters and incubated in duplicate with 1 ml o f 

experimental medium containing 0, 10, 25, 50 and 100 p-g/ml o f ^^^I-OxLDL for 5 

h at 37 ^C. Cell supernatants were used for measurement o f proteolytic 

degradation, and aliquots o f dissolved cells used for protein estimation as 

described above. Parallel cell-free incubations were also carried out to estimate 

spontaneous degradation o f ^^^I-OxLDL and subtracted from values obtained for 

RMC incubations. Results presented are the means and SD o f duplicate 

experiments and are expressed as ng ^^^I-OxLDL degraded per mg cell protein.

4.(D) Histology

Rat mesangial cells were grown to confluence on 12 mm tissue culture 

treated coverslips (Nunc). The cells were incubated for 24 h in serum free medium 

to induce quiescence and then incubated with either LDL or OxLDL at 

concentrations o f 100 p-g/ml for 24 h in a 37 ^C incubator. The coverslips were 

then washed 3 times with PBS and stained as described in the method section.
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Statistical analysis.

The data was presented and analysed as described on page 96. The number 

o f  experiments performed are given in the figure legends and most o f the data 

present are the means and standard deviations (SD) o f several experiments. An 

unpaired, two-tailed, two-sample /-test was performed on data unless otherwise 

stated in figure legends. For data where the sample size was small or did not fit a 

normal distribution the non-parametric Mann-Whitney test was performed to test 

for statistical significance. A probability value (p) o f < 0.05 was considered to be 

statistically significant

222



4.(E). Results

4.(E).1.1. Binding of ‘̂ "l-LDL to RMC at 4 "C

At 4 LDL only binds to cell surface receptors and is not significantly 

internalised. Binding o f  LDL to its receptor on RMC at 4 °C has been shown to 

reach equilibrium at 4 h and the experiments described were carried out using this 

time period. Incubation of'^^I-LD L with RMC at 4 ^C resulted in a dose 

dependent increase in cell associated radioactivity which was saturable (figure 4.3) 

H alf maximal binding was achieved at a concentration o f  15 pg/ml.

Figure 4.3. Binding of '^^I-LDL to RMC at 4 "C

The indicalcd concentrations of were '"^I-LDL were incubated with RMC for 4 h at 4®C, in the 

presence or absence of a 50-fold excess of unlabelled LDL. Specific binding was calculated by 

subtracting non-specific binding (binding in the presence o f excess unlabelled) from total binding 

\ allies. Data represent the means ± SD of 3 experiments.
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4.(E).1.2. Binding of *^"I-LDL at 37 "C.

When RMC were incubated with increasing concentrations o f ^^^I-LDL at 

37 The cellular content o f radioactivity increased in a saturable fashion (figure 

4,4), demonstrating that cellular uptake occurs at 37 ^C. Half-maximal values were 

attained at a concentration o f ’^^I-LDL o f about 25 pg/ml.
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Figure 4.4. Binding of LDL to RMC at 37 °C

The indicated concentrations of were ’^^I-LDL were incubated with RMC for 4 h at 37 V .  Data 

presented are the means ± SD of total binding values of 2 experiments.
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4.(E).1.3. ' I-LDL binding to RMC: Effect of iiniabelled LDL

RMC were incubated for 4 h at a tem perature o f  4 "C with 2.5 pg/ml o f 

'^^I-LDL in the presence o f increasing concentration o f  unlabelled ligand as 

described in the method section. Addition o f  non-iodinated LDL resulted in a 

decrease in the cell associated radioactivity (figure 4.5). These results confirms 

that unlabelled LDL competitively inhibits '^^I-LDL binding to a specific receptor 

on RMC.
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Figure 4.5. ' I LDL binding to RMC in the presence of increasing concentrations of 

unlabelled LDL

RMC were incubated with 2.5 pg/ml ‘‘‘̂ I-LDL in the presence or absence of iiniabelled LDL at 

concentrations indicated above. Binding is expressed as a percentage of total binding in the 

absence of unlabelled LDL and are the means ± SD of 3 independent experiments
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4.(E).1.4. l-LDL binding to RMC in the presence of polyinosinic acid (poly 

I) and OxLDL

Polyinosinic acid is an effective ligand for scavenger receptors as discussed 

in the introduction to this chapter. Co-incubation o f  5 pg/ml o f  '^^I-LDL and 20 

pg/ml poly I with RMC did not result in a reduction in cell associated radioactivity 

(figure 4.6). This result confirms that scavenger receptor ligands do not bind to 

LDL receptors on RMC. However, binding o f  *^^I-LDL (5 pg/ml) to RMC was 

partially inhibited (p<0.05) by adding 100 pg/ml OxLDL (figure 4.6). This is 

possibly because OxLDL is a heterogeneous substance containing small amounts 

o f  un-oxidised or partially oxidised LDL particles which may be still recognised by 

the LDL receptor.
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Figure 4.6. '^^I-LDL binding to RMC: Effect of polyinosinic acid (poly I) and OxLDL

RMC were incubated with 5 |.Lg/mi of '"4-LD L with or without 20 ).Lg/ml poly I or 100 pg/ml 

OxLDL The data are the means ± SD of 4 experiments. * = p<0.U5
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4.(E).2.1. Binding of '^"I-AcLDL to RMC at 4 "C

Rat mesangial cells bound ^^^I-AcLDL in a dose dependent manner at 4 

(figure 4.7). The binding was saturable with half maximal binding occurring at a 

concentration o f between 5-8 pg/ml.

Analysis o f *^^I-AcLDL binding experiments carried out at 4 using the 

EBDA/LIGAND program provided results which showed that the kinetics o f 

AcLDL binding to RMC best fitted a single site model with a Æo o f 4.79x10'^ M 

(2.4 pg/ml) and a B^ax o f  1.34x10'^* M. The Scatchard plot is shown in figure 4.8.
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Fijjure 4.7. Binding of I-AcLDL to RMC at 4 "C

The indicated concentrations of '‘'I-AcLDL were incubated with RMC for 4 h a t  4 '̂’C, in the 

presence or absence of a 50-fold excess of unlabelled LDL. Specific binding was calculated by 

subtracting non-specific binding (binding in the presence of excess unlabelled) from total binding 

\  allies. Data represent the means ± SD of 3 experiments.
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Figure 4.8. Plot of Scatchard transformed data of AcLDL binding to RMC assuming a 

one site model

Data was linearised using the ligand program. The calculated A.'d= 4.79x 10'̂  M (2.4 pg/ml) and 

1.34x 1u" M .

4.(E).2.2. '^i-AcLDL binding to RMC: Effect of AcLDL

Addition o f an increasing concentration o f unlabelled AcLDL led to a dose 

dependent decrease in cell-associated radioactivity (figure 4.9). Therefore non- 

iodinated AcLDL competes effectively for the '^^I-AcLDL binding site providing 

flirther evidence that there are specific binding sites for AcLDL on RMC.
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Figure 4.9. ' H AcLDL binding» to RMC in the presence of increasing concentrations of 

unlabelled AcLDL.

RMC were incubated with 2.5 pg/ml '"^l-AcLDL in the presenee or absence of iiniabelled 

AcLDL at concentrations indicated above. Binding is expressed as a percentage of total binding 

in the absence of iiniabelled AcLDL and are the means ± SD of 2 independent experiments.

4.(E).2.3. Time course of proteolytic degradation of 1-AcLDL by RMC

AcLDL was incubated with RMC at 37 "C and the appearance o f  TCA 

soluble, non-iodide radioactivity measured in cell supernatants. After a short initial 

lag period the amount o f TCA soluble, non-iodide radioactivity detected increased 

in a linear fashion (figure 4.10). The “degradation” o f  AcLDL in cell free 

dishes ranged from 0.5% -2%  o f the cell-induced degradation and these cell-free 

values were subtracted from cell degradation data. These results indicate that

229



RMC are capable o f degrading AcLDL that binds to cell surface receptors after 

internalisation o f the bound ligand.
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Figure 4.11) Time course of ' "I-AeLDl degradation by RMC

RMC were incubated with 10 ).Lg/nil of '"h-A cLD L at 37 '^C and duplicate dishes removed and 

placed on ice at the indicated time points. The amount of TCA-sohible, non-iodide radioactivity 

was measured as described in section 4.(C).2.3.

4.(E).2.4. Proteolytic degradation of I-AcLDL by RMC dose dependency

When RMC were incubated with increasing concentrations o f  *^^I-AcLDL 

proteolytic degradation increased steadily until a state o f saturation was reached 

(figure 4.11). Half-maximal degradation occurred at a ligand concentration 

between 30-35 pg/ml.
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Fijiurc 4.11 Proteolytic (le%i aUation of ' l AcLDL by RMC

RMC were ineiibaled w ith the indicated concentrations of ‘^'I-AcLDL at 37 for 5 li and the 

TCA soluble non-iodide radioactivity measured as described in section 4.(C).2.3.

4.(E).3.1. Binding of OxLDL to RMC at 4 "C

When RMC were incubated with '^*I-OxLDL for 4 h at 4 "C, there was a

dose dependent increase in cell associated radioactivity which saturated at higher 

concentrations o f ligand (figure 4.12). Non-specific binding however did not 

saturate and increased linearly with increasing ligand Half-maximal binding 

occurred at a concentration o f  OxLDL o f 5 pg/ml.

Analysis o f  OxLDL binding curves from experiments carried out at 4 "C 

using the EBDA/LIGAND program  provide results that showed that OxLDL 

binding to RMC best fitted a single site model with a o f 6.96x10'^ M (3.5
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and a B,-,,ax o f 2 .3 7 x 1 0 ''’ M. The binding curves were linearised and plotted 

in the form o f  a Scatchard plot (figure 4.13).
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Figure 4.12 Binding of ''"I-OxLDL to RMC at 4 "C

The indicated concentrations of were '^^I-OxLDL were incubated with RMC for 4 h a t  4 in 

the presence or absence of a 50-fold excess o f unlabelled LDL. Specific binding was calculated by 

subtracting non-specific binding (binding in the presence of excess unlabelled) from total binding 

values. Data represent the means ± SD of 4 experiments.
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Figure 4.13  Plot of Scatchard transformed data of I OxLDL binding to RMC assuming a 

one site model. Data was linearised using the ligand program. The calculated A'd= 6 .9 6 x It)  ̂ M 

(3.5 pg/inl) and = 2.37x 10 " M.

4.(E).3.2. Binding of ''"I-OxLDL to RMC at 37 "C

W hen RMC was incubated with ^^^I-OxLDL at 37 cell associated 

radioactivity was greater than when the experiment was performed at 4^C. This is 

expected as at 37 "C both binding and internalisation is occurring. Binding and 

uptake also saturated at higher concentrations o f  ligand (figure 4.14). The 

concentration o f ligand at which half-maximal binding occurred was about 20 

pg/ml.
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Figure 4.14. Binding of '""I OxLDL to RMC at 37 "C

The indicated concentrations of were ' “^I-0 \L D L  were incubated with RMC for 4 h at 37 "̂ C. 

