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• Chronic renal disease is a progressive process. Implicated factors include abnormalities of the clotting 
cascade, altered prostaglandin metabolism, increased dietary protein intake, and abnormalities of 
lipoprotein metabolism. Several animal models have associated increased serum concentrations of 
cholesterol and triglycerides with progressive decline in renal function. T h e mechanism(s) of lipid-as-
sociated renal injury are unknown but may relate to lipid uptake by glomerular mesangial cells, hypervis-
cosity secondary to the hyperlipidemia, and a direct effect of the lipids on the glomerular basement 
membrane. Patients with chronic renal disease have well recognized increases in serum lipid concentra-
tions. Whether lowering these concentrations will delay or prevent progressive renal failure or renal 
histologic abnormalities is unknown, but studies are underway to evaluate the effect of lipid-lowering 
agents in patients at risk for chronic progressive renal disease. 
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RESEARCHERS are expending much time and 
effort to determine the pathogenesis of renal dis-
ease that progresses to end-stage disease. It has 
been hypothesized that within a diseased kidney 

there are normal nephrons and diseased nephrons, and that 
the glomeruli of normal nephrons have increased filtering 
function. The hyperfiltration of these ghmeruli may be one 
mechanism that leads to the destruction of that nephron. 
Other processes also have been implicated. This article, 
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second in the "Bench to Bedside" series, presents results of 
experimental studies which suggest that hyperlipidemia may 
promote the progression of renal disease. These data provide 
an avenue for future human investigation. B.H.B. 

Chronic renal failure from various causes is a progres-
sive phenomenon.1 Several potentially modifiable fac-
tors may perpetuate the progression of the initial renal 
injury. For example, increases in dietary protein intake,2 

the activation of the intrarenal renin-angiotensin sys-
tem,3 platelet aggregation, and intrarenal clotting ab-
normalities4 may contribute to the progression of 
chronic renal insufficiency to a stage of irreversible renal 
failure. Although it is not clear that any one of these 
factors is solely responsible for the self-perpetuating na-
ture of progressive renal failure, experimental studies 
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F I G U R E 1. Potential mechanisms whereby increased serum cholesterol concentrat ion promotes progressive decline in renal funct ion. 

and some clinical trials have indicated that reduced 
dietary protein intake5 or the use of angiotensin-con-
verting enzyme inhibitors6 may slow the progressive 
deterioration in renal function in certain forms of 
chronic renal disease. 

Another promising area of investigation was stimu-
lated by the hypothesis that hypercholesterolemia can 
hasten the decline in renal function (Figure 1 ). In 1982, 
Moorhead and associates7 suggested that chronic 
progressive renal disease could be mediated in part by 
abnormalities of lipid metabolism. These investigators 
proposed that with the initial renal injury and sub-
sequent proteinuria, low-density lipoproteins (LDL) 
would be produced in excess by the liver and metabo-
lized slowly in the peripheral circulation. These 
lipoproteins would then bind to heparan-sulfate 
glycosaminoglycans in the glomerular basement 
membrane (GBM), increasing its permeability to al-
bumin. 

Continued urinary loss of albumin with subsequent 
decreases in serum albumin concentration or oncotic 

pressure would further stimulate hepatic lipoprotein 
synthesis. T h e mesangial cell, acting as a local 
reticuloendothelial system for the glomerulus, could ac-
cumulate lipids and produce excess basement membrane 
material, thus limiting the glomerular filtration rate 
(GFR). These investigators further hypothesized that 
progressive tubular interstitial disease could result in 
tubular luminal precipitation of lipoproteins, also lead-
ing to progressive renal dysfunction. 

ENDOGENOUS HYPERLIP1DEMIA: THE OBESE ZUCKER RAT 

Based on these theories, several investigators have 
performed studies in animal models of chronic renal 
disease (Table I ) . The results indicate that lipids may 
play a prominent role in the self-perpetuating renal dys-
function of chronic renal insufficiency. 

The obese Zucker rat has been used as a model of 
endogenous hyperlipidemia. This rodent model is as-
sociated with abnormal lipid metabolism at an early 
age,8 with subsequent development of progressive renal 
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TABLE 2 
EFFECTS OF TREATMENT 

disease9,10 characterized his-
tologically by focal segmen-
tal sclerosis. In contrast, lean 
littermates remain nor-
molipemic and maintain 
normal renal function and 
structure.9,10 

