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Abstract.Hyperlipidemia in conjunction with uninephrectomy
leads to renal injury in rats. It is unknown whether this is due
to mesangial cell or podocyte injury and whether the injuries
induced by hypercholesterolemia and hypertriglyceridemia
share a similar pathogenesis. Therefore, renal effects of hyper-
cholesterolemia were studied in male rats with dietary hyper-
cholesterolemia compared with rats on a regular diet. Renal
effects of hypertriglyceridemia were studied in female Nagase
analbuminemic rats (NAR). Hypertriglyceridemia was reduced
in NAR by ovariectomy. Both models were studied after uni-
nephrectomy or sham operation. Dietary hypercholesterolemia
had little effect on plasma triglycerides, whereas ovariectomy
in the NAR had no effect on plasma cholesterol. However, an
increase in intermediate density lipoprotein cholesterol was
common to both models. Dietary hypercholesterolemia and
uninephrectomy separately induced a similar increase in pro-
teinuria after 13 wk, which was additive when these interven-
tions were combined. At this stage, only a minimal increase
was present in glomerulara-smooth muscle actin staining, a
marker of mesangial cell activation, or in mesangial matrix

expansion. Moreover, platelet-derived growth factor-B chain, a
marker of mesangial cell proliferation, was not increased.
However, podocyte injury was prominent as evidenced by
podocytic de novoexpression of desmin and ultrastructural
changes. Glomerular macrophage counts were increased by
hypercholesterolemia but not by uninephrectomy, and were not
related to the level of proteinuria. Hypertriglyceridemia and
uninephrectomy in female NAR induced an increase in pro-
teinuria after 24 wk, which was also associated with an in-
crease in podocyte desmin expression without any mesangial
activation and proliferation or matrix accumulation. Hypertri-
glyceridemia, proteinuria, and the increase in desmin staining
were largely prevented by ovariectomy. Interstitial myofibro-
blast activation and tubulointerstitial injury accompanied pro-
teinuria in both models. These findings indicate that both
hypercholesterolemia and hypertriglyceridemia aggravate re-
nal injury primarily via podocyte rather than via mesangial cell
damage. Such podocyte injury is accompanied by tubulointer-
stitial cell activation and injury.

Hypercholesterolemia and hypertriglyceridemia, recognized as
contributing to atherosclerosis, are also emerging as risk fac-
tors for progression of renal disease (1,2). Hyperlipidemia is
believed to contribute to the onset of renal injury by glomerular
accumulation of lipids, in particular in the mesangium (3).
Both mesangial and glomerular epithelial cells in culture have
been reported to take up cholesterol-rich as well as triglycer-
ide-rich lipoproteins (4–7). In a number of models of experi-
mental renal disease, as well as in renal biopsies obtained from

patients with a variety of renal diseases, lipid and apolipopro-
tein deposition, particularly in mesangial cells and macro-
phages, has been documented (8–10). However, these findings
were obtained at stages with extensive renal injury and may
have represented secondary effects.

Little information is available documenting early effects of
hyperlipidemia on glomerular morphology. One study, in
which 4% cholesterol plus 1% cholic acid in the diet was
combined with uninephrectomy, documented some tubuloin-
terstitial changes after only 4 wk (increased tubular osteopontin
and interstitial transforming growth factor-b [TGF-b] and tis-
sue inhibitor of metalloproteinase-1 staining), but besides pro-
teinuria and glomerular lipid deposition and TGF-b staining,
no other early glomerular changes were reported (11). Another
study, in which the diet contained 4% cholesterol plus 2%
cholic acid, documented glomerular macrophage influx after
only 3 d, and glomerular hypertrophy, foam cell formation, and
glomerular mesangial matrix expansion after 4 wk (12). In
obese Zucker rats, a model with predominant hypertriglyceri-
demia (13), an increase in glomerular macrophages at 1 mo of
age precedes other morphologic changes and albuminuria by
up to 2 mo (14). The above reports stress the pathogenetic roles
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of macrophage influx and mesangial cell activation/injury (as
evidenced by glomerular hypertrophy and matrix accumula-
tion) in lipid-induced glomerular damage. However, despite
the presence of proteinuria in most of the studies (11,14),
podocyte injury has not been studied. In an attempt to deter-
mine the relative contributions of these glomerular factors, we
used sensitive immunohistologic markers in hyperlipidemic
proteinuric rats at presclerotic stages to determine whether
hyperlipidemia primarily leads to mesangial cell activation and
proliferation and/or podocyte injury and to determine the role
of the glomerular macrophage influx. We also examined the
tubulointerstitial changes that accompanied these glomerular
events.

In addition to the pathogenetic roles of different cell types in
lipid-induced renal damage, it is also unclear whether hyper-
cholesterolemia and hypertriglyceridemia have different ef-
fects on renal function and structure, because the renal effects
of these forms of hyperlipidemia have never been directly
compared. Therefore, two different rodent models were stud-
ied. Effects of hypercholesterolemia, particularly of elevated
VLDL and IDL cholesterol, were studied in male Sprague
Dawley rats with 2% cholesterol and 0.5% cholic acid in their
diet (15). Effects of hypertriglyceridemia were studied in fe-
male analbuminemic rats compared with ovariectomized coun-
terparts. The Nagase analbuminemic rat (NAR) is a mutant
Sprague Dawley rat (16). Female analbuminemic rats are hy-
perlipidemic (9,16), and ovariectomy decreases plasma triglyc-
erides without affecting cholesterol, which is mainly HDL
cholesterol (8). Ovariectomy prevented renal disease in aging
(8) and uninephrectomized (17) female analbuminemic rats.
Finally, because the development of renal injury is generally
accelerated by uninephrectomy (9,18), studies in both models
were performed in sham-operated (two-kidney) and unine-
phrectomized rats.

Materials and Methods
Animals

Male Sprague Dawley rats (n 5 32) weighing about 250 g were
purchased from Harlan-Olac (Blackthorn, United Kingdom). All of
these rats underwent surgery under Hypnorm®-Diazepam® anesthesia
and sterile conditions. Eight rats were sham-operated and fed a stan-
dard diet (2k-con). This natural diet (RMH-TM; Hope Farms, Woer-
den, The Netherlands) contains 20% digestible protein. Eight rats
were sham-operated and fed a standard diet to which 2% cholesterol
and 0.5% taurocholate had been added (2k-hychol), eight underwent
right nephrectomy and were fed a standard diet (1k-con), and eight
underwent right nephrectomy and were fed a standard diet with 2%
cholesterol and 0.5% taurocholate (1k-hychol). These rats were stud-
ied for 13 wk.