Data presented are the means ± SD of the total binding values of 2 experiments, each 

concentration performed in duplicate.

4.(E ).3 .3 . ‘^"l-OxLDL binding to RM C: E ffect o f O xL D L

Addition o f unlabelled OxLDL competitively inhibited the binding o f 

OxLDL to RMC demonstrating the specificity o f the RMC receptor for its ligand 

(figure 4.15)
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Fij>ure 4.15 ' H OxLDL binding to RIMC in the presence of increasing concentrations of 

unlabeiied OxLDL

RMC were incubated with 2.5 pg/ml '"'I-OxLDL in the presence or absence of unlabelled 

O.xLDL at coneentrations indieated above. Binding is expressed as a pereentage of total binding 

in the absence of unlabelled O.xLDL and are the means ± SD of 3 independent experiments.

4.(E).3.4. 1-OxLDL binding to RMC in the presence of polyinosinic acid 

(poly 1) and LDL

When RMC were incubated with ‘̂ ^I-OxLDL in the presence o f 20 pg/rnl 

poly I a statistically significant decrease in binding o f the labelled ligand to RMC 

resulted (figure 4.15). Polyanionic compounds are known to be ligands for 

scavenger receptors as are four-stranded nucleic acids such as poly-I, poly 

guanidinic acid (poly G) and poly G:I. These results provide further evidence that 

RMC posses scavenger receptor like binding sites.
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Figure 4.16 also shows that ’^^I-OxLDL binding to RMC was not 

significantly decreased by the addition o f unlabelled LDL at a concentration 20 

fold greater than *^^I-OxLDL. This suggests that OxLDL and LDL bind distinct 

sites on RMC.
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Figure 4.16. ' l OxLDL binding to RMC: Effect of polyinosinic acid (poly I) and LDL

RMC were incubated w ith 5 gg/ml of "''l-OxLDL w ith or without 20 gg/ml poly I or 100 pg/nil 

LDL. The data are the means ± SD of 4 experiments. * = p<0.05

4.(E).3.5. Time course of proteolytic degradation of I-OxLDL by RMC

’^^I-OxLDL was incubated with RMC at 37 ^C and the appearance o f  TCA 

soluble, non-iodide radioactivity measured in cell supernatants. After a short initial 

lag period the amount o f TCA soluble, non-iodide radioactivity detected increased 

in a linear fashion (figure 4.17). These results indicate that RMC are capable o f
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degrading OxLDL that binds to cell surface receptors after internalisation o f the 

bound ligand.
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Figure 4.17. Time course of I-OxLDL dégradation by RMC

RMC were incubated with 15 gg/ml of '“'^I-GxLDL at 37 "̂C and triplicate dishes removed and 

placed on ice at the indicated time points. The amount of TCA-soluble, non-iodide radioactivity 

was measured as described in section 4.(C).2.3.

4.(E).3.6. Proteolytic degradation of I-OxLDL by RMC dose dependency

When RMC were incubated with increasing concentrations o f  ’̂ ^I-OxLDL 

at 37 ^C, a portion was degraded to TCA-soluble non-iodide radioactive material. 

As the ’^^I-OxLDL concentration increased, the rate o f  degradation increased 

hyperbolically (figure 4.18) in a similar fashion to cellular uptake at 37 °C. Half- 

maximal values were obtained at a concentration o f  ^^^I-OxLDL between 25-30 

ftg/ml.
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Figure 4,18 Proteolytic degradation of ' H OxLDL by RMC

RMC were ineubaled in triplicate with the indicated concentrations of ' “"'l-O.vLDL at 37^C for 5 

h and the TCA soluble non-iodide radioactivity measured as described in section 4.(C).2.3.
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4.(D).4. Histology

Cells were incubated with high concentrations (100 jug/ml) o f LDL and 

OxLDL for 24 h to determine if RMC accumulated intracellular lipid droplets. 

Cells were washed, fixed and stained with the lipophilic dye oil red O. Cells 

incubated with LDL did not accumulate significant amounts of lipid under these 

conditions (figure 4.19).

\  ■ V .

ï 'ï- y

Figure 4.l9. Photomicrograph (x 500) of RMC exposed to LDL for 24 h

Rat mesangial cells were grown on tissue culture treated coverslips at a low density and exposed to 

LDL (100 pg/ml) for 24 h, fixed and stained with oil red 0 , the slides examined using light 

microscopy and photomicrographs o f representative fields taken as described in section 4.(B).6. 

Oil red 0  did not stain these cells to any significant degree.
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RMC incubated with OxLDL however showed areas o f intense cytoplasmic 

staining and resembled foam cells (figure 4.29).
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Figure 4 .20Photoinicrograph (x 500) of RMC exposed to OxLDL for 24 h

Rat mesangial cells were grown on tissue culture treated coverslips at a low density and exposed to 

OxLDL (100 pg/ml) for 24 h, fixed and stained with oil red O, the slides examined using light 

microscopy and photomicrographs o f  representative fields taken as described in section 4.(B).6. 

Intense red droplets were seen localised in the cytoplasmic regions o f the majority of cells.
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4.(F). Discussion

Massive accumulation o f lipid by macrophages in the sub-endothelium is 

one o f the earliest changes observed in experimental animal models of 

atherosclerosis (Gerrity, 1981b). Atherosclerotic plaques in humans have also been 

shown to contain large collections o f lipid laden macrophages known as foam cells 

(Ross et al. 1984). Macrophages do not accumulate large quantities o f intracellular 

lipid if they are incubated with native LDL in vitro  (Steinberg, 1987). This is 

because the native LDL receptor down regulates once a certain threshold level o f 

intracellular cholesterol has been reached. However, as first demonstrated by 

Brown et al. chemically modified forms o f LDL such as AcLDL, or OxLDL is 

internalised by other receptors known as scavenger receptors which allow 

unregulated accumulation o f lipid, which in turn results in the formation o f foam 

cells (Goldstein et al. 1979b).

Glomerulosclerosis and atherosclerosis share common histological features 

(El-Nahas et al. 1983; Diamond, 1991a) one o f  which is the presence o f lipid filled 

cells which resemble foam cells in glomerular lesions. These cells may be derived 

from infiltrating monocytes, resident macrophages or from mesangial cells. The 

purpose o f our experiments was to determine if mesangial cells expressed 

scavenger receptors.

Our results confirm the studies of Wheeler et al. (Wheeler et al. 1991a) and 

Wasserman et al. (Wasserman et al. 1989) which demonstrated that RMC bind 

native LDL. LDL binding to RMC increased dose dependency and was saturable
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at both 4 and 37 °C. Binding o f ^^^I-LDL was also inhibited dose dependency 

by unlabelled LDL. The scavenger receptor ligand poly I did not inhibit ^^^I-LDL 

binding to RMC. However, OxLDL significantly decreased ^^^I-LDL binding to 

RMC. This is probably due to the presence o f partially oxidised LDL particles in 

OxLDL which still have the capacity to bind to native LDL receptors (Negri et al. 

1993; Keidar et al. 1992; Aviram, 1991). The LDL receptor on RMC appears to 

have a low affinity for its ligand (Kc > 10 nM). This may be because human LDL 

binds poorly to rat mesangial cells (Wheeler, 1991c). When rat LDL is used the 

improves significantly giving a value o f about 2 nM (Wheeler, 1991c).

The experiments performed with AcLDL provide evidence for the presence 

o f scavenger type receptors on RMC. At 4 *̂ C, AcLDL binding to RMC was 

dose dependent and saturable. Keeping the concentration o f ^^^I-AcLDL constant 

and adding increasing concentrations o f non-iodinated AcLDL inhibited cell 

associated radioactivity in a dose dependent manner. The affinity o f the receptor 

for AcLDL was determined by Scatchard analysis o f the binding o f ^^^I-AcLDL to 

RMC at 4 ^C. This binding was found to be o f a high affinity. The Kr> o f the RMC 

receptor for AcLDL was 5 nM [or 2.4 p-g/ml, assuming one molecule o f apoB 

(500 KDa) per particle]. The bound AcLDL was also internalised and degraded. 

After an initial lag period o f about 1 h there was an appearance o f TCA-soluble 

non-iodide radioactivity in the cell supernatants, which increased linearly with time. 

Degradation o f AcLDL was also dose-dependent and saturable. These results
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suggest that RMC carry out intracellular processing o f the bound and subsequently 

internalised ligand.

There is scant evidence that chemical modifications o f LDL such as 

acétylation occur in vivo. However, other modifications o f LDL such as oxidation, 

glycosylation (Bucala et al. 1991; Lyons, 1993) and carbamylation (Horkko et al. 

1992) may occur in vivo. There is abundant evidence that oxidation o f LDL plays 

an important role in atherosclerosis and emerging evidence that OxLDL may also 

be involved in the pathogenesis o f glomerulosclerosis. We therefore investigated 

whether RMC had receptors for OxLDL.

Experiments carried out with OxLDL provide further evidence that RMC 

express scavenger type receptors. Rat mesangial cells bound ^^^I-OxLDL in a dose 

dependent manner until a saturation state was reached. The affinity o f RMC 

receptor for OxLDL was determined by Scatchard analysis o f the binding o f 

OxLDL to RMC at 4 ®C. The receptor was found to be o f high affinity with a ATd 

o f 3.5 pg/ml = 6-7 nM. Binding o f ^^^I-OxLDL to RMC was also inhibited by 

adding unlabelled OxLDL which competed effectively for the receptors on the 

cells. The scavenger receptor ligand poly I also inhibited the binding o f 

OxLDL to RMC providing further evidence that OxLDL binds a site that 

recognises other scavenger receptor ligands. We also found that the cell associated 

radioactivity was higher at 37 ®C than at 4 ®C. This is probably because both 

binding and internalisation both occur at 37 ^C. To assess whether the internalised 

OxLDL is degraded, the appearance o f TCA-soluble, non-iodide radioactivity in
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cell supernatants was measured after incubating RMC with ^^^I-OxLDL at 37 °C. 

After an initial lag period, presumably the time needed for binding and 

internalisation o f the ligand to take place, TCA-soluble, non-iodide radioactivity 

increased linearly with time. This degradation was also dose dependent and 

saturable.

Rat mesangial cells did not accumulate significant amounts o f neutral lipid 

when they were incubated with 100 pg/ml o f LDL for 24 h. Incubation with 100 

pg/ml o f OxLDL however, resulted in substantial lipid-droplet accumulation within 

RMC. These results suggest that it may be possible to generate mesangial foam 

cells in vitro when lipid uptake occurs via scavenger type receptors. These results 

should be treated with caution however, because the cells were Incubated with 

high concentrations o f OxLDL and a degree o f cell toxicity was observed, the 

cytotoxicity was significantly reduced when the cells were pre-incubated for 24 h 

in serum free medium.

Scavenger receptors o f bovine (Kodama et al. 1988), rabbit (Bickel and 

Freeman, 1992), murine (Ashkenas et al. 1993) and human (Matsumoto et al.