T h e structural abnor-
mality of obese Zucker rats is 
focal segmental sclerosis— 
and anomaly that can be in-
duced with a high-cho-
lesterol diet in a variety of 
animals. Experiments with 
the guinea pig by French 
and associates11 demon-
strated that a 1% cholesterol 
diet would result in severe, 
progressive glomeruloscler-
osis with cholesterol crystals 
in the glomerular capillaries. 
Similar findings were 
reported by Al-Shebeb and 
associates in the guinea pig12 

and Wellmann and Volk in 
New Zealand rabbits.13 

Using a known model of 
chronic progressive renal disease, rats treated with the 
nephrotoxin puromycin aminonucleoside (PAN), Ed-
wards14 showed that high-fat diets accelerated this ex-
perimental form of glomerular disease. The disease 
resembles focal segmental glomerulosclerosis in humans. 
Using this same model, Grond and associates15 

demonstrated that, in rats with focal segmental 
glomerulosclerosis, lipids accumulated within the 
glomeruli and, most prominently, in the areas of 
glomerulosclerosis. 

Studies by Diamond and Karnovsky,16 using the same 
model of nephrotic syndrome and chronic progressive 
renal failure, showed accelerated progression of renal 
failure with high-cholesterol diets. The cholesterol-fed 
animals had not only significantly higher serum 
cholesterol concentrations, but also significantly higher 
urine protein excretion rates and lower inulin clearan-
ces. Renal histology demonstrated more sclerotic 
glomeruli, increased mesangial proliferation, and more 
mesangial foam cells than nonsupplemented animals. 

Another experimental rat model immunizes rats 
against rabbit gamma globulin; the rat is then injected 
with rabbit anti-rat nephrotoxic serum. El-Nahas and 
colleagues17 used the model of nephrotoxic serum 

TABLE 1 
EXPERIMENTAL MODELS OF RENAL DISEASE AND HYPERCHOLESTEROLEMIA 

Cholesterol/ Protein 
Animal model triglyceride Histology excretion GFR 

Obese Zucker rat1> ,£' 1 7 - t ME, T G S T Normal 
Normal rats14 " Î / 4 Î G S T Normal, 4 
Guinea pig" '2 Î / N D î ME, T G S T Normal 
Rabbit" Î / N D Î G S ND ND 
Rats with PAN14"' Î / Î Î G S T i 
Rats with N S N " Î / N D Î G S HD ND 

ME, mesangial expansion; GS, glomerulosclerosis; PAN, puromycin aminonucleoside nephrosis; NSN, 
nephrotoxic serum nephritis; ND, no data. 

Cholesterol/ Protein 
Animal model Treatment triglyceride GFR excretion Histology 

5/6 Nephrectomy21 Lovastatin m ND 4 4 G S 
Clofibrate il- T 4 4 G S 

Obese Zucker rat22 Lovastatin i a — 4 4 ME, 4 G S 
Clofibrate il- — 4 4 ME, 4 G S 

PAN rat2' Lovastatin i a T 4 4 G S 

ND, no data; GS, glomerulosclerosis; ME, mesangial expansion; PAN, puromycin aminonucleoside nephrosis. 

nephritis in rats to show a strong positive correlation 
between the degree of glomerulosclerosis and lipid con-
tent and the extent of renal tubular atrophy and lipid 
content. 

Various experimental models of renal dysfunction in-
dicate that elevated serum cholesterol concentrations 
from exogenous and higher cholesterol feedings and en-
dogenous hyperlipidemia may perpetuate the initial 
renal dysfunction. Studies by Schmitz and colleagues18 

and Kasiske and associates19 have confirmed that dietary 
cholesterol supplementation in normal rats leads to in-
creased proteinuria and frequency of focal segmental 
glomerulosclerosis. After 1 month of such supplementa-
tion, not only was the GFR decreased, but structural 
abnormalities were evident, such as glomerular enlarge-
ment with mesangial matrix expansion and hypercel-
lularity. Such histologic changes precede the appearance 
of sclerotic lesions, which are the hallmark of chronic 
progressive renal disease. 

EFFECT OF LIPID-LOWERING THERAPY 

The demonstration of lipid infiltration in renal 
glomerular, mesangial, or tubular cells in experimental 
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models of chronic renal disease does not prove that 
circulating or tissue-bound lipids or lipoproteins play a 
causative role in the progression of renal dysfunction. 
However, there is evidence for a causative role of lipid 
abnormalities in progressive renal disease in evaluations 
of treatment modalities that alter blood lipid and 
lipoprotein concentrations. 

Kasiske and associates20 used two lipid-lowering 
agents, lovastatin and clofibrate, to treat rats in which 
five-sixths of the total renal mass had been removed. 
Although this experimental model has limitations as an 
analogy for human renal disease, it has been widely used 
as an animal model of progressive renal disease. 