Female NAR (n5 32) weighing 200 to 250 g were obtained from
our own pathogen-free colony (which was founded with animals
generously donated by Dr. S. Nagase, Tokyo, Japan). All of these rats
also underwent surgery under the aforementioned conditions. Eight
rats were sham-operated (2k-female), eight were bilaterally ovariec-
tomized (2k-ovx), eight underwent right nephrectomy (1k-female),
and eight underwent both bilateral ovariectomy and right nephrec-
tomy (1k-ovx). The rats were studied for 24 wk and all were fed a
standard diet.

The rats were housed behind barriers. Sentinel animals that were
monitored regularly for infection by nematodes and pathogenic bac-
teria, as well as antibodies to a large number of rodent viral pathogens
(International Council of Laboratory Animal Science, Nijmegen, The
Netherlands), were consistently negative throughout the experiment.
Water and food were availablead libitum. The protocol was approved
by the Utrecht University Board for study in experimental animals.

Renal Function, BP, and Biochemical Analyses
Urine was collected for determination of urinary protein and cre-

atinine excretion at regular intervals, with the last collection taken 1
wk before sacrifice. The rats were weighed and placed in macrolon
metabolism cages with free access to food and water. Tail-cuff pres-
sure was measured in conscious animals in the last week of the
protocol (IITC, San Diego, CA). Plasma and urinary protein were
determined by the Bradford method using an albumin/globulin stan-
dard (Sigma, St. Louis, MO). Urinary albumin was determined by
electroimmunoassay, using a rat albumin standard (Sigma). Plasma
and urinary creatinine were determined colorimetrically (Sigma).
Plasma cholesterol and triglycerides were determined enzymatically
(Boehringer-Mannheim, Mannheim, Germany).

Lipoprotein Isolation by Density-Gradient
Ultracentrifugation

In nonfasting rats, plasma lipoproteins were separated by density-
gradient ultracentrifugation into five fractions (chylomicrons and
VLDL, d , 1.006 g/ml; IDL,d 5 1.006 to 1.019 g/ml; LDL1, d 5
1.019 to 1.04 g/ml and LDL2, d 5 1.04 to 1.063 g/ml; HDL,d 5
1.063 to 1.21 g/ml). The subdivision of LDL into LDL1 and LDL2 was
performed to separate the apo B-containing lipoproteins from the
other particles present in the density range of 1.019 to 1.063 g/ml (19).
Lipoprotein cholesterol was measured as described above.

Tissue Processing
One day before the end of the experiment, the rats in the dietary

hypercholesterolemia experiment were injected intraperitoneally with
BrdU (100 mg/kg; Sigma) to allow assessment of cell proliferation. At
the end of the experiments, blood was collected in the fed state by
puncture of the abdominal aorta under pentobarbital anesthesia (60
mg/kg). Subsequently, a 2- to 3-mm slice of the left kidney was
collected and fixed in methyl Carnoy’s solution (20) and embedded in
paraffin for immunohistology. In two to three rats in each subgroup,
the left kidney was perfused for about 2 min at 200 mmHg with 1.5%
glutaraldehyde in phosphate-buffered saline (PBS) for ultrathin slides
and electron microscopy. After continued fixation overnight, the
kidney was transferred to a PBS solution until further processing. To
avoid exposing tissue destined for immunohistology to glutaralde-
hyde, the caudal pole of the left kidney was excised before perfusion.

Renal Morphology
Glomerulosclerosis. The percentage of glomeruli exhibiting fo-

cal segmental glomerulosclerosis (FSGS) or global glomerulosclero-
sis was evaluated in the paraffin-embedded material by an observer,
who was unaware of the origin of the slides, and was evidenced by
segmental increases in glomerular matrix, segmental collapse and
obliteration of capillary lumina, and accumulation of hyaline. Such
changes were frequently associated with synechial attachments to
Bowman’s capsule.

Tubulointerstitial Injury. Tubulointerstitial injury was defined
as inflammatory cell infiltrates, tubular dilation and/or atrophy, or
interstitial fibrosis. Injury was graded according to Shihet al. (21) on
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a scale of 0 to 4: 0, normal; 0.5, small focal areas of damage; 1,
involvement of,10% of the cortex; 2, involvement of 10 to 25% of
the cortex; 3, involvement of 25 to 75% of the cortex; 4, extensive
damage involving.75% of the cortex.

Transmission Electron Microscopy and High
Resolution Light Microscopy

For transmission electron microscopy (TEM) and high-resolution
light microscopy (HRLM), slices of renal cortex from perfusion-fixed
kidneys were post-fixed in 2% glutaraldehyde-PBS solution over-
night, cut into small blocks, and post-fixed in 1% OsO4 for 2 h. After
dehydration in a graded series of ethanol, the samples were embedded
in Epon. Semithin 1-mm sections were cut with glass knives on a
Reichart Ultracut (NuBlock, Germany), stained with azure II-methyl-
ene blue, and examined by light microscopy (Polyvar 2; Reichart).
Ultrathin sections were cut with a diamond knife on a Reichart
Ultracut, stained with 5% uranyl acetate for 15 min, followed by lead
citrate for 2 min, and evaluated in a Phillips EM 301.

Because the overall injury scoring was done in paraffin sections
(see above), TEM and HRLM were mainly applied to specify the
character of the lesions more precisely. Injury scoring by TEM was
not performed. However, most typical lesions defined by TEM could
also be detected by HRLM in the 1-mm sections, allowing some
quantification of the major lesions (pseudocyst formation, dilation of
capillaries, etc.).

Immunoperoxidase Staining
Sections (4mm) of methyl Carnoy’s fixed biopsy tissue were

processed by a direct or indirect immunoperoxidase technique as
described previously (20,22,23). Primary antibodies included:

• 1A4, a murine monoclonal antibody to a NH2-terminal synthetic
decapeptide ofa-smooth muscle actin (Dako, Glostrup, Denmark).