1990) origin have been cloned. The scavenger receptor as discussed in the 

introduction to this chapter consists o f six structural domains including the 

collagen-like domain V which is thought to mediate ligand binding. Several 

different scavenger type receptors have now been described. They include the class 

A macrophage receptors SR-I, SR-II cloned by Kodama et al. (Kodama et al.

1988), which bind AcLDL, OxLDL and a broad range o f other polyanions, CD36
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(human and mouse homologue) (Endemann et al. 1993) and scavenger receptor-BI 

(SR-BI) that also belong to the CD36-family o f membrane proteins (Acton et al. 

1994; Fukasawa et al. 1996). These receptors bind modified proteins such as 

AcLDL, OxLDL and maleyalated bovine serum albumin with a high affinity but 

binding is not inhibited by non-proteinacious polyanions (Acton et al. 1994; 

Fukasawa et al. 1996). Acton et al. have also presented strong evidence that SR- 

BI is a receptor for HDL and is involved in transfer o f cholesterol to steroidogenic 

tissue (Acton et al. 1996). Other studies also suggest that both CD36 and SR-BI 

may be involved in uptake o f cells undergoing apoptosis by recognising negatively 

charged phospholipids such as phosphatidylserine and phosphatidyl inositol on 

their cell membrane (Fukasawa et al. 1996; Ottnad et al. 1995). CD36 is expressed 

in a variety o f tissues, including adipose tissue and in macrophages, epithelial cells, 

monocytes, endothelial cells, platelets, and several cell lines cultured in vitro 

(Abumrad et al. 1993; Greenwalt et al. 1992). Immunoblot analysis o f murine 

tissues using a rabbit polyclonal antibody against SR-BI showed that this receptor 

was highly expressed in adrenal gland, ovaries, and liver with moderate expression 

in testis, mammary gland and heart (Abumrad et al. 1993). Stanton et al. have 

reported that OxLDL uptake occurs via the macrophage FCyRII receptor (Stanton 

et al. 1992). However, studies by Endemann et. al. demonstrating that antibodies 

against FCyRII failed to decrease binding and uptake o f OxLDL in mouse 

macrophages have disproved this theory (Endemann et al. 1993). Several groups 

have reported evidence for the existence o f OxLDL receptors distinct from the
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scavenger receptors described above. Studies using mouse and human peritoneal 

macrophages and human THP-1 cells carried out by Ottnad et al. have 

demonstrated that AcLDL and OxLDL bind distinct membrane proteins isolated 

from these cells (Ottnad et al. 1995). Van Berkel et al. have also demonstrated that 

^^^I-Ac LDL and ^^^I-OxLDL injected into rats have different fates, with AcLDL 

uptake and degradation taking place mainly in liver endothelial cells and that o f 

OxLDL occurring in Kupffer cells (Van Berkel et al. 1991). The endothelial cell 

receptor that binds OxLDL has been shown to be different to class A and B 

scavenger receptors (Naito et al. 1991; Bickel and Freeman, 1992; Rohrer et al.

1990). This endothelial receptor has been cloned recently by Sawamura et al. and 

identified it as a protein belonging to the C-type lectin family (Sawamura et al. 

1997).

The objective o f our studies was to investigate the possibility that RMC 

expressed scavenger type multiligand lipoprotein receptors. The results presented 

in this chapter and our paper (Fernando et al. 1993) strongly suggest that 

mesangial cells o f rat origin express scavenger receptors. This view is supported by 

the studies o f Coritsidis et al. who reported that RMC preferentially bind 

oxidatively modified LDL and that [ '̂̂ C] cholesterol oleate accumulation in cellular 

cholesterol esters was greater in the presence o f OxLDL in vitro  (Coritsidis et al.

1991). They also demonstrated that ^^^I-OxLDL injected into rats accumulate both 

in liver and glomeruli in vivo, suggesting the presence o f glomerular binding sites 

for OxLDL (Coritsidis et al. 1991). Gupta et al. have also reported that OxLDL
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binds to RMC and to mesangial matrix (Gupta et al. 1992). Suzaki et al. confirm 

the presence o f specific receptors for AcLDL on RMC (Suzaki et al. 1993). 

Elegant studies performed by Lee et al. using ^^^I-OxLDL and colloidal gold 

labelled OxLDL have confirmed that RMC specifically bind, internalise and 

degrade ^^^I-OxLDL and exhibit extensive internalisation o f gold particles leading 

to the development o f foam cells (Lee and Koh, 1994). The type o f receptor 

expressed however remains to  be elucidated. None o f the studies above carried out 

cross-competition experiments between AcLDL and OxLDL and therefore it is 

difficult to arrive at any conclusion as to whether there may be more than one 

scavenger receptor on RMC. The question as to whether HMC express significant 

numbers o f scavenger type receptors remains controversial. Grone et al. maintain 

that the uptake o f OxLDL and AcLDL by HMC is insignificant (Grone et al. 

1992a). However, Lee et al. have demonstrated specific receptors for OxLDL on 

HMC, but could not visualise extensive cellular uptake o f OxLDL-gold conjugates 

by these cells because o f the small number o f receptors they expressed (Lee and 

Koh, 1994). Histological studies carried out by Takemura et al. have also 

demonstrated deposition o f apo B and E in the mesangial regions o f glomeruli in 

kidney biopsies taken from patients with mesangioproliferative glomerulonephritis 

(Takemura et al. 1993). Their immunoelectron microscopic studies also showed 

that these apoproteins were located in droplets found mainly in the cytoplasm o f 

mesangial and epithelial cells and in granules in the mesangial matrix. In the same 

group o f patients immunogold techniques detected the presence o f scavenger
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receptors on the plasma membranes o f mesangial and epithelial cells. The 

expression o f both LDL and scavenger receptors by glomerular cells may be low in 

kidneys o f normal individuals (Takemura et al. 1993). However, the deposition o f 

apo B and E and the presence o f foam cells in glomeruli (Hiroto et al. 1994; 

Suzaki et al. 1990), raises the possibility that in certain disease states HMC 

scavenger receptors may be up-regulated.

In conclusion we have demonstrated the presence o f a receptor or 

receptors that recognises AcLDL and OxLDL on RMC, and that there is specific 

high affinity binding, internalisation and degradation o f these ligands by this 

receptor. The cloning o f the receptor, the type o f  receptor expressed, the 

regulation o f receptor expression and if there is significant expression o f scavenger 

receptor by HMC remains to be investigated.
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(5). EFFECT OF LIPOPROTEINS ON THE 

PROLIFERATION AND VIABILITY OF 

MESANGIAL CELLS
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5.(A). Background

Expansion o f the mesangial region a prominent feature o f 

glomerulosclerosis, is similar to vascular intimai expansion observed in 

atherosclerosis (Diamond and Karnovsky, 1988). Mesangial hypercellularity 

has been demonstrated to be on early indication o f glomerular scarring by 

studies in man and in animal models and is also observed in several other 

diseases o f the glomerulus (Waldherr et al. 1978; Kasiske and Napier, 1985).

In atherosclerosis, the expansion o f the vascular intimai region is due 

mainly to proliferation o f vascular smooth muscle cells and the infiltration o f 

macrophages (Ross, 1986). Similarly in glomerular diseases, mesangial 

hypercellularity may be due to an increase in contractile mesangial cell number 

and infiltrating macrophages. The contribution each cell type makes to 

mesangial hypercellularity is yet to be quantified. Monocyte-derived 

macrophages have been observed in the early stages o f glomerular scarring but 

numbers are thought to decline as the injury progresses (Magil and Cohen,

1989). In animal studies that result in glomerular scarring, it has been difficult 

to demonstrate an increase in cells displaying monocyte/macrophage markers in 

sclerosed glomeruli. Therefore it is possible that mesangial hypercellularity may 

result at least in part from increased proliferation o f mesangial cells.

Several studies have investigated the pathogenesis o f cell proliferation 

in atherosclerosis. Factors that are thought to influence vascular smooth muscle 

cell proliferation include mechanical damage to the overlying endothelium, the 

presence o f lipoproteins in the intima and the paracrine and autocrine action o f 

cell-derived cytokines. The involvement in accelerating healing o f growth
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factors derived from platelets adhering to  damaged endothelium was first 

proposed by Ross et al. (Ross and Glomset, 1973). This growth factor was 

later identified as platelet derived growth factor (PDGF), which is both a 

smooth muscle mitogen and a chemotactic agent (Ross et al. 1974; Grotendorst 

et al. 1982; Senior et al. 1985). PDGF has also been demonstrated to be a 

mesangial cell mitogenic agent and therefore may be involved in causing 

mesangial hypercellularity (Floege et al. 1992). Similar growth factors may also 

be derived from activated macrophages and damaged endothelial cells 

(Gajdusek et al. 1980; Shimokado et al. 1985) and may be involved in the 

pathogenesis o f glomerulosclerosis and atherosclerosis.

Recent animal studies have suggested that it is possible to induce 

proliferative atherosclerotic plaques by cholesterol feeding even without 

causing a prior endothelial insult (Ross, 1993). These animals have 

hyperlipidaemia and it is possible that lipoprotein particles that enter the intima 

cause the proliferation o f intimai cells (Smith and Slater, 1972).

In vitro, addition to quiescent vascular smooth muscle cells o f serum 

containing LDL as the only lipoprotein resulted in proliferation (Ross et al. 

1974). Serum containing HDL was also an effective proliferative agent but the 

equivalent amount o f LDL cholesterol had a more marked effect. 

Hyperlipidaemic serum also stimulated proliferation (as measured by ^H- 

thymidine incorporation) o f senescent vascular smooth muscle cells derived 

from monkey thoracic aortas (Fischer-Dzoga and Wissler, 1976). The most 

effective growth promoting lipoprotein fraction was found to be LDL. 

Gospodarowicz et. al reported that HDL added in serum-free medium at
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concentration ranging from 1 0 - 1 0 0 0  |ig/ml stimulated bovine vascular smooth 

muscle cell growth. LDL on the other hand seemed to have a biphasic effect on 

growth, with low concentrations stimulating growth (maximal effect at 25 

pg/ml) and concentration greater than 1 0 0  pg/ml being cytotoxic 

(Gospodarowicz et al. 1981). LDL has also been shown in a recent study to 

increase the steady state levels o f insulin like growth factor I (IGF-I) mRNA in 

the rat aortic cell line AlO. HDL did not affect levels o f IGF-I mRNA in these 

cells (Polanco et al. 1996). A key event in atherogenesis is believed to be the 

oxidation o f LDL within the arterial intima (Steinberg et al. 1989). OxLDL has 

been demonstrated to increase DNA synthesis in cultured rabbit vascular 

smooth muscle cells (Lafont et al. 1995). The lysophospholipids contained in 

OxLDL are thought to be the active component which induces cells to enter 

the cell cycle, the oxidative mechanism involves the release o f fibroblast growth 

factor-2 (Chai et al. 1996). At higher concentrations OxLDL has been shown 

to be toxic to a variety o f cell types in culture (Kessler et al. 1983; Negre- 

Salvayre and Salvayre, 1992), by a mechanism that has not been fully 

elucidated (Coffey et al. 1995). LDL receptors do not seem to be required for 

the toxic actions o f lipoproteins (Henriksen et al. 1979; Borsum et al. 1982) 

and cytotoxicity is greatest in cells undergoing DNA synthesis (S-phase o f the 

cell cycle) (Kosugi et al. 1987). Several toxic components have been identified. 