Both agents reduced serum cholesterol concentra-
tions. Compared to untreated controls, clofibrate in-
creased glomerular filtration rate (0.9±.09 v 1.2±0.11 
mL/min) and reduced albuminuria (11±4.0 v 62.0+10 
mg/24h). In addition to ameliorating these functional 
abnormalities, both agents significantly reduced the per-
centage of sclerotic glomeruli. 

These investigators21 reported similar findings in the 
obese Zucker rat. As with the five-sixths nephrectomy 
model, both agents significantly decreased both 
proteinuria and frequency of sclerotic lesions. Recently 
Harris and associates22 used lovastatin to lower serum 
lipid concentrations in rats made nephrotic with injec-
tion of PAN and protamine sulfate. Lovastatin sig-
nificantly lowered serum cholesterol concentrations and 
improved the GFR (0.82±0.41 v 1.83+0.42 mL/min/kg 
body weight). As with the other experimental studies, 
the treated rats had significantly fewer sclerotic 
glomeruli on histologic examination as well as decreased 
proteinuria. Taken together, these animal studies pro-
vide compelling evidence that hyperlipidemia may be a 
modifiable factor in progressive renal disease (Table 2). 

PATHOPHYSIOLOGY OF LIPID-ASSOCIATED RENAL INJURY 

Mechanisms whereby elevated serum lipid concentra-
tions adversely affect renal structure and function have 
not been delineated, but several theories have been 
proposed. Anderson and colleagues23 suggested that the 
hyperviscosity caused by hypercholesterolemia may alter 
intrarenal hemodynamics. Hostetter and colleagues2 

proposed that hyperfiltration in intact nephrons within a 
damaged kidney is a self-perpetuating destructive 
process. This hyperfiltration is the result of increased 
glomerular capillary hydraulic pressure across the 
glomerular basement membrane. This increased trans-
glomerular pressure is associated with proteinuria, and 
with mesangial matrix and cellular expansion. The com-
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bination leads to focal segmental glomerulosclerosis, the 
histologic hallmark of progressive renal disease. The 
mesangial expansion impinges on the glomerular filter-
ing surface area to further impair filtration. The result is 
hyperfiltration in remaining intact nephrons, perpetuat-
ing the process.24 

Kasiske and co-workers19 also have shown increased 
glomerular capillary hydraulic pressure in normal rats 
fed high-cholesterol diets for 8 to 10 weeks. Increases in 
glomerular capillary pressures are associated with the 
self-perpetuating destruction of the kidney and with the 
histologic lesion of focal segmental sclerosis.24 

The mechanism by which hypercholesterolemia al-
ters glomerular hemodynamics is unclear, but the data of 
Kasiske and associates19 indicate that vasoconstriction 
of the efferent glomerular arteriole occurs with sub-
sequent increases in glomerular capillary hydraulic pres-
sures. Recent data from our laboratory (unpublished, 
1990), using the PAN model of combined hyper-
lipidemia, proteinuria, and progressive renal failure, also 
suggest that intrarenal hemodynamics are altered. Rats 
made hyperlipidemic with PAN showed decreased GFRs 
at 8 weeks. Those treated with lovastatin showed similar 
decreases; among those treated with lovastatin and 
enalapril, an angiotensin-converting enzyme inhibitor 
known to decrease glomerular efferent arteriolar tone, 
inulin clearances were no different from those in control 
animals. 

Anderson and colleagues23 have hypothesized that 
the hyperviscosity of hypercholesterolemia may cause 
vasoconstriction of the efferent arteriole; the sub-
sequent hemodynamic alteration—hyperfiltration—ul-
timately leads to nephron destruction. Other clinical 
hyperviscosity syndromes25,26 and experimentally in-
duced polycythemia27 have also been associated with 
proteinuria, glomerular injury, and progressive renal 
disease. 

Direct injury to the glomerulus from circulating lipids 
is another proposed explanation for the nephrotoxic 
effect of lipoproteins. Wasserman and colleagues28 found 
specific receptors for human LDL on cultured rat mesan-
gial cells. After attachment, LDL was incorporated into 
these cells and localized in lysosomes. Stimulation and 
proliferation of mesangial cells in tissue culture occurred 
at low LDL concentrations. 

Studies using smooth muscle and endothelial cells in 
the peripheral vasculature have produced similar 
results.29 Taken together, these studies and the work by 
Wasserman and associates suggest that mesangial cell 
exposure to LDL results in mesangial LDL uptake. The 
ensuing mesangial proliferation and subsequent reduc-
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tion in glomerular capillary surface area leads to reduced 
glomerular filtration rate. Animal models have not 
produced data regarding circulating LDL concentra-
tions; however, the mesangial uptake of LDL could have 
the direct effect of increased production of mesangial 
matrix and glomerular basement membrane. It could 
also increase the production of cytokines and mediators 
of inflammation by the mesangial cells, further damag-
ing glomerular structure. 