• D33, a murine monoclonal IgG1 antibody against human muscle
desmin (Dako).

• BU-1, a murine monoclonal antibody against 5-bromo-29-de-
oxyuridine-containing nuclease in Tris-buffered saline (Amersham,
Braunschweig, Germany).

• ED1 (Bioproducts for Science, Indianapolis, IN), a murine mono-
clonal IgG antibody to a cytoplasmic antigen present in monocytes,
macrophages, and dendritic cells.

• Affinity-purified polyclonal goat anti-human/bovine type IV col-
lagen (Southern Biotechnology, Birmingham, AL).

• Affinity-purified IgG fraction of polyclonal rabbit anti-rat fibronec-
tin (Chemicon, Temecula, CA).

• PGF-007 (Mochida Pharmaceutical, Tokyo, Japan), a murine
monoclonal antibody to a 25-amino acid peptide located near the
COOH terminus of the human platelet-derived growth factor B
(PDGF-B) chain.

For all kidneys, negative controls consisted of substitution of the
primary antibody with equivalent concentrations of an irrelevant
murine monoclonal antibody or normal rabbit or goat IgG. Evaluation
of all slides was performed by an observer who was unaware of the
origin of the slides.

To obtain mean numbers of proliferating cells or infiltrating mono-
cytes/macrophages in glomeruli, more than 30 consecutive cross
sections of glomeruli (range, 30 to 100) were evaluated, and mean
values per kidney were calculated. To obtain total counts of prolifer-
ating cells or infiltrating monocytes/macrophages in the renal cortex
or medulla, more than 30 grid fields (range, 30 to 50) measuring 0.36
mm2 each were analyzed and, again, mean counts per kidney were

obtained. For the evaluation of the immunoperoxidase, each glomer-
ular area fora-smooth muscle actin and PDGF-B chain or each
tubulointerstitial grid field stain fora-smooth muscle actin, desmin,
type IV collagen, and fibronectin was graded semiquantitatively, and
the mean score per biopsy was calculated. Each score reflects mainly
changes in the extent rather than intensity of staining and depended on
the percentage of the glomerular tuft area or grid field showing
positive staining: 0, absent staining or,5% of the area stained; 1, 5
to 25%; 2, 25 to 50%; 3, 50 to 75%; 4,.75%. We and others have
recently described that this semiquantitative scoring system is not
only reproducible among different observers, but that the data also are
highly correlated with those obtained by computerized morphometry
(22).

To detect small differences in glomeruli, which might be blunted
by the above scoring system, the stains for type IV collagen and
fibronectin were evaluated using a point counting method. For this, a
grid composed of 121 dots was superimposed on glomeruli (range, 30
to 50; magnification 100-fold), and the percentage of dots overlying
stained areas was counted. For desmin, the outer cell layer of the
glomerular tuft was evaluated separately. Semiquantitative staining
scores in these cases depended on the percentage of the glomerular
edge showing positive staining: 0, 0 to 5% stained; 1, 5 to 25%; 2, 25
to 50%; 3, 50 to 75%; 4,.75%.

Immunohistochemical Double-Staining
Double immunostaining for the identification of the type of prolif-

erating cells was performed as reported previously (22) by first
staining the sections for proliferating cells with the bromo-deoxyuri-
dine antibody (see above), using an immunoperoxidase procedure.
Sections were then incubated with the IgG1 monoclonal antibody
ED-1 against monocytes/macrophages using an immuno-alkaline
phosphatase procedure. Cells were identified as proliferating mono-
cytes/macrophages if they showed positive nuclear staining for BrdU
and if the nucleus was completely surrounded by cytoplasm positive
for the ED-1 antigen. Negative controls included omission of either of
the primary antibodies, in which case no double-staining was noted.

Statistical Analyses
Plasma triglycerides and proteinuria were log-normalized to

achieve a normal distribution. Results are expressed as arithmetic
means6 SEM. Serial data were tested by two-way ANOVA and
terminal data by one-way ANOVA. Student-Neuman-Keuls test for
multiple comparisons was applied if the variance ratio (F) reached
statistical significance (P, 0.05).

Results
Male Sprague Dawley Rats: Effects of
Hypercholesterolemia Alone

Metabolic and Renal Functional Parameters. Dietary
hypercholesterolemia (2k-hychol) alone had no effect on body,
kidney, or heart weight, systolic BP, plasma creatinine, or
creatinine clearance (Table 1). Plasma cholesterol was more
than doubled, but there was only a slight, nonsignificant in-
crease in plasma triglycerides. The cholesterol increase was
primarily due to increases in VLDL and IDL, and to a lesser
extent LDL1, whereas LDL2 and HDL tended to decrease
(Table 2). Proteinuria was significantly higher in the 2k-hychol
group compared with 2k-con at weeks 10 and 13 (Figure 1).
About 50% of the protein loss at week 13 was albumin (Figure
1).
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Immunohistologic Changes. The percentage of glomeruli
with FSGS in 2k-hychol rats at week 13 was similar to 2k-con.
However, there was a small increase in the tubulointerstitial
injury index (Figure 2). Monocyte/macrophage counts were
significantly increased in glomeruli and in tubulointerstitium in
2k-hychol rats compared with 2k-con (Figure 2). To specifi-
cally investigate cellular injury in the rats, we assessed the
glomerularde novoexpression ofa-smooth muscle actin, an
indicator of mesangial cell activation (24),de novoexpression
of PDGF-B chain, an indicator of mesangial cell proliferation
(23), and the glomerularde novo desmin staining, which,
particularly at the tuft edge, is a marker of podocyte injury
(20,23). In the renal interstitium,de novoexpression of desmin
and a-smooth muscle actin are indicators of myofibroblast
transformation (24,25). In 2k-hychol rats, there was no obvious
mesangial cell activation as evidenced by the lack of glomer-
ular a-smooth muscle actin expression, cell proliferation, or
matrix accumulation (Figure 2). Even the numerical increase in
glomerular cell proliferation appeared to be mostly due to local
proliferation of monocytes rather than mesangial cells as