These include 7|3-hydroperoxylcholesterol (7 g -0 0 H  chol), 7-ketocholesterol 

and 26-hydroxycholesterol (Clare et al. 1995). The necrotic base o f advanced 

atherosclerotic plaques may arise due to OxLDL induced cytotoxicity (Reid et 

al. 1993) and cytotoxicity may also be important in glomerulosclerosis.
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Mesangial cells and smooth muscle cells share a common origin and are 

morphologically similar. Therefore it is possible that lipoproteins may affect 

growth and viability o f these cells in a similar manner to that o f vascular 

smooth muscle cells. There is evidence that the proliferation o f mesangial cells 

is related to oncogene expression and lipoproteins may modulate the expression 

o f oncogenes especially c-myc, c-fos, c-jun and c~egr by these cells (Grone

1992). The experiments described in this chapter were designed to investigate 

the effects o f LDL and OxLDL on the growth and viability o f  mesangial cells.

5.(B). Methods

Mesangial cells were isolated and maintained as described in chapter 2. 

Lipoproteins were isolated by ultracentrifugation as detailed in chapter 3. LDL 

oxidation was performed as described in chapter 4 and preparations o f OxLDL 

with TEARS between 15-25 nmol MDA/mg LDL were used in all experiments 

described below. LDL used had TEARS values o f <0.5 nmol MDA/mg LDL. 

Experimental medium used consisted o f RPM I-1640 containing 1 mM CaCb 

and 0.2 % FAF-ESA. Proliferation, viability studies were performed on RMC 

and these results were confirmed using FIMC.

5.(B).1. Cell proliferation Studies

Rat mesangial cells were subcultured into 96 well plates at a density o f 

~ 20,000 cells/ml and allowed to grow to confluence in complete medium (3-4 

days). The cells were then washed twice with warmed RPMI and the cells 

incubated in lipoprotein deficient experimental medium for 24 h. This medium
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was then replaced with 2 0 0  pi o f experimental medium containing various 

concentrations o f LDL or OxLDL and 37 KBq o f ^H-thymidine (Amersham 

International pic, Bucks, England) (Besterman et al. 1984), and the cells 

incubated for a further 24 h in a 37 ®C, CO2 incubator. The cells were then 

washed once with 200 pi o f PBS and detached from the well plastic by 

incubation with trypsin (see chapter 2) for 10 min. The cells were then 

harvested onto glass fibre paper using a TITERTEK cell harvester (Flow 

laboratories). The cell containing glass fibre discs were then dried in a 56 

oven for 15 min, placed into vials containing 1 0  ml o f  scintillation fluid ( 6 6  % 

toluene, 33 % octyl phenoxy ployethoxyethanol, 0.3 % 2,5-diphenyloxazole). 

Radioactivity was counted in a (3 liquid scintillation counter and data expressed 

as the mean CPM.

5 (B). 2. Viability studies 

5 (B). 2.1. Cr release assay

Rat mesangial cells were grown in 12 well clusters to near confluence 

and pre-labelled with ^^Cr by incubation for 3 h in experimental medium 

containing 250 kBq/ml o f Na[^^Cr] 0 4  (Amersham International pic, Bucks, 

England) at 37 ®C. The cells were then washed 3 times with 1 ml o f PBS and 

incubated for a further 24 h with 1 ml experimental medium containing various 

concentrations o f LDL or OxLDL, under standard growth conditions. At the 

end o f the incubation period the 0 . 8  ml o f the supernatants were pipetted into
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LP4 tubes and ^^Cr, y-radioactivity measured in a y-counter. Cell associated, 

non-released activity was estimated by discarding the remaining

supernatants, solubilising the cells in 0.8 ml o f 1% Triton X-100 and counting 

the cell lysates in a y-counter. ^^Cr activity in cell supernatants, where cells 

were incubated with experimental medium alone was considered to be 

spontaneous release. Results were expressed as a % o f maximum possible ^^Cr 

release using the equation below.

5, ^  , [CPM (cell supernatant)-C PM  (spontaneous release)
% ’̂Cr Release =  -------- ---------------------- ------------— --------------------------  x 1 0 0  %

CPM (100 %)

CPM 100 % = CPM (cell supernatant) + CPM (cell lysate)

5.(B).2.2. Lactate dehydrogenase (LDH) assay

Cells were grown in 12 well clusters to near confluence as described 

above, washed twice with PBS and incubated with experimental medium 

containing various concentrations o f LDL and OxLDL for 24 h under standard 

growth conditions. Cell supernatants were saved and assayed for LDH enzyme 

activity using the method o f Moldeus (Moldeus et al. 1978), described below. 

Triplicate wells containing cells incubated in experimental medium alone (not 

containing lipoproteins), were lysed in 1 ml o f Triton X-100 and assayed to 

estimate maximum cellular LDH activity (100%) and all the results expressed 

as a % o f these values.
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Materials

Buffer X1 0

0 .5 .N a 2 H P O 4 p H 7 .5

Working pyruvate buffer solution (x l)

1 0  ml X1 0  buffer

6.9 mg pyruvate (Sigma chemical Co. Ltd, Dorset, UK)

made up to 100 ml distilled water. Aliquots were kept frozen at - 2 0

NADH

7.8 mg/ml in distilled water. Prepared by adding 0.628 ml H2O to the 5 mg pre

weighed vials o f NADH (98%, from Sigma chemical Co. Ltd, Dorset, UK)

Method

1. The spectrophotometer was auto-zeroed with buffer.

2. 0.930 ml buffer and 20 pi NADH was added to a semi-microcuvette. Mixed and 

the absorbance read at 340 nm against buffer blank.

3. 50 pi of sample was then added and mixed well by inverting cuvette after 

covering with paraftlm.

4. Absorbance changes at 340 nm were recorded using the TDRIVE option on 

PECSS spectroscopy software.

TDRIVE settings

Wavelength = 340 nm. No o f points = 9, Interval = 20 seconds

Principle of the assay system

Pyruvate + NADH + H" + LDH—> Lactate + NAD""
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Calculation

LDH activity (nmol / ml / min) = xlOQO x 20

Slope = Absorbance/min 

6  3 4 0  nm for NADH = 6.22 mM cm'^

Dilution factor = 20 Conversion factor (pmol/ml = nmol/ml) = 1000

5.(B).2.3. Microscopy

Cells were grown in well clusters as described above and incubated for 

24 h in experimental medium containing various concentrations o f LDL and 

OxLDL. At the end o f the incubation period the cells were examined using an 

Olympus 0M 2 phase contrast inverted microscope fitted with an 0M 4 Ti 

camera and photomicrographs o f representative fields taken using a Kodak 64 

tungsten film.

Statistical analysis.

The data was presented and analysed as described on page 96. The 

number o f experiments performed are given in the figure legends and most of 

the data present are the means and standard deviations (SD) o f several 

experiments. An unpaired, two-tailed, two-sample M est was performed on data 

unless otherwise stated in figure legends. For data where the sample size was 

small or did not fit a normal distribution the non-parametric Mann-Whitney test 

was performed to test for statistical significance. A probability value (p) o f < 

0.05 was considered to be statistically significant
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5.(C). Results

5.(C).1. Results of proliferation studies

The incorporation of ̂ H-thymidine by cells (means ± SD) incubated in 

experimental medium without lipoproteins were 3144 ± 309 CPM and 3761 ± 

1667 CPM for LDL and OxLDL experiments respectively. The proliferation of 

RMC as measured by ^H-Thymidine incorporation was affected by the addition 

of lipoproteins into the medium. LDL stimulated the proliferation of mesangial 

cells when added at concentrations between 6-400 pg/ml (figure 5.1). 

Concentrations higher than this inhibited cell growth. OxLDL also had a similar 

biphasic effect on the proliferation of RMC as demonstrated by an increase in 

the incorporation of ^H-thymidine (figure 5.1). However the concentration 

range at which OxLDL stimulated cell growth (6-12 pg/ml) was much 

narrower than that for LDL. At concentrations of OxLDL greater than 25 

pg/ml a steady decline in the amount of ̂ H-thymidine incorporated by cells was 

observed and the higher concentrations used were cytotoxic.
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Figure 5.1 The effect of lipoproteins on the incorporation of ̂ H-thymidine hy RMC

Cells were incubated in the presence or absence of either LDL or OxLDL for 24 h and the 

^H-thymidine uptake was measured as described in section 5 (B). 1. The results are the means 

+ SD of 4 independent experiments in which the effect of each concentration of lipoprotein 

was studied in triplicate. For the LDL curve * p < 0.05 and ^  p < 0.001 (treated vs control). 

For the OxLDL curve ❖ p< 0.05 (treated vs control).
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The influence lipoproteins on the proliferation o f  RM C was also time 

dependent. LDL (20 pg/ml) caused a statistically significant increase in cell 

growth at 18 h and this stimulatory effect was sustained for 48 h (figure 5.2). 

OxLDL when added at a non-toxic concentration (10 pg/ml) stimulated cell 

growth within 8 h but this stimulatory effect was only observed for 24 h after 

which ■'H-thymidine uptake by cells declined (figure 5.3).
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Figure 5.2 Time course of^H-thymidine incorporation in the presence of LDL

RMC were incubated with or without LDL (2U ng/iul) and ^H-thymidiue incorporation 

measured at the times indicated using methods described in section 5.(B).1. Results 

represented are the means ± SD of four experiments each time point carried out in triplicate. 

* indicates p < 0.001 (LDL vs control).
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Figure 5.3 Time course of ^H-thyniidine incorporation in the presence of OxLDL

RMC were incubated with or without OxLDL (10 pg/inl) and ^H-thymidine incorporation 

measured at the times indicated using methods described in section 5 (B). 1. Results 

represented are the means ± SD o f four experim ents each time point carried out in triplicate.
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* indicates p < 0.05 (control vs OxLDL).

5.(C).2. Results of cell viability experiments

5.(C).2.1 Results of  ̂ C r release assay

When RMC pre-incubated with for 3 h were exposed to increasing 

concentrations o f LDL for 24 h, a small dose dependent amount of  ̂ C was 

released into cell supernatants (figure 5.4). However this increase in ^'Cr 

released was not statistically significant when compared to the ^^Cr released by 

RMC incubated in the absence of LDL. ^^Cr loaded cells exposed to increasing
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concentration o f  OxLDL released a greater amount o f  ^'Cr into the supernatant 

indicating toxicity (figure 5.4).
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Figure 5.4 Effect of LDL and OxLDL on ^'Cr release from pre-labelled RMC

Cells pre-labelled by incubation in medium containing Na|^'Ci |0^ for 3 h were grown in 

medium containing LDL or OxLDL for 24 h at the concentrations indicated above. The % 

’̂Cr was calculated as indicated in the method section. For each concentration of LDL and 

O.xLDL, the horizontal lines indicate the median and symbols the range of data from three 

experiments. Data was tested for statistical significance using the Mann-Whitney test. * 

indicates p < 0,05 (LDL vs O.xLDL).