A direct interaction between circulating lipoprotein 
and the glomerular basement membrane has been 
proposed. The GBM has various components, including 
collagen IV, heparan sulfate glycosaminoglycans, and 
chondroitin sulfate glycosaminoglycans. The 
predominant glycosaminoglycan is heparan sulfate. 
Heparan sulfate glycosaminoglycans are lost in the urine 
or their synthesis is reduced in various conditions with 
proteinuria and progressive renal disease—for example, 
PAN- and streptozotocin-induced diabetes in rats.30 It is 
this negatively charged portion of the G B M that 
prevents the negatively charged albumin from traversing 
the GBM. 

Iverius31 has shown that LDL is bound to heparan 
sulfate glycosaminoglycans under physiologic conditions 
by positively charged sites on the apolipoprotein B 
molecules. Neutralization of the negatively charged 
GBM by the positive apolipoprotein B could contribute 
to albuminuria and perpetuate the nephrotic state with 
further increases in serum lipid concentrations. 

The progressive renal lesion of focal segmental 
sclerosis may be analogous to the development of 
atherosclerosis in the peripheral vasculature. The 
glomerular mesangium consists of two cell types: the 
macrophage and the vascular smooth muscle cell. The 
lipid-laden foam cells in atherosclerotic lesions are 
thought to be derived from circulating monocytes that 
have penetrated the arterial wall. The conversion of 
these macrophages to foam cells may require modifica-
tion of LDL. 

In the puromycin rat model of renal disease, 
Diamond32 showed that with the increase in glomerular 
mesangial matrix there are increased numbers of foam 
cells identified as macrophages. Kasiske and col-
leagues19 also demonstrated increased numbers of mac-
rophages in glomeruli of rats fed a high cholesterol diet; 
these animals showed decreased GFRs and increased 
sclerosis on light microscopy. Other evidence suggests 
that the LDL within cultured macrophages increases 
production of prostaglandins, superoxide anions, and 
hydrogen peroxide, which are capable of altering 
glomerular hemodynamics, enhancing vascular per-
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meability, and causing direct cell and tissue damage. 

IMPLICATIONS FOR CHRONIC RENAL DISEASE IN HUMANS 

Despite experimental and some theoretical evidence 
that lipids perpetuate chronic progressive renal disease, 
human data remain sparse. Avram,33 evaluating renal 
biopsies from patients with focal segmental 
glomerulosclerosis, proposed that there are similarities 
between glomerulosclerosis and atherosclerosis. The 
similarities suggested a pathological link between lipid 
abnormalities in the kidney and those in the systemic 
vascular tree. 

The human counterpart of various experimental 
animal models has been noted in morbid obesity,'4 

familial lecithin-cholesterol acyltransferase deficiency,'5 

and Type III hyperlipoproteinemia.36 These studies sug-
gest that the renal dysfunction associated with these 
conditions can be ameliorated or reversed by lowering 
plasma lipid concentrations. 

Many patients have renal disease associated with hy-
perlipidemia, including diabetes mellitus, chronic renal 
failure, and renal transplantation. Since progressive 
decline in renal function may occur in all of these con-
ditions, any therapeutic modality that alters this course 
would be useful. Furthermore, the dyslipidemias in these 
groups of patients may contribute significantly to their 
overall cardiovascular morbidity and mortality. 

Studies are now emerging in which the hyper-
lipidemias in these conditions are treated specifically.'7 58 

Kasiske and associates37 demonstrated decreased total 
cholesterol, LDL cholesterol, and apolipoprotein B with 
a 6-week trial of lovastatin in 12 patients with nephrotic 
syndrome. Proteinuria and inulin clearance were un-
changed. 

Whether such studies will ultimately correlate dif-
ferences in renal function or structure with treatment 
will require years of follow-up. Even though the agents 
available have limitations that may prevent their 
widespread use in patients with renal failure,39 reduction 
of serum cholesterol concentrations will have a positive 
effect on both patient and renal survival. 

COMMENT 

Evidence shows that hyperlipidemia of exogenous or 
endogenous origin is associated with abnormal 
glomerular function and structure. The hypothesis that 
circulating lipoproteins play a causative role in progres-
sive renal failure is supported by the beneficial effects of 
cholesterol-lowering drugs on renal function in several 
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animal models of chronic renal failure. For these 
reasons, lipid-altering therapy deserves consideration in 
humans with chronic renal failure. Further justification 
for controlled clinical trials of lipid-altering treatment 
in patients with chronic renal disease is based on the 
high prevalence of lipoprotein abnormalities and other 
sclerotic vascular disease in patients with chronic renal 
failure. Further animal studies are warranted to deter-
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