BrdU1/ED-11 cells per glomerulus increased from 0.016
0.01 in 2k-con to 0.046 0.01 in 2k-hychol rats (P , 0.05), and
there was no increase in PDGF-B chain staining (0.946 0.02
in 2k-hychol versus0.85 6 0.02 in 2k-con, NS). Podocyte
desmin expression increased slightly but failed to reach statis-
tical significance over 2k-con (Figure 2 and Figure 3, A and B).
Evaluated by HRLM, kidneys from 2k-hychol rats exhibited
pseudocysts in 10% of glomeruli (range, 8 to 11%), and in 34%
(33 to 35%) dilated glomerular capillaries. However, this was
not different from 2k-con, where the incidence of podocytic
pseudocysts was 20% (2 to 21%), and 32% (10 to 36%)
exhibited dilated glomerular capillaries. By TEM, kidneys
from 2k-hychol rats, in addition to widespread pseudocyst
formation in podocytes (also seen in controls), showed many
podocytes filled with dark staining absorption droplets. Mac-
rophages were occasionally encountered within glomerular
capillary lumina (Figure 4A). In the tubulointerstitium, no sign
of fibroblast activation was noted, as evidenced by the lack of
a-smooth muscle actin or desmin expression, matrix accumu-
lation, or increased cell proliferation (Figure 2).

Table 1. Baseline characteristics in male Sprague Dawley rats subjected to either dietary hypercholesterolemia (2k-hychol),
uninephrectomy (1k-con), or both (1k-hychol) compared with sham-operated rats on a control diet (2k-con)a

Characteristic 2k-Con 2k-Hychol 1k-Con 1k-Hychol

n 8 8 8 8
Body weight (g) 4256 8 4306 8 3976 10b 4326 9c

Liver weight (g) 12.46 0.5 19.86 0.9c 12.66 0.3 20.06 0.7c

Kidney weight (g) 1.366 0.03 1.486 0.03 1.966 0.06b 2.426 0.09b,c

Heart weight (g) 1.286 0.05 1.216 0.02 1.276 0.02 1.266 0.03
Systolic BP (mmHg) 1616 6 1496 4 1616 4 1606 5
Plasma creatinine (mM) 486 2 46 6 2 60 6 3b 626 2b

CCr (ml/min) 31676 144 31886 126 22576 124b 22856 126b

a Results are given as mean6SEM. CCr, creatinine clearance.
b P , 0.05 1kversus2k.
c P , 0.05 hycholversuscontrol diet (con).

Table 2. Plasma lipids and lipoprotein cholesterol in male Sprague Dawley rats subjected to either dietary
hypercholesterolemia (2k-hychol), uninephrectomy (1k-con), or both (1k-hychol) compared with sham-operated rats
on a control diet (2k-con)a

Parameter 2k-Con 2k-Hychol 1k-Con 1k-Hychol

n 8 8 8 8
Cholesterol (mM) 2.086 0.07 4.796 0.59c 2.886 0.21b 6.876 0.55b,c

Triglycerides (mM) 0.596 0.07 0.816 0.10 0.656 0.07 1.126 0.14b,c

VLDL (mM) 0.066 0.02 1.936 0.29c 0.076 0.03 2.476 0.34c

IDL (mM) 0.046 0.02 1.076 0.22c 0.026 0.01 1.356 0.27c

LDL1 (mM) 0.216 0.02 0.576 0.05c 0.416 0.09 0.866 0.14b,c

LDL2 (mM) 0.366 0.03 0.116 0.01c 0.546 0.05b 0.206 0.04c

HDL (mM) 1.276 0.04 0.996 0.06 1.726 0.12b 1.656 0.17b

a Results are given as mean6 SEM.
b P , 0.05 1kversus2k.
c P , 0.05 hycholversuscontrol diet (con).
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Male Sprague Dawley Rats: Effects of Uninephrectomy
Alone

Metabolic and Renal Functional Parameters. Unine-
phrectomy alone (1k-con) did not affect systolic BP. There was
marked renal hypertrophy, and creatinine clearance decreased
by 25% (Table 1). Compared with 2k-con rats, plasma choles-
terol was mildly increased, but there was no effect on triglyc-
erides. There were no increases in VLDL or IDL, slight in-
creases in LDL1 and LDL2, and more marked increases in HDL
(Table 2). Proteinuria and albuminuria in 1k-con rats were
significantly higher than in 2k-con rats at 13 wk (Figure 1).

Immunohistologic Changes. Comparison of glomerular
changes in 1k-con and 2k-con rats showed a significant in-
crease in the percentage of glomeruli with FSGS, some evi-
dence of podocyte activation (de novoexpression of desmin at
the glomerular tuft edge), but no sign of mesangial cell acti-
vation (as assessed bya-smooth muscle actin expression and
matrix expansion) or monocyte/macrophage influx (Figure 2
and Figure 3C). Using HRLM, we found that 13% of the
glomeruli showed podocytic pseudocysts and 36% dilated glo-
merular capillaries. In the tubulointerstitium, the injury index,
desmin expression, and monocyte/macrophage influx were sig-
nificantly elevated compared with 2k-con rats. There was no
increased cell proliferation in either the glomeruli or tubuloint-
erstitium (Figure 2) and no increase in glomerular PDGF-B
staining. Thus, uninephrectomy as such did not stimulate per-
sistent glomerular cell proliferation ora-smooth muscle actin
staining, and therefore also does not seem to provoke major
mesangial cell changes in normotensive, normolipidemic rats.

Male Sprague Dawley Rats: Effects of
Hypercholesterolemia plus Uninephrectomy

Metabolic and Renal Functional Parameters. Combin-
ing uninephrectomy with hypercholesterolemia (1k-hychol)

had no effect on systolic BP. Kidney weight was markedly
increased compared with both single intervention groups (Ta-
ble 1). Adding hypercholesterolemia to uninephrectomy did
not cause an additional impairment in creatinine clearance.
Both plasma cholesterol and triglycerides were increased com-
pared with all other groups. The increase in cholesterol was
due to markedly elevated levels of VLDL, IDL, and LDL1

(Table 2). LDL2 decreased, and HDL was not further increased
despite the fact that proteinuria and albuminuria were signifi-
cantly higher than in any other group at every time point
(Figure 1).