The ^^Cr released by cells incubated with OxLDL at concentrations > 50-200 

|.tg/ml was statistically significantly higher than that released from cells 

incubated in the presence o f LDL (50-200 pg/ml).
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5.(C).2.2 Lactate dehydrogenase assay results

To confirm that OxLDL was also cytotoxic to human mesangial cells, 

HMC were grown to near confluence in 12 well clusters and incubated with 

various concentrations of LDL or OxLDL for 24 h. LDH activity in the 

supernatants was measured as described in section 5.(B).2.2. The LDH release 

from the cells in control wells was 31.62 ± 16.1 nmol/ml/min which 

corresponded to 12.1% ± 1.9 % of the maximum. Incubating with different 

concentrations of LDL resulted in a modest increase in LDH release. LDH 

released by cells incubated with 200 pg/ml LDL was significantly different to 

control LDH release. OxLDL however caused a dose dependent increase in 

LDH release by HMC and these increases were statistically significant for 

concentrations o f OxLDL > 25 pg/ml (figure 5.5)
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Figure 5.5 Effect of LDL and OxLDL on LDH release by HMC

HMC were incubated with lipoproteins at the concentrations indicated above for 24 h. The 

LDH activity was measured as described in the method section and expressed as a % of the 

maximum cell associated LDH activity. Data represent the means ± SD of 4 experiments for 

LDL and 6 for O.xLDL.

5.(C).2.3 Microscopy

Figure 5.6.(A) and figure 5.6.(B) are representative photomicrographs 

o f  RMC incubated for 24 h in experimental medium that contained 200 pg/ml 

and 400 pg/ml o f LDL. No gross morphological changes were observed in 

these cultures. RMCs incubated with 200 pg/ml o f OxLDL however, showed 

changes in morphology [figure.5,7.(A)]. The cells appeared to have contracted
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Figure.5.6. Phase contrast photomicrographs of RMC incubated with LDL for 24 h

Cells were incubated in experimental medium containing 200 pg/ml LDL (A), or 400 pg/ml 

LDL (B) for 24 h. Phase-contrast photomicrographs (x 500) o f representative fields were 

taken as described in section 5.(B).2.3. Rat mesangial cells exposed to LDL at the 

concentrations given above display the characteristic stellate or strap-like morphology o f  

cultured mesangial cells.
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(A)

(B)

Figure.5.7. Phase contrast photomicrographs of RMC Incubated with OxLDL for 24 h

Cells were incubated in experimental medium containing 200 pg/ml OxLDL (A), or 400 pg/ml 

OxLDL (B). Phase-contrast photmicrographs (x 500) o f representative fields were taken as 

described in section 5.(3).2.3. Rat mesangial cells exposed to 200 pg/ml OxLDL appear to 

have contracted and several have detached from plastic growing surface. Incubating RMC with 

400 pg/ml OxLDL caused gross morphological changes and the majority o f cells detached 

from the bottom o f the wells.
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decreasing their cytoplasmic area and exhibited thread-like cell extensions. 

Vacuolated cells were also evident. Cells incubated with 400 pg/ml of OxLDL 

showed gross morphological changes consistent with cytotoxicity and the 

majority of cells had detached from the plastic [figure. 5.7.(B)].

5.(D).Discussion

Our results demonstrate that LDL has a biphasic effect on the growth 

of RMC, with low concentrations causing cell proliferation and high 

concentrations inhibiting proliferation. These results confirm the studies of 

Wheeler et al., Wasserman et al. and Coritsidis et. al, who similarly 

demonstrated that LDL had a biphasic effect on cell growth (Wheeler et al. 

1990; Wasserman et al. 1989; Coritsidis et al. 1991). However the 

concentrations at which LDL caused inhibition of cell proliferation were 

markedly different in our study. LDL at concentrations >100 pg/ml inhibited 

growth in two of the reports and Coritsidis et al. demonstrated that 

proliferation of RMC had returned to control levels at a LDL concentration of 

250 |ig/ml after promoting proliferation at concentrations between 25-100 

pg/ml (Coritsidis et al. 1991). Our results demonstrate that LDL at 

concentrations between 6 pg/ml and 400 |ig/ml were pro-mitogenic. The 

reasons for these differences may be the oxidation status of the LDL. The 

former two studied do not report if a measure of oxidation of their LDL 

preparations was carried out. Therefore it is possible that the LDL preparations 

used may have been oxidised during the lengthy isolation procedures and 

during storage. LDL may also have undergone oxidation during the course of
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the experiment. We have demonstrated that RMC promote LDL oxidation in 

vitro and that LDL is also susceptible to auto-oxidation (Fernando et al. 1993). 

Coritsidis et al. reported that the LDL preparations used in their study had non- 

detectable levels of TEARS, however the possibility that LDL oxidation 

occurred during the 24 h experimental period still exists as the LDL was not 

protected against oxidation. All our LDL preparations were isolated and 

dialysed in the presence of 100 p.M EDTA and 20 jiM BHT which has been 

demonstrated to protect LDL from oxidation. TEARS were also non- 

detectable in the preparations of LDL used. It is also likely that the LDL was 

protected from oxidation during the experiments because of the metal chelating 

action and antioxidant activity of EDTA and EHT respectively. EHT and 

EDTA at the concentrations used above have been shown to have a minimal 

effect on cell proliferation. Our LDL preparations inhibited cell proliferation at 

concentration >500 p.g/ml which may be considered to be non-physiological.

The mechanisms by which LDL cause cell proliferation are not entirely 

clear. It may be that RMC proliferation in the serum non-supplemented 

experimental medium is restricted by the lack of fatty acids and cholesterol 

necessary for synthesis of cell membranes. Therefore under in vitro conditions 

LDL may provide lipids and other nutrients necessary for cell growth to occur 

at the maximal rate. However it has been demonstrated that lipoprotein 

deficient PCS and complete PCS stimulate RMC growth at a similar rate 

suggesting that LDL is not simply acting as a nutrient. This theory has been 

confirmed by the studies of Ejorkerud et al. who found that VLDL, LDL and 

HDL were primary mitogens and growth promoters for human arterial smooth
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muscle cells and lung fibroblasts in vitro  (Bjorkerud et al. 1994). There is 

evidence that LDL exerts its mitogenic activity by stimulating the production o f 

growth factors and cytokines (Stiko-Rahm et al. 1992). LDL has been 

demonstrated to increase the expression o f PDGF A chain transcripts and 

PDGF a  and P receptors by human aortic smooth muscle cells in culture 

(Stiko-Rahm et al. 1992). These results suggest that cytokines may mediate the 

mitogenic activities o f  lipoproteins. It has been demonstrated that growth 

factors induce quiescent mesangial cells to enter the cell-cycle by decreasing 

the expression o f a cyclin kinase inhibitor and thus increasing expression o f cell 

cyclic proteins (Shankland et al. 1997). The permissive growth actions of 

PDGF are also mediated by the induction o f oncogenes including c-myc and c- 

fo s  (Ranganna et al. 1995). This suggests that the key to lipid induced cell 

proliferation may be the production o f transription factors encoded by 

oncogenes which include c-myc, c-fos, c-jun  and egr. Human c-myc oncogene 

is known to be an important cell cycle related genes and their expression plays 

an important role in the growth and differentiation o f human mesangial cells. 

Grone et al. have demonstrated that exposure o f human mesangial cells to LDL 

resulted in a transient elevation o f mRNA encoding c-fos and c-jun (Grone et 

al. 1992). Therefore LDL may promote cell proliferation by stimulating the 

production o f growth factors and cytokines that increase the expression o f 

oncogenes. Expression o f these transcription factors may in turn increase the 

expression o f genes that facilitate the movement o f cells from the Go phase o f 

the cell cycle to the Gi phase and beyond.
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OxLDL at 6-12 jag/ml caused a modest but statistically non-significant 

elevation in ^H-thymidine incorporation into RMC. At concentrations o f 

OxLDL greater than 25 fig/ml proliferation o f RMC was inhibited. The 

mechanism by which OxLDL mediates cell proliferation is still under 

investigation. A recent report by report by Chai et al identified the active 

mitogenic component in OxLDL to be lysophosphotidylcholine. The same 

study suggests that OxLDL exerts its proliferative effects on rabbits smooth 

muscle cells by inducing the release o f fibroblast growth factor 2 (Chai et al.

1996).

The time course o f ^H-thymidine incorporation into RMC showed that 

LDL induced proliferation was time dependent increasing up to 48 h (the 

longest time period studied). Incubating RMC with a non-toxic concentration 

o f OxLDL caused an increase in proliferation within 18 h and this stimulatory 

effect peaked at 24 h.

Incubating RMC and HMC with LDL at concentrations less than 200 

p.g/ml did not result in cytotoxicity as measured by the ^^Cr assay and the LDH 

assay respectively. Phase-contrast microscopy also did not provide evidence o f 

any LDL induced morphological changes in RMCs. Our results demonstrate 

however, that OxLDL is toxic to both rat and human mesangial cells at 

concentrations as low as 25 |ig/ml. Higher concentrations o f OxLDL resulted 

in profound morphological changes in the cells as shown by phase-contrast 

microscopy. These results concur with those reported by Wheeler et al. and 

Coritsidis et al. (Wheeler et al. 1994; Coritsidis et al. 1991)
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OxLDL has been shown to be toxic to a variety o f cells in culture 

(Morel et al. 1983; Hessler et al. 1983; Negre-Salvayre and Salvayre, 1992) 

and it has been suggested that these cytotoxic effects may contribute to 

atherosclerotic lesion development. LDL receptors are not thought to be 

required to bring about the toxicity o f OxLDL (Henriksen et al. 1979; Borsum 

et al. 1982). Kosugi et al. have demonstrated that fibroblasts carrying out DNA 

synthesis i.e. those that have entered the S phase o f the cell cycle are more 

susceptible to OxLDL induced cell death (Kosugi et al. 1987). This may be the 

case in other cell types as well. We did not use quiescent cells in our studies to 

see if they were less vulnerable to the toxic effects o f OxLDL. The degree o f 

oxidation o f LDL has been shown to correlate strongly with its toxicity (Reid 

and Mitchinson, 1993). The toxic components o f OxLDL are located in the 

lipid moiety o f the particle and the most active in this regard have been found 

to be the products o f cholesterol oxidation (oxysterols) such as 7- 

ketocholesterol, 7a-hydroxycholesterol, 7p-hydroxycholesterol, 7g- 

hydroperoxycholesterol and 26-hydroxycholesterol (Clare et al. 1995; Hughes 

et al. 1994; Chisolm et al. 1994). The 7-position derivatives are present in 

oxidised LDL and in extracts o f  human atherosclerotic lesions which also 

contain 26-hydroxycholesterol (Clare et al. 1995).

The mechanism by which OxLDL causes cytotoxicity is still unclear. 