Immunohistologic Changes. About 20% of the glomeruli
showed FSGS, which was significantly higher than the FSGS
frequency in both 2k groups (Figure 2). Signs of mesangial cell
activation in these rats were minimal. First, glomerularde novo
expression ofa-smooth muscle actin was almost absent and
similar to 2k- and 1k-con rats (Figure 5, A and B), albeit
significantly elevated in comparison to 2k-hychol rats (Figure
2). Second, glomerular cell proliferation was not significantly
different from any other group (Figure 2); moreover, similar to
1k-hychol rats, the numerical increase in glomerular cell pro-
liferation appeared to be due mostly to proliferating monocytes
(BrdU1/ED-11 cell per glomerulus 0.056 0.02 versus
0.016 0.01 in 1k-con;P , 0.05), and there was no increase
in PDGF-B chain (0.946 0.02 in 1k-hycholversus0.88 6
0.02 in 1k-con, NS). Third, glomerular matrix accumulation,
albeit statistically increased over 2k-controls, was minimal
(type IV collagen) (Figure 2). In contrast to the lack of mes-
angial cell activation, signs of podocyte injury were more
prominent: Glomerular desmin scores at the edge of the tuft
were increased 2.4-fold compared with 2k-controls (Figure 2).
Furthermore, with HRLM we found that 39% (25 to 52%) of
glomeruli showed podocytic pseudocysts, and 34% (24 to
44%) dilated glomerular capillaries. TEM (Figure 4B) clearly

Figure 1. Proteinuria (weeks 6 to 13 post-surgery) and albuminuria (week 13) in male Sprague Dawley rats after sham operation (2k-con),
uninephrectomy (1k-con), dietary hypercholesterolemia (2k-hychol), or both (1k-hychol). Results are given as mean6 SEM.
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showed the abundant podocyte injuries consisting of foot pro-
cess effacement, pseudocyst formation, and accumulation of
absorption droplets. Occasionally, remnants of podocytes were

encountered in Bowman’s space, thus indicating detachments
from the glomerular basement membrane (GBM). Adjacent to
sclerotic tuft portions, naked GBM areas were regularly seen.

Figure 2. Markers of glomerular and tubulointerstitial injury in male Sprague Dawley rats after sham operation (2k-con), uninephrectomy
(1k-con), dietary hypercholesterolemia (2k-hychol), or both (1k-hychol). Results are given as mean6 SEM.
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Segmental sclerosis consisted of synechia of the tuft with the
interstitium. As usual in this type of sclerosis development, the
sclerotic tuft portions were enclosed in paraglomerular spaces
that were separated from the interstitium proper by layers of
sheet-like fibroblast processes. The capillaries inside the ad-
herent tuft portions frequently contained macrophages; others
were collapsed or hyalinized. Glomerular monocyte/macro-
phage counts were elevated to a similar degree as in the
2k-hychol group (Figure 2). The tubulointerstitial injury index
was significantly higher than in 2k-controls, but not higher
than in either the 2k-hychol or 1k-con group. This was accom-
panied by significant increases in interstitial desmin expres-
sion, macrophage influx, and type IV collagen staining (Figure
2).

Notably, over all of the 32 Sprague Dawley rats, there was
a highly significant (P , 0.001) correlation between albumin-
uria and interstitial macrophage counts, whereas such a corre-
lation was absent between albuminuria and glomerular macro-
phage counts (Figure 6).

Female NAR: Effects of Hypertriglyceridemia Alone
Metabolic and Renal Functional Parameters. Hypertri-

glyceridemic female NAR (2k-female) (Table 3) represent the
hyperlipidemic equivalent of male Sprague Dawley rats subjected
to dietary hypercholesterolemia (2k-hychol) (Table 2). Conse-
quently, the ovariectomized female NAR (2k-ovx) (Table 3),
which have lower triglyceride levels (17), should be viewed as
controls and as the equivalent of the normocholesterolemic male
Sprague Dawley rats (2k-con) (Table 2). It should be noted that
cholesterol and triglycerides are higher in 2k-ovx NAR than in
2k-con Sprague Dawley, but most of the cholesterol is located in
LDL2 and HDL, particles that do not contain apo B (19). Body
weight was much lower in 2k-female than in 2k-ovx NAR,
whereas relative kidney weight was significantly increased. There
were no effects on systolic BP, plasma creatinine, or creatinine
clearance when corrected for body weight (Table 4). There was no
effect on total or lipoprotein cholesterol, but as expected triglyc-
erides were increased (P, 0.05) (Table 3). Proteinuria was not
observed in either 2k-ovx or 2k-female NAR (Figure 7).

Figure 3.Expression of desmin in male Sprague Dawley rats after sham operation (2k-con), uninephrectomy (1k-con), dietary hypercholes-
terolemia (2k-hychol), or both (1k-hychol). (A) 2k-con: Baseline glomerular staining and virtual absence of tubulointerstitial staining. (B)
2k-hychol: Marginally increased glomerular staining and virtual absence of tubulointerstitial staining. (C) 1k-con: Increased glomerular staining
and slight tubulointerstitial staining. (D) 1k-hychol: Increased glomerular staining and mild tubulointerstitial staining. Magnification,3400.
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Immunohistologic Changes. Unlike 18-mo-old female
NAR, which exhibit widespread glomerular and tubulointersti-
tial damage (8), the 8-mo-old 2k-female NAR of the present

study displayed no signs of glomerular or tubulointerstitial
injury (Figure 8).

Ovariectomized Female NAR: Effect of
Uninephrectomy Alone

Metabolic and Renal Functional Changes. Uninephrec-
tomized and ovariectomized NAR (1k-ovx) (Table 3), with
triglyceride levels very similar to the 2k-ovx, should be viewed
as equivalent to the uninephrectomized male Sprague Dawley
rats on control chow (1k-con) (Table 2). Uninephrectomy
induced renal hypertrophy and hyperfiltration, so that creati-
nine clearance was about 80% of the value found in the 2k-ovx
rats. There was no effect on systolic BP (Table 4). As expected
(17), uninephrectomy in ovx NAR did not induce proteinuria
(Figure 7). Lipid levels (Table 3) were not affected by unine-
phrectomy and were very similar to those found in the 2k-ovx
group.

Immunohistologic Changes. Glomerular and tubulointer-
stitial parameters in 1k-ovx NAR were mostly indistinguish-
able from those in 2k-ovx NAR (Figure 8).

Figure 4.Glomerular lesions as seen by transmission electron micros-
copy (TEM) in male Sprague Dawley rats after dietary hypercholes-
terolemia (2k-hychol) or both uninephrectomy and dietary hypercho-
lesterolemia (1k-hychol). (A) Glomerular profile of a 2k-hychol rat.
Podocyte damage is seen, including pseudocyst formation (asterisks),
foot process effacement, and cytoplasmic accumulation of lysosomal
elements (arrowheads). Occasionally, a macrophage within a glomer-
ular capillary is encountered (long arrow). (B) Glomerular profile with
segmental sclerosis of a 1k-hychol rat. Within the “intact” lobule of
this glomerulus, extensive podocyte injury is seen, ranging from
pseudocyst formation (asterisks) to podocyte detachments as recog-
nized either by podocyte remnants or naked glomerular basement
membrane (GBM) areas (both labeled by arrowheads). The sclerotic
lobule located outside Bowman’s capsule is enclosed in a vast para-
glomerular space, which already surrounds the entire glomerular
profile. The paraglomerular space is separated from the interstitium by
a layer of sheet-like fibroblast processes (small arrows). Many of the
capillaries within the sclerotic tuft portion contain macrophages
(stars). Note separation of the sclerotic from the “intact” tuft portion
by parietal epithelium, which flanks the GBM of a collapsed capillary
at the flank of the adhesion (long arrow). Magnification:3710 in A
and B.

Figure 5. Expression ofa-smooth muscle actin in male Sprague
Dawley rats after sham operation (2k-con) or uninephrectomy plus
dietary hypercholesterolemia (1k-hychol). (A) 2k-con: Absence of
both glomerular and tubulointerstitial staining. (B) 1k-hychol: Ab-
sence of glomerular and very faint tubulointerstitial staining.
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Female NAR: Effect of Hypertriglyceridemia and
Uninephrectomy

Metabolic and Renal Functional Parameters. Hypertri-
glyceridemia and uninephrectomy in female NAR (1k-female)
(Table 3) should be viewed as the equivalent of hypercholes-
terolemia and uninephrectomy in male Sprague Dawley rats
(1k-hychol) (Table 2). Uninephrectomy (1k-female) in the
markedly hypertriglyeridemic female NAR was accompanied
by renal hypertrophy and marked hyperfiltration (as indicated
by the similar creatinine clearance in 1k and 2k NAR) (Table
4). Systolic BP was also increased by about 20 mmHg (P ,
0.05). As expected, triglycerides were higher than in 1k-ovx
rats. This was accompanied by increases in VLDL and IDL
cholesterol (Table 3). Furthermore, triglycerides and IDL cho-
lesterol were also higher than in 2k-females, which was pre-
sumably due to the proteinuria, which showed a 10-fold in-
crease at week 24 (Figure 7). However, in absolute terms
proteinuria was nearly an order of magnitude lower in the

1k-female NAR than in the 1k-hychol male Sprague Dawley
rats, and there were no secondary effects on LDL or HDL.

Immunohistologic Changes. Despite the above differ-
ence in proteinuria, the percentage of glomeruli with FSGS
was similar: 246 4 in the 1k-female NAR and 206 4 in the
1k-hychol male Sprague Dawley rats. Strong desmin staining
was notable in the glomeruli (Figure 8) and accompanied
podocytic pseudocysts and dilated glomerular capillaries. As in
the 1k-hychol Sprague Dawley males, glomerulara-smooth
muscle actin staining (Figure 8) was almost absent in these
profoundly hyperlipidemic rats, and there was no change in
PDGF-B chain (0.866 0.02 in 1k-femaleversus0.866 0.02
in 1k-ovx). Glomerular monocyte/macrophage influx was
slightly increased in 1k-females compared with 2k-females
(Figure 8). Slight but significant increases in glomerular ex-
tracellular matrix scores were noted (Figure 8) despite the
presence of FSGS in 24% of the glomeruli. This apparent
discrepancy was due to the fact that most FSGS lesions were

Figure 6.(A) There was no relation between albuminuria and glomerular macrophages (n 5 32,P . 0.05). (B) There was a significant relation
between albuminuria and interstitial macrophages (n 5 32, P , 0.001).

Table 3. Plasma lipids and lipoprotein cholesterol in female Nagase analbuminemic rats subjected to either sham operation
(2k-female), uninephrectomy plus ovariectomy (1k-ovx), or uninephrectomy (1k-female), compared with
ovariectomized (2k-ovx) ratsa

Parameter 2k-Ovx 2k-Female 1k-Ovx 1k-Female

n 8 8 8 8
Cholesterol (mM) 5.196 0.06 5.126 0.31 5.546 0.30 5.656 0.57
Triglycerides (mM) 2.286 0.18 3.146 0.29c 2.126 0.30 4.546 0.38b,c

VLDL (mM) 0.286 0.04 0.176 0.03 0.126 0.03 0.236 0.04c

IDL (mM) 0.086 0.03 0.186 0.05 0.106 0.05 0.346 0.08b,c

LDL1 (mM) 1.246 0.08 0.856 0.21 1.346 0.14 1.156 0.10
LDL2 (mM) 0.946 0.05 0.906 0.15 0.936 0.11 0.976 0.08
HDL (mM) 2.656 0.23 2.806 0.13 2.686 0.43 3.216 0.47

a Results are given as mean6 SEM.
b P , 0.05 1kversus2k.
c P , 0.05 femalesversusovx.
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still at early stages. By TEM, as in the hypercholesterolemic
rats, severe changes were seen after uninephrectomy. Podocyte
lesions were widespread and consisted of foot-process efface-
ment, pseudocyst formation, frequent accumulation of absorp-
tion droplets, and detachment of podocytes from the GBM
(Figure 9). Segmental sclerosis was of the synechia type with
sclerotic tuft portions herniating out of Bowman’s capsule into
a paraglomerular space. Tubulointerstitial lesions were seen in
the vicinity of segmentally sclerotic glomeruli. Tubulointersti-
tial injury in 1k-female rats was present in 10 to 20% of the
cortex and was associated with an increase in tubulointerstitial
staining of a-smooth muscle actin, matrix components, and

some macrophage influx (Figure 8). In contrast to the situation
in the male Sprague Dawley rats, female NAR exhibited no
correlation between proteinuria and tubulointerstitial mono-
cyte/macrophage counts, possibly because of the much lower
level of proteinuria.