The current view is that lipid hydroperoxides present in OxLDL induce the 

formation o f cytotoxic, alkoxyl, lipid and peroxyl radicals from cellular lipids 

[see figure.5.8]. The evidence for this theory comes from the studies o f Coffey 

et al. who showed that OxLDL and 7P-hydroperoxycholesterol induced
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cytotoxicity was inhibited by: 1) Ebselen which degrades lipid hydroperoxides, 

2) intracellular metal chelators Desferal and Tiron, 3) 2-keto-4-thiolmethyl 

butyric acid, a putative alkoxyl radical scavenger and 4) Potential scavengers o f 

peroxyl radicals such as vitamin E, and probucol (Coffey et al. 1995).

There is evidence that the final lethal sequence in OxLDL induced cell 

death is programmed (i.e. is an apoptotic process). Electron microscopic 

studies performed by Reid et al. on mouse peritoneal macrophages exposed to 

OxLDL for 24 h demonstrated extensive plasmalemmelal “blebbing” and loss 

o f membrane ruffles by scanning electron microscopy. Transmission electron 

microscopy also showed that up to 50 % o f the cells displayed features 

characteristic o f apoptosis such as vacuolation o f rough endoplasmic reticulum 

and reorganisation o f the heterochromatin in nuclei. These changes were absent 

in control cells and those incubated with native LDL (Reid et al. 1993). In a 

more recent study, Hardwick et al. showed that human monocyte-macrophages 

undergo apoptosis when exposed to OxLDL (Hardwick et al. 1996).
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Figure.5.8 Proposed mechanism of OxLDL induced cytotoxicity adapted from Coffey et 

al. (1995)

Cholesterol or lipid hydroperoxides contained in OxLDL are converted to reactive alkoxyl

radicals (LG* ), lipid radicals (L* ), and peroxyl radicals (LOO* ), through an iron mediated

pathway. . These radicals are capable o f abstracting H from cellular lipids (LH) establishing a 

chain reaction which amplifies peroxidative cell toxicity.

In conclusion there is evidence that in the atherosclerotic process, LDL 

and OxLDL may cause smooth muscle cell proliferation which is implicated in 

the excessive intimai thickening observed in atherosclerotic vessels. The 

cytotoxicity o f OxLDL might explain the origin o f the necrotic base o f
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advanced atherosclerotic plaques. The results presented in this chapter suggest 

that lipoproteins may be partly responsible for mesangial cell proliferation seen 

in early glomerulosclerotic lesions and may cause the necrotic foci seen in later 

lesions and also further strengthens the parallel between atherosclerosis and 

glomerulosclerosis. In light o f these results it may be speculated that 

therapeutic interventions such lipid lowering and strategies that prevent LDL 

oxidation and OxLDL induced cytotoxicity may help reduce the possibility o f 

renal diseases progressing to glomerulosclerosis.
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(6). Discussion and conclusions
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6.(A). The role of lipids in glomerulosclerosis

Lipid deposition in the kidney was noted several decades ago without 

establishing a cause and effect relationship (Bell, 1929; Kimmelstiel and 

Wilson, 1936) and renal diseases are often associated with abnormalities in 

plasma lipoproteins. Patients with the nephrotic syndrome, undergoing renal 

replacement therapies or after renal transplantation have major alterations in 

plasma lipoproteins (Appel, 1991; Wheeler and Bernard, 1994; Kaysen, 1991; 

Chan et al. 1981). Moorhead et al. hypothesised that chronic progressive 

kidney disease may be mediated by abnormalities o f lipid metabolism 

(Moorhead et al. 1982). Since its proposal in 1982 animal and cell culture 

studies have supported the hypothesis that lipids may contribute to the 

development o f glomerular scarring. The work presented in this thesis has 

sought to extend and elaborate on this original hypothesis. This chapter will 

review studies that have attempted to define the role o f lipids in 

glomerulosclerosis, discuss the contribution made by the studies described in 

this thesis, and suggest future studies that may elucidate the pathogenesis and 

importance o f lipid-induced renal injury.

6.(B). Altered lipoprotein metabolism and its effect on the 

glomerulus in animals

The majority o f animal studies have been conducted using rats. A higher 

incidence o f glomerulosclerosis was noted when young male rats were fed high 

cholesterol diets for several months in contrast to control animals maintained 

on a normal diet (Grone et al. 1989, Kasiske et al. 1990). A chemical renal
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insult or reducing renal mass increased glomerulosclerosis in the presence o f 

hyperlipidaemia. (Grone et al. 1989; Kasiske et al. 1990). Therapeutic 

strategies that lowered plasma lipids were also demonstrated to reduce the 

severity o f glomerular lesions (Kasiske et al. 1988a; Wheeler et al. 1991b). 

Other factors such as arterial hypertension, diabetes mellitus, genetic 

disposition, male sex, high protein diet, dyslipoproteinaemia, obesity and 

coagulation disorders have been demonstrated to be factors that initiate 

glomerulosclerosis in the rat (Weening et al. 1986; Grone et al. 1994). 

Hyperlipoproteinaemia and one or more o f these factors have been shown to 

act in synergy in causing rat glomerulosclerosis. One o f  the most important o f 

these extra-glomerular factors was found to be arterial hypertension. 

Hypertension (often found in conjunction with hyperlipidaemia in human 

subjects), increases the severity o f glomerulosclerotic lesions in 

hypercholesterolaemic rats (Grone et al. 1993). Experiments using the Dahl 

salt-sensitive hypertensive rats have confirmed these findings (Tolins et al.

1992). A positive correlation was also noted between hyperlipidaemia and 

glomerulosclerosis in obese Zucker rats which are genetically predisposed to 

develop diabetes (Kasiske et al. 1988a).

The pathogenic mechanisms by which lipid may cause glomerular 

scarring have not been fully elucidated. Hyperlipoproteinaemia may exert its 

damaging effects on glomeruli at both the cellular and extra-cellular level. An 

early manifestation o f  lipid-mediated glomerular damage is proteinuria (Grone 

et al. 1989) which may result due to an altered composition (Suzuki et al.

1992) and/or permeability (Iverius, 1972) o f the glomerular basement
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membrane (GBM). Micropuncture studies in SD rats fed a high cholesterol diet 

for 4 weeks have also demonstrated that glomerular trans-capillary pressures 

are increased (Kasiske et al. 1990). These changes may be mediated by 

qualitative and quantitative changes in the local production o f eicosanoids and 

perhaps other vascular active substances such as nitric oxide and endothelin 

(Bank, 1993). The role o f these factors in the lipid-mediated progression o f 

glomerulosclerosis remain to be defined.

One o f the major targets for lipid-induced glomerular damage is the 

mesangium. This may be due to  its location beneath the endothelium o f 

glomerular capillaries without an intervening basement membrane. These 

structural features provide plasma constituents easy access to this region 

through endothelial cytoplasmic pores. Plasma components entering the 

mesangial matrix may either be degraded by proteases produced by mesangial 

cells or internalised by these cells (Schlondorff, 1987). A feature o f lipid- 

induced glomerulosclerosis especially in the later stages, is the accumulation o f 

lipid in the mesangial matrix and in cells o f the mesangium which also increase 

in number (Grone et al. 1989; Magil and Cohen, 1989; Al-Shebeb et al. 1988). 

These cells may be infiltrating monocyte/macrophages or intrinsic mesangial 

cells and macrophages (Magil and Cohen, 1989). It is presumed that cells o f 

the mesangium increase synthesis o f mesangial matrix components and/or 

decrease degradation o f this material, thus generating a scar. The role played by 

lipids in altering synthesis or degradation o f matrix components such as 

collagens and proteoglycans by mesangial cells has not been fully investigated.
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6.(C). Effects of lipoproteins on glomerular cells in vitro

The in vivo  events that lead to lipid-induced glomerulopathy are 

extremely complex and therefore several investigators including us have used 

glomerular cells in culture to study effects o f lipoproteins on cells in an in vitro 

setting. This approach allows the establishment o f more precise experimental 

conditions than animal experiments and also allows a more detailed 

examination o f lipoprotein-cellular interactions. However, a drawback o f this 

approach is the fact that the complexity o f the in vivo  situation cannot be re

created and therefore simplistic conclusions may be reached from the results o f 

cell culture experiments.

6.(C).1. Oxidation of LDL by mesangial cells

Cell culture o f human visceral epithelial cells (HVE), rat mesangial cells 

(RMC) and human mesangial cells (HMC) are now well established and have 

been used extensively to study lipoprotein-cell interactions.

There is accumulating evidence that post-secretory modification o f 

lipoproteins, particularly oxidation, is important in atherogenesis (Steinbrecher 

et al. 1990). The occurrence o f OxLDL in vivo  has been verified by 

immunohistochemical studies demonstrating reactivity o f materials in human 

atherosclerotic lesions with antibodies directed against epitopes generated 

during oxidative modification o f LDL (Yla-Herttuala et al. 1989). 

Autoantibodies against epitopes o f OxLDL have also been detected in human 

plasma (Salonen et al. 1992; C hait, 1992) and the level o f these antibodies 

may also reflect the rate o f LDL oxidation (Chait, 1992). The progression o f
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peripheral atherosclerosis was also found to correlate with the titre o f these 

antibodies (Salonen et al. 1992). The ability o f cells o f the arterial wall such as 

endothelial cells, vascular smooth muscle cells and monocyte macrophages to 

oxidise LDL has also been demonstrated in vitro  (Steinbrecher et al. 1984; 

Heinecke et al. 1986; Parthasarathy et al. 1986). The similarities in 

pathobiology o f atherosclerosis and glomerulosclerosis suggests that OxLDL 

may also be involved in the latter process. Oxidised lipoproteins have been 

demonstrated in the glomeruli o f rats with experimental nephrosis (Magil et al.

1993) and the existence o f macrophage-derived and mesangial foam cells in 

later stages o f lipid glomerulopathy also suggests that oxidised lipoproteins are 

present in the glomeruli o f animals and man (Magil and Cohen, 1989; Grone et 

al. 1992). We investigated the ability o f rat and human mesangial cells to 

oxidise LDL in vitro. The results presented in chapter 3 o f this thesis and our 

published data confirm that mesangial cells have the capacity to oxidise LDL in 

vitro  (Fernando et al. 1992; Fernando et al. 1998). These results have been 

confirmed by other studies using human and animal mesangial cells (Wheeler et 

al. 1994; Shapiro and Xie, 1991). The mechanism by which LDL is oxidised 

however merits further investigation. Our data and those o f others suggests a 

superoxide mediated mechanism but some studies assign a role for 

lipoxygenase in mesangial cell mediated LDL oxidation (Shapiro and Xie, 

1991). We also compared mesangial cell mediated LDL oxidation with 

oxidation o f LDL by other cell types known to oxidise LDL in vitro, HUVEC, 

and THP-1 cells. We found that LDL oxidation per mg cell protein was highest 

for HUVEC. HMC oxidised LDL to a similar extent to that o f THP-1 cells
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transformed into macrophages (Fernando et al. 1998). These results suggest 

that oxidation o f LDL by mesangial cells may be important in the diseased 

glomerulus.