Discussion
A central aim of the present study was to investigate early

renal events in hypercholesterolemic Sprague Dawley rats and
hypertriglyceridemic female NAR that antedate established
structural lesions. This aim was achieved in the rats with two
kidneys, all of which exhibited little to no glomerulosclerosis

Table 4. Baseline characteristics in female Nagase analbuminemic rats subjected to either sham operation (2k-female),
uninephrectomy plus ovariectomy (1k-ovx), or uninephrectomy (1k-female), compared with ovariectomized (2k-
ovx) ratsa

Characteristic 2k-Ovx 2k-Female 1k-Ovx 1k-Female

n 8 8 8 8
Body weight (g) 3266 7 2556 11c 3486 5 2636 9c

Left kidney weight (g) 0.816 0.02 1.006 0.04 1.406 0.07b 1.526 0.09b

Left kidney weight (% BW) 0.256 0.00 0.406 0.01c 0.416 0.02b 0.586 0.03b,c

Systolic BP (mmHg) 1426 4 1396 3 1416 4 1596 5b,c

Plasma creatinine (mM) 556 1 59 6 4 60 6 3 53 6 3
CCr (ml/min) 20876 115 16486 111c 16886 99b 16136 81
CCr (ml/min per 100 g BW) 6396 31 6396 41 4876 30b 6206 42c

a Results are given as mean6 SEM. BW, body weight; CCr, creatinine clearance.
b P , 0.05 1kversus2k.
c P , 0.05 femalesversusovx.

Figure 7. Proteinuria (weeks 6 to 24 post-surgery) in female Nagase analbuminemic rats (NAR) after sham operation (2k-female),
uninephrectomy (1k-female), ovariectomy (2k-ovx), or both (1k-ovx). Results are given as mean6 SEM.
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or tubulointerstitial injury at the time points investigated. The
superposition of renal mass reduction in both situations led to
structural renal damage. This combination of experimental

situations allowed us to delineate the cellular events that are
induced by hyperlipidemia in the kidney.

The first question of the present study was whether hyper-

Figure 8.Markers of glomerular and tubulointerstitial injury in female NAR after sham operation (2k-female), uninephrectomy (1k-female),
ovariectomy (2k-ovx), or both (1k-ovx). Results are given as mean6 SEM.
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cholesterolemia and/or hypertriglyceridemia induce renal dam-
age via an activation of glomerular mesangial cells, as has been
suggested on the basis of a large number of cell culture studies.
Thus, LDL-receptors are expressed on mesangial cells, both in
culture (3) and in biopsies (10). Mesangial cells in culture
avidly bind and take up a variety of lipoproteins (3). This has
been observed for VLDL (4), IDL (5), LDL (6), and HDL (26).
Moreover, after exposure to native as well as oxidized lipopro-
teins, cultured mesangial cells show increased proliferation
(26,27), depressed production of nitric oxide (28) and en-
hanced production of endothelin (29), growth factors, such as
PDGF, TGF-b, and tumor necrosis factor-a (27), as well as
structural elements (collagen and fibronectin) (30).

An indicator of mesangial cell activationin vivo is the
glomerularde novoexpression ofa-smooth muscle actin in
both rodents (24) and humans (31), a prominent finding in
mesangioproliferative diseases such as immune complex ne-
phritis (32), IgA nephropathy, and diabetic nephropathy (33).
Glomerulara-smooth muscle actin staining is also increased in
hypertensive nephrosclerosis without mesangial proliferation
such as in angiotensin II-mediated hypertension (34) and
stroke-prone spontaneously hypertensive rats (35). Such stain-
ing was practically absent in both the hypercholesterolemic and
the hypertriglyceridemic model, even in the rats with the
highest proteinuria and those with combined hyperlipidemia
and uninephrectomy. Furthermore, hypercholesterolemia did
not have a mitogenic effect in glomeruli. Specifically, there
was no mesangial cell proliferation, as evidenced by the ab-
sence of increased PDGF-B chain staining. Thus, in the ab-
sence of immune-mediated mesangial injury or glomerular
hypertension, the mesangium does not seem to play a pivotal
role in the development of proteinuria and progression to
segmental sclerosis. This assumption is consistent with our

recent data in a normotensive rat strain with spontaneous
glomerulosclerosis (20).

Direct in vivo evidence for lipid-induced mesangial cell
activation from other studies is sparse. Although several stud-
ies reported mesangial matrix expansion during dietary hyper-
cholesterolemia (12,18), only one actually documented in-
creases in glomerular collagen IV, fibronectin, and laminin
content (12). However, in the study of Guijarroet al. (12), a
much higher dietary content of cholesterol (4%) and cholic
acid (2%) was used than in the present study (cholesterol 2%
and cholic acid 0.5%). Thus, although our study suggests that
lipid-induced renal damage can occur in the absence of signif-
icant mesangial cell activation, we cannot exclude that a high-
grade dietary cholesterol plus cholic acid challenge might
injure mesangial cellsin vivo.

Given our failure to demonstrate hyperlipidemia-induced
mesangial cell activationin vivo, we next asked whether podo-
cyte damage does occur under these circumstances. LDL re-
ceptors are expressed on podocytes in biopsies (10). Cultured
glomerular epithelial cells bind and take up VLDL (2), IDL,
and LDL (36). However, similar to findings in cultured mes-
angial cells, even in the absence of actual uptake of lipopro-
teins, hyperlipidemia-induced podocyte injury could be related
to oxidative stress (37). Thus, after exposure to oxidized li-
poproteins, cultured glomerular epithelial cells show enhanced
production of TGF-b (38), as well as fibronectin (30,38).