6.(C).2. Lipoprotein receptors expressed by glomerular cells

Human mesangial cells (Grone et al. 1992) and human visceral epithelial 

cells have been demonstrated to express receptors for apo B and apo E 

containing lipoprotein particles (Grone et al. 1990). The receptor affinity (Kq) 

o f  glomerular cells for these lipoprotein particles is similar to that o f the 

fibroblast receptors but the maximal binding capacity (Bmax) o f HVE is 15% 

and HMC 50 % lower than the Bmax o f the fibroblast receptors (Grone et al.

1994). Uptake o f lipoprotein particles by apo B/E receptors does not lead to 

the massive accumulation o f intracellular lipid under normal circumstances as 

was elegantly demonstrated by Brown and Goldstein (Brown and Goldstein, 

1986). Therefore the lipid filled glomerular cells which are most prominent in 

advanced sclerotic lesions must accumulate lipid using different pathways. Cells 

may accumulate lipids in an unregulated fashion by the scavenger receptor 

pathway (see chapter 4). The lipoprotein ligands for these multiligand receptors 

have been demonstrated to be modified LDL particles such as OxLDL and 

AcLDL (Krieger and Herz, 1994). The results presented in chapter 4 and those 

published in our paper have demonstrated the presence o f a RMC receptor that 

binds AcLDL and OxLDL with a high affinity (Fernando et al. 1993). These 

results are in agreement with the studies o f Coritsidis et al. who reported that 

RMC preferentially bind oxidatively modified LDL and that [̂ "̂ C] cholesterol
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oleate accumulation in cellular cholesterol esters was greater in the presence o f 

OxLDL in vitro  (Coritsidis et al. 1991). They also demonstrated that 

OxLDL injected into rats accumulate both in liver and glomeruli in vivo, 

suggesting the presence o f glomerular binding sites for OxLDL. Suzaki et al. 

confirmed the presence o f specific receptors for AcLDL on RMC (Suzaki et al. 

1993). Elegant studies performed by Lee et al. using ^^^I-OxLDL and colloidal 

gold labelled OxLDL have confirmed that RMC specifically bind, internalise 

and degrade ^^^I-OxLDL and exhibit extensive internalisation o f  gold particles 

leading to the development o f foam cells (Lee and Koh, 1994).

There is some controversy as to whether HMC express scavenger type 

multiligand receptors that bind and internalise modified forms o f LDL. Grone 

et al. could not demonstrate the presence o f scavenger receptors in HMCs in 

culture (Grone et al. 1992) and Naito et al. did not find significant expression 

o f scavenger receptors in bovine glomeruli (Naito et al. 1991). However, Lee 

et al. have demonstrated specific receptors for OxLDL on HMC, but could not 

visualise extensive cellular uptake o f OxLDL-gold conjugates by these cells 

because o f the small number o f receptors they expressed (Lee and Koh, 1994). 

Histological studies carried out by Takemura et al. have also provided evidence 

that apo B and E are deposited in the mesangial regions o f glomeruli in kidney 

biopsies taken from patients with mesangioproliferative glomerulonephritis 

(Takemura et al. 1993). Their immunoelectron microscopic studies also 

showed that these apoproteins were located in droplets found mainly in the 

cytoplasm o f mesangial and epithelial cells and in granules in the mesangial 

matrix. In the same group o f patients immunogold techniques detected the
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presence o f scavenger receptors on the plasma membranes o f  mesangial and 

epithelial cells. Biochemical and morphological data o f Anami et al. have also 

showed that AcLDL induced foam cell formation in HMC in vitro  (Anami et al. 

1998).

The uptake o f Apo E containing lipoproteins by glomerular cells may be 

important in lipid-induced glomerular damage as several glomerular diseases 

especially the nephrotic syndrome are accompanied by severe disturbances in 

the metabolism o f apo E containing lipoproteins. A massive cluster o f foam 

cells was demonstrated in the mesangial region o f the kidneys o f patients with 

familial type III hyperlipoproteinaemia associated with diabetes mellitus and/or 

nephrotic syndrome (Suzaki et al. 1990; Horita et al. 1994). Suzaki et al. also 

reported immunohistochemical evidence for the presence o f apo B and apo E in 

the these foam cells (Suzaki et al. 1990). Apo E containing lipoproteins bind 

glomerular cells in culture with a high affinity and have been demonstrated to 

decrease the uptake o f apo B-lOO containing lipoproteins (Grone et al. 1992).

Studies by Grone et al. have documented that apo E containing 

lipoprotein internalisation by glomerular cells exceeds their degradation (Grone 

et al. 1992; Grone et al. 1990) and patients with a variety o f renal diseases have 

low LCAT enzyme activities which reduces the capacity o f cells to transfer 

lipids to the LCAT/CETP complex (Nayak et al. 1990). Both these mechanisms 

may lead to an over accumulation o f  lipid in glomerular cells.

Another apo E containing lipoprotein, (3-migrating very low density 

lipoprotein (p-VLDL) is known to be highly atherogenic and is also raised in 

familial type III hyperlipoproteinaemic patients associated with diabetes
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mellitus and/or the nephrotic syndrome (Suzaki et al. 1990). There are several 

receptors that can facilitate the uptake o f apo E-rich lipoproteins such as 

VLDL and the modified p-VLDL. These include the VLDL receptor (Sakai et 

al. 1994), LDL receptor, LRP (Herz et al. 1988), and the apoE receptor-2 

(Kim et al. 1996). The VLDL and LDL receptors are reported to be expressed 

in the kidney where as the LRP and apoE receptor-2 are expressed in the liver 

and brain respectively. p-VLDL uptake even via the LDL receptor can cause 

the formation o f foam cells. Rabbit P-VLDL was reported to induce foam cell 

formation in mouse mesangial through the LDL receptor (Nishikawa et al. 

1995). A recent study has also demonstrated that human P-VLDL induces 

foam cell formation in HMC through a P-VLDL specific pathway and the LDL 

receptor pathway (Anami et al. 1998). These authors found that incubating 

HMC with P-VLDL for 7 days, dramatically reduced binding o f ^^^I-LDL to 

these cells and LDL receptor mRNA levels. However, binding o f  ^^^I-VLDL to 

HMC was only slightly reduced and there were no significant changes in 

cellular VLDL receptor mRNA levels. They therefore suggest that the uptake 

o f P-VLDL by the VLDL receptor leads to HMC foam cell formation (Anami 

etal. 1998).

6.(C).3. The proliferative and cytotoxic effects of lipoproteins

Accumulation o f lipid in glomerular cells is probably a phenomenon that 

occurs late in glomerulosclerosis. Therefore other actions o f lipoproteins on 

renal cells need to be considered. The proliferation o f glomerular cells has been 

shown to precede scarring in some animal models (Eng et al. 1994; Pesce et al.
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1991) and the possible importance o f the proliferative and/or cytotoxic effects 

o f lipoproteins on mesangial was alluded to in the original hypothesis 

forwarded by M oorhead et al. (Moorhead et al. 1982)

D ata presented in this thesis and other studies have demonstrated that 

LDL has a biphasic effect on mesangial cell proliferation with low 

concentrations stimulating cell proliferation and higher concentrations causing 

an inhibitory effect (Wheeler et al. 1990; Wasserman et al. 1989; Nishida et al. 

1997). VLDL also stimulates mesangial cell proliferation (Grone et al. 1992; 

Nishida et al. 1997). Grone et. al showed that expression o f the mRNA o f c-fos 

and c,-jun, oncogenes involved in cell proliferation are transiently increased 

following exposure o f HMC to LDL (Grone et al. 1992). Vascular smooth 

muscle cells incubated with LDL also exhibit an increased expression o f c-fos 

and c-myc but not z-jun  mRNA and proliferate in the presence o f other 

mitogenic growth factors such as EGF (Scott-Burden et al. 1989; Libby et al. 

1985). Other reports however, have demonstrated that lipoproteins are primary 

mitogens for cells in vitro  (Bjorkerud and Bjorkerud, 1994). There is some 

evidence that lipoproteins may exert their effects by first increasing growth 

factors which would then act as autocrines to stimulate cell proliferation 

(Polanco et al. 1996; Stiko-Rahm et al. 1992). LDL induced an increase in 

PDGF A and B chain mRNA expression by HMC (Grone et al. 1992). An 

increase in PDGF protein synthesis by HMC following exposure to LDL has 

also been recently demonstrated (Nishida et al. 1997). It is likely that 

lipoproteins act together with other mitogenic factors to induce proliferative 

effects in vivo. Studies carried out using HMC have demonstrated that LDL
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acts in synergy with mitogenic peptides such as endothelin and PDGF to cause 

proliferation. The LDL uptake by these cells was also increased by mitogenic 

peptides and prostaglandins such as thromboxane A2, endothelin, PDGF and 

IGF-1 (Singhal et al. 1991; Grone et al. 1992). On the other hand prostaglandin 

I2 which has an inhibitory effect on mesangial cell proliferation (Mene et al. 

1992; Mene and Dunn, 1990) decreased LDL uptake (Singhal et al. 1991).

Additional effect o f OxLDL on mesangial and other cells o f  the 

glomerulus may contribute the progression o f glomerulosclerosis. Oxidised 

LDL is cytotoxic to a variety o f cell types and we and others have 

demonstrated that OxLDL decreases ^H-thymidine uptake in mesangial cell 

cultures (chapter 5) and that indices o f cellular toxicity such as ^^Cr release and 

LDH release increase when these cells are co-incubated with OxLDL 

(Fernando et al. 1993; Coritsidis et al. 1991; Wheeler et al. 1994). Direct 

phase-microscopic observation o f mesangial cell cultures following incubation 

with OxLDL also revealed that gross morphological changes associated with 

cytotoxicity had occurred (Fernando et al. 1993; Fernando et al. 1992). The 

toxic effects o f OxLDL become apparent in mesangial cell cultures at 

concentration greater than 25 pg/ml. The toxic components o f OxLDL have 

been shown to be confined to the lipid constituents o f the particle, particularly 

the products o f cholesterol oxidation (Sevanian et al. 1995; Coffey et al. 1995). 

The progressive loss o f antioxidants and cell mediated oxidation o f locally 

deposited LDL, could transform it into a cytotoxic substance, which could 

damage endothelial, mesangial and epithelial cells and therefore contribute to 

the development o f glomerular scarring.
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6.(D). The role of atherogenic lipoproteins in cytokine mediated 

monocyte recruitment

Monocyte infiltration into glomerular lesion areas is a prominent early 

feature of glomerulosclerosis (Matsumoto and Atkins, 1989). Inhibition of 

monocyte recruitment into glomeruli significantly decreases glomerulosclerosis 

in animal models (van Goor et al. 1992; van Go or et al. 1991). Therefore 

monocytes/macrophages appear to play an essential role in this process. These 

cells may mediate their effects by there ability to oxidatively modify lipids 

(Parthasarathy et al. 1986) and following interaction with lipoproteins, release a 

battery of chemokines and cytokines that lead to cell proliferation and extra

cellular matrix expansion (Rosenfeld, 1996).

Evidence is accumulating that recruitment o f monocytes into the 

glomerulus may involve the actions of lipoproteins on intrinsic glomerular cells 

(Kirschenbaum et al. 1996). In vitro studies by Kammana et al. have shown 

that OxLDL dose dependently increased murine mesangial cell gene expression 

of macrophage-colony stimulating factor (M-CSF) and the murine homologue 

of human monocyte chemotactic protein-1 (JE/MCP-1) (Kamanna et al. 1996). 

Conditioned media from OxLDL stimulated murine mesangial cells also 

stimulated bone marrow progenitor cell colony formation and monocyte 

migration. These effects were attenuated in the presence of anti-CSF and anti- 

JE/MCP-1 antibodies respectively. Conditioned media from HMC co-incubated 

with OxLDL also stimulated the endothelial transmigration of monocytes and 

the production of MCP-1 (Xu et al. 1997). This data provides compelling
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evidence that the action of atherogenic lipoproteins on intrinsic glomerular cells 

may attract circulating monocytes into the glomerulus.

6.(E). Interaction of lipoproteins with extra-cellular matrix

LDL may bind and also affect synthesis of glomerular extra-cellular 

matrix constituents. The binding is thought to be mediated by the ionic 

interaction between the positively charged apo B of LDL and negative charges 

on glycosaminoglycans (Iverius, 1972). The composition of both LDL and 

proteoglycans affect lipoprotein-matrix interactions, and OxLDL may 

preferentially bind type 1 collagen (Hoover et al. 1988). This may be due to the 

fact that the scavenger receptor binding domain has a collagenous sequence 

(Krieger and Herz, 1994). Modification of extra-cellular matrix, for example by 

advanced glycation end-products prevalent in diabetes mellitus may also affect 

binding of lipoproteins to matrix components (Brownlee et al. 1985). 

Experiments performed by Gupta et al. have demonstrated that binding of 

LDL, OxLDL and glycated LDL to mesangial matrix was ~5 times greater than 

the binding of these lipoproteins to RMC (Gupta et al. 1992). Matrix binding 

was found to be non-saturable and therefore a non-receptor mediated process. 

Extra-cellular matrix modifications also lead to altered binding of lipoprotein to 

matrix components. Non-enzymatic modification of mesangial matrix using 

glycoaldehyde, an agent that is thought to mimic the protein cross-linking 

processes that occur in advanced diabetes, has been demonstrated to double the 

binding of LDL and glycated LDL to mesangial matrix (Gupta et al. 1992).
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Lipoproteins may also increase glomerular cell extra-cellular matrix 

material synthesis. Native LDL stimulates the expression of collagen type IV 

mRNA and protein synthesis by RMC (Kim et al. 1994) and Rovin and Tan 

have also demonstrated that native LDL induces an increase in fibronectin 

mRNA and protein in HMC in culture (Rovin and Tan, 1993). The influence of 

OxLDL on matrix component production by mesangial cells is still under 

investigation but studies by Ding et al. have demonstrated that OxLDL 

stimulates the expression of fibronectin and TGF-(3 mRNA by human 

glomerular epithelial cells (Ding et al. 1997).

6.(F). Mechanisms by which LDL may contribute to progressive 

glomerular and renal injury

Under normolipidaemic conditions [figure 6.1.(A)] it is likely that a 

balance exists between LDL entry, utilisation, and removal from the 

glomerulus. LDL cholesterol, fatty acids and phospholipids may be used for the 

manufacture of new plasma membranes and lipid derived mediators. Cellular 

uptake of LDL is through the tightly regulated Apo B/E receptor and excess 

cholesterol is removed by reverse cholesterol pathways. Any LDL particles 

trapped in the mesangial matrix are probably protected from oxidative 

modification by endogenous antioxidants and the prevailing low oxidant stress 

environment. Therefore under these condition the LDL concentration within 

the glomerulus is in equilibrium with that of the capillary blood stream and no 

pathology occurs.
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During hyperlipidaemia following a renal insult, the balance that exists 

between the entry and exit of LDL into the glomerulus may be upset and 

conditions within the mesangium, may promote over-accumulation of LDL, 

especially in the mesangial matrix [figure 6 (B)]. The trapped LDL may then 

progressively lose endogenous antioxidants due to an oxidant stress 

environment and may also be oxidised by intrinsic cells including mesangial 

cells, endothelial cells and macrophages. The oxidised LDL may then induce 

glomerular cells to produce chemokines which attract monocyte influx into the 

glomerulus. Once matured into macrophages these cells could internalise 

OxLDL via their scavenger receptors and become foam cells. They could also 

produce a variety of cytokines and growth factors that could mediate 

proliferative events that occur during glomerular diseases. Macrophages are 

also capable of producing powerful oxidant species and therefore may further 

oxidise trapped LDL into cytotoxic forms which could activate endothelial, 

mesangial cells, lymphocytes and platelets and induce the production of 

inflammatory cytokines and other lipid mediators which in turn may amplify 

and perpetuate the disease process.
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Fijiure 6.1 Schematic representation of how LDL interacts with mesangial cells: 
A) Lnder normal conditions. B) Lnder hyperlipidaemic conditions.
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In conclusion therefore two main conditions must be satisfied if LDL is 

to contribute to progressive glomerular disease. Firstly, an initial glomerular 

injury followed by hyperlipidaemia resulting in mesangial expansion and 

trapping of LDL in the mesangial matrix. Secondly, the modification of the 

LDL within the glomerulus by oxidant species produced by intrinsic and 

extrinsic glomerular cells.

6.(G). Does hyperlipidaemia cause glomerulopathy in man ?

Abundant evidence from animal studies suggest that lipid induced 

glomerulopathy does occur (Keane et al. 1991). However, the answer to the 

question above remains to be found. As discussed in the introduction, 

deposition of lipid in the kidney was noted over a century ago but was thought 

to be secondary to the disease process and therefore a cause-efFect relationship 

was not established. Lipid accumulation in glomeruli is prominent in metabolic 

diseases such as familial LCAT deficiency (McIntyre, 1988), familial type III 

hyperlipoproteinaemia associated with diabetes mellitus and/or nephrotic 

syndrome (Keane et al. 1991), hepatic-renal syndrome and Fabry’s disease 

(Schatzki et al. 1979). Several Japanese case reports (Koitabashi et al. 1990; 

Shibata et al. 1990; Saito et al. 1989) and a recent European one (Meyrier et al.

1995) have also described patients with severe forms of lipid glomerulopathy. 

In man, arterial hypertension is generally asserted to be the most important 

causative factor in the development and progression of renal scarring following 

a disease process initiated by immunological mechanisms (Tollins et al. 1992). 

However, glomerulosclerosis may occur in some subjects even in the absence
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of persistent arterial hypertension and other established risk factors for 

glomerular injury such as diabetes mellitus (Tracy, 1992). There is now 

compelling evidence from animal studies and in vitro studies that disturbances 

in lipid metabolism may be important in glomerulosclerosis (Keane et al. 

1991b). Decline in renal function as measured by glomerular filtration rate 

(GFR) even in animal models of lipid glomerulopathy takes a relatively long 

period o f time and this is especially true for the time course o f chronic renal 

diseases in humans. Therefore the contribution of lipid abnormalities to the 

decline in renal function in human subjects may be overlooked. Large scale, 

long term studies that have investigated a possible link between lipid 

abnormalities and the progression of chronic renal failure are few. Cappelli et 

al. reported that the apo A levels and apo A/Apo B ratio values were lower in a 

group of patients who had progressive chronic renal failure (Cappelli et al.

1992). Samuelsson et al. also demonstrated a correlation between apo B and 

the progression of disease as measured by a decline in GFR (Samuelsson et al.

1993). Patients with a higher initial measurements of total and LDL cholesterol 

in this study, also had a progressive course to their disease. 

Hypercholesterolaemia has also been reported to be a predictor of the loss of 

renal function and death, in a large group of insulin dependent diabetes mellitus 

patients with nephropathy (Krolewski et al. 1994). Ultrastructural studies 

carried out on a large series of routine biopsies, have also shown the presence 

of extra-cellular lipid in 8% of non-sclerotic glomeruli (Lee et al. 1991). This 

suggests that lipoprotein entry into the glomerulus may precede sclerosis and 

the decline to renal failure. However, the strongest predictor o f the progression
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of chronic renal failure in humans is the presence of persistent proteinuria 

(Cameron, 1990).

6.(H). Treatment of hyperlipidaemia and its effect on the 

progression of renal disease

Animal models of progressive renal disease are ameliorated by 

therapeutic interventions that reduce plasma lipids. Most of the studies 

reported have been carried out in the rat. Lipid-induced glomerular lesions are 

decreased by a variety o f agents including the fibrates (Kasiske et al. 1988b), n- 

3 fatty acids (Wheeler et al. 1991), bile acid sequestrators (Diamond et al. 

1990) and HMG-CoA reductase inhibitors (Diamond et al. 1990). In some 

studies glomerulosclerosis was reduced greatly with only modest lowering of 

plasma lipids. This suggests that other effects of the drugs may mediate the 

inhibition of glomerulosclerosis. HMG-CoA reductase inhibitors have been 

shown to be anti-proliferative agents in vitro and therefore may prevent 

sclerosis by inhibiting cell proliferation, in addition to their lipid lowering 

activity (Kasiske et al. 1994).

Most human studies involving lipid lowering therapy have been carried 

out on patients with the nephrotic syndrome. Plasma lipids in these patients are 

often extremely high and therefore dietary measures used to lower lipids are 

generally ineffective. Treatment with therapeutic agents such as bile acid- 

binders, fibric acid derivatives, HMG-CoA reductase inhibitors, probucol, and 

nicotinic acid and have been shown to decrease hyperlipidaemia in nephrotic 

patients (Wheeler and Bernard, 1994). Whether lipid-lowering in humans
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preserves renal function and/or decreases glomerular lesions remains 

unresolved. This may be because even the most effective hypolipidaemic drugs 

only reduce total plasma cholesterol to a maximum of 30-40 % in these patients 

and therefore the hyperlipidaemia is never usually normalised (Moorhead et al.

1997). In addition the long time course needed for renal changes to occur, 

means that assessing if these drugs have any effect in preserving renal function 

is problematic (Grone et al. 1994). Newer and more powerful lipid lowering 

drugs such as atorvastatin and therapies such as LDL apheresis (which removes 

LDL from hyperlipidaemic plasma by adsorbing it onto negatively charged 

dextran sulphate columns), may reduce plasma lipids to a sufficient level to 

demonstrate positive effects on renal function (Tojo et al. 1990). In addition, 

careful long term management of hyperlipidaemia may be important in reducing 

cardiovascular mortality in patients with renal disease, those undergoing renal 

replacement therapy and renal transplant recipients.

In conclusion, evidence from in vitro and animal experiments strongly 

suggest that the hyperlipidaemia and altered lipid metabolism prevalent in renal 

patients may play a role in determining the course of human renal disease. 

However, the long time period necessary for renal changes to develop may 

significantly hinder prospective clinical trials using lipid lowering therapies.
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