To assess podocyte damagein vivo, we used HRLM and
TEM, as well as the immunohistochemical demonstration ofde
novo expression of desmin in podocytes. In the normal rat,
desmin expression is largely confined to mesangial cells (23),
but occurs in podocytes after toxic, hypertensive, or comple-
ment-mediated podocyte injury (23) and in rats that spontane-
ously develop FSGS (20). The data of the present study suggest

Figure 9. Glomerular lesions as seen by TEM in a female hypertriglyceridemic analbuminemic rat after uninephrectomy (1k-female). (A)
Podocyte damage ranges from foot process effacement (arrow) and pseudocyst formation (asterisks) to microvillus transformation of a podocyte
with dense cytoplasmic vacuoles filled with laminated structures (arrowhead; shown at higher magnification in B). Magnification:31900 in
A; 37200 in B.
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that in situations of isolated hyperlipidemia (i.e., 2k-hychol
Sprague Dawley rats and 2k-female NAR), slight podocyte
damage developed over the time periods studied. Thus, under
both conditions, podocyte desmin expression tended to in-
crease, albeit not significantly. Furthermore, significant pro-
teinuria developed in 2k-hychol Sprague Dawley rats (Figure
1), which can serve as indirect evidence of podocyte damage
(39). Indeed, by HRLM and TEM, widespread podocyte injury
was documented, including (as already observed previously in
hyperlipidemic rats; 40) cytoplasmic accumulation of lysoso-
mal elements (absorption droplets) in many podocytes. When
hypercholesterolemia and/or hypertriglyceridemia were com-
bined with uninephrectomy, podocyte damage as assessed by
the above parameters became striking. Segmental sclerosis
developed via the well-characterized podocyte pathway, start-
ing with the formation of tuft adhesions to Bowman’s capsule
and progressing to broad synechiae (41). Because uninephrec-
tomy per sealready induced podocyte injury (as demonstrated
by HRLM in 1k-control Sprague Dawley rats and 1k-ovx
NAR), this suggests that hyperlipidemia primarily acts to ag-
gravate preexisting damage of podocytes. However, it should
be noted that aging 2k-female NAR exhibit marked proteinuria
and widespread glomerular and tubulointerstitial damage (8).

In the 1k-female NAR, a mild increase in BP was noted, but
this probably did not contribute to the marked increase in
glomerular desmin staining in this strain because these rats do
not exhibit intraglomerular hypertension (9). This latter point is
also supported by our observation thata-smooth muscle actin
expression was not increased in glomeruli of 1k-NAR, whereas
glomerulara-smooth muscle actin expression is markedly aug-
mented in a setting of intraglomerular hypertension (34). Be-
sides reducing triglycerides, ovariectomy conceivably could
have other renoprotective effects in NAR. However, no effects
of ovariectomy have been found on glomerular diameters (6) or
on whole blood viscosity, hyperfiltration, or hyperperfusion
after uninephrectomy (17). The 30% increase in body weight is
not expected to have a protective effect.

In rats with dietary hypercholesterolemia, glomerular mac-
rophages and plasma cholesterol showed marked parallel in-
creases. However, in female NAR glomerular macrophage
numbers were 5 to 10 times lower and not correlated with
hypertriglyceridemia. Furthermore, there was no clear associ-
ation of glomerular macrophage numbers with proteinuria,
podocyte damage, or the development of glomerulosclerosis in
either the hypercholesterolemic or the hypertriglyceridemic
model. Thus, although glomerular macrophage accumulation is
certainly an early effect of dietary hypercholesterolemia in rats
(11,12,18) and rabbits (42), and has also been observed in
hypertriglyceridemic obese Zucker rats (14,43), a pivotal role
for macrophages in the pathogenesis of glomerular damage in
hyperlipidemic models is not supported by the present study.

Tubulointerstitial injury and macrophage influx, on the other
hand, were associated phenomena in the Sprague Dawley rats
with hypercholesterolemia, uninephrectomy, or both. This con-
firms clinical observations (44) as well as findings in other
models of glomerular injury, such as membranous nephropathy
and renal ablation (45). A common denominator for this ob-

servation may be the extent of proteinuria. Thus, albumin (46),
transferrin (47), and HDL (48) reabsorption by proximal tubu-
lar cells, and the subsequent basolateral secretion of vasoactive
and inflammatory substances (48) have been implicated in
macrophage chemotaxis and tubular damage. The protective
effect of macrophage depletion in hyperlipidemic models by
X-irradiation (49) may therefore be causally related to the
depletion of tubulointerstitial rather than glomerular macro-
phages. On the other hand, as suggested previously (50), the
link between segmental glomerulosclerosis and tubulointersti-
tial damage may consist of misdirected filtration and filtrate
spreading across the urinary pole onto the outer aspect of the
corresponding tubule and surrounding interstitium. Efforts to
distinguish between both mechanisms were not undertaken in
the present study.

How is it possible that hypercholesterolemia and hypertri-
glyceridemia both result in relatively uniform morphologic
evidence of renal damage? The explanation is probably not that
hyperlipidemia in both models was “mixed.” Most cholesterol
in dietary hypercholesterolemia is in apo B-containing parti-
cles, whereas the reverse is true in NAR (15). The highest
triglyceride level in rats subjected to dietary cholesterol was
,50% of that found in the 2k-ovx NAR, and probably sec-
ondary to proteinuria (51). One factor that dietary hypercho-
lesterolemia and hypertriglyceridemia in female NAR did have
in common was high IDL-cholesterol. In the female NAR,
changes in IDL-cholesterol—unlike total cholesterol, LDL-
cholesterol, or HDL-cholesterol—were parallel to changes in
triglyceride levels (Table 3). IDL is very large and will not be
filtered. Thus, it is plausible that injury due to IDL occurs by
exposure of the cells forming the glomerular barrier to protein
filtration, namely, the capillary endothelium and the visceral
epithelium. As mentioned above, cultured glomerular epithe-
lial cells can bind and take up IDL (36).

In summary, no significant mesangial activation or prolifer-
ation, as indicated by respectively the absence ofde novo
expression ofa-smooth muscle actin or increased PDGF-B
chain, was observed in the two different models of experimen-
tal hyperlipidemia that are associated with proteinuria, one
involving dietary hypercholesterolemia in uninephrectomized
male Sprague Dawley rats and the other hypertriglyceridemia
in uninephrectomized female analbuminemic rats. In contrast,
podocyte and tubulointerstitial injury were present in both
models. Our data therefore suggest that in instances of preex-
isting podocyte activation such as after renal mass reduction,
hyperlipidemia contributes to podocyte injury, and that when
severe such podocyte damage results in development of the
“classic” type of segmental sclerosis associated with secondary
damage to the tubulointerstitium.
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