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Dietary fish oil, vitamin E, and probucol have been considered in a variety of human and experimental models
of kidney disease. Using subtotal nephrectomized cholesterol-fed rats as a model for progressive kidney disease,
we examined the effect of 5% dietary fish oil, or a combination of 5% dietary fish oil with 500 IU vitamin E/kg
diet or 1% probucol on renal injury. Three-month-old Sprague Dawley rats were fed a control diet (C group) or
a cholesterol supplemented (2%) diet (Ch group) containing either fish oil (FO group) or fish oil plus vitamin
E (FO1E group) or fish oil plus probucol (FO1P group). After 4 weeks of dietary treatment, the right kidney
was electrocoagulated and the left kidney nephrectomized. After 8 weeks, 24-hour urine was collected before
sacrifice. No effect of the dietary treatments was noted on serum creatinine, blood urea nitrogen, or proteinuria,
except that proteinuria was highest in FO1P group. Rats receiving the cholesterol diets had higher serum low
density lipoprotein (LDL)1 very low density lipoprotein (VLDL) cholesterol (P , 0.05). In contrast, rats in the
FO1P group had the lowest serum total cholesterol and LDL1VLDL cholesterol among all groups. The FO
group had 26% lower kidneya-tocopherol concentrations than the C group. However, inclusion of vitamin E in
the diet (FO1E group) increased the kidneya-tocopherol status to a level comparable to that in the C group,
whereas inclusion of probucol in fish oil diet (FO1P group) did not improve the kidneya-tocopherol status. Rats
fed the cholesterol diet had a 2.5-fold higher glomerular segmental sclerosis (GSS) score and 1.5-fold higher
glomerular macrophage (GM) subpopulation than the C group. These effects of the cholesterol diet were
ameliorated by a fish oil diet (FO group: GSS by 30%, GM by 24%). The inclusion of vitamin E in the fish oil
diet (FO1E group) did not further improve the GSS score or GM subpopulation. However, inclusion of probucol
in fish oil diet (FO1P group) lowered the GSS score by 73% and reduced GM subpopulation by 83% compared
with the Ch group. These remarkable changes can be attributed to the powerful hypocholesterolemic activity of
probucol. Our findings indicate that progression of glomerular sclerosis in the rat remnant kidney model of
progressive kidney disease can be significantly modulated with fish oil treatment.(J. Nutr. Biochem. 10:
539–546, 1999)© Elsevier Science Inc. 1999. All rights reserved.
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Introduction

It has been suggested that hypercholesterolemia contributes
to progressive renal disease.1–3 Increasing dietary choles-

terol in normal rats has been shown to increase plasma
cholesterol levels and induce glomerulosclerosis.4 Addition-
ally, the glomeruli of guinea pigs fed a high cholesterol diet
demonstrated prominent glomerular monocyte/macrophage
infiltration.5 Administration of lipid lowering agents to animals
with progressive renal disease and hyperlipidemia has been
shown to reduce glomerulosclerosis and proteinuria.6,7

The mechanism by which an increased cholesterol level
leads to renal injury is unclear. However, the morphologic
similarity between glomerulosclerosis and atherosclerosis
suggests that common mechanism(s) may be involved in
tissue injury.2,3 Several prospective human studies and
animal experiments have suggested that fish oil and vitamin
E have beneficial effects on atherosclerosis and coronary
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heart disease.8,9 There is also some evidence indicating that
these nutrients may prevent chronic renal failure.10–14Fish
oil has been shown to be beneficial for treating human
primary glomerulonephritis10,15 and preventing the evolu-
tion of glomerulosclerosis in the rat nephritis model.11 Fish
oil has anti-inflammatory properties and has been shown to
reduce proteinuria in some models of nephritis.16–19 Vita-
min E also has been suggested to limit the development of
glomeruloscleroses in diabetic nephropathy, probably
through inhibition of lipid peroxidation.13,14

The remnant kidney model of chronic renal failure,
which is a condition with subtotal nephrectomy, is a
commonly used experimental model for studying progres-
sive kidney injury. Following subtotal nephrectomy the
remnant nephron subsequently undergoes hyperfiltration
with evolution of the proteinuria, hypertension, and glomer-
ulosclerosis. The remnant kidney model is postulated to
represent the paramount common pathway for all chronic
progressive kidney diseases.20 Using this model, we found
that administration of 1% dietary probucol, a cholesterol
lowering agent with strong antioxidant properties,21 reduced
renal injury and proteinuria in cholesterol-fed rats.22 Thus,
in addition to lowering cholesterol, probucol as an antioxi-
dant may also contribute to the reduction of renal injury by
preventing low density lipoprotein (LDL) oxidation and
lipid peroxidation. Because the beneficial effect of vitamin
E and probucol on atherosclerosis in experimental animals
appears mediated in part through common pathways, vita-
min E may have the same beneficial effect as probucol on
the progression of glomerulosclerosis. In this study, we
investigated the capability of dietary fish oil to slow the
progression of renal injury in cholesterol-fed rats with
subtotal nephrectomy.

Because fish oil is highly polyunsaturated and is prone to
oxidation, we sought to examine whether the combination
of fish oil with vitamin E or probucol further enhances the
efficacy of fish oil in slowing the progression of renal injury
in this model.

Materials and methods

Animals and diet

Male viral antibody-free Sprague Dawley rats, aged 3 months and
weighing 3426 8 g, were purchased from Charles River Breeding
Laboratories (Kingston, NY USA) and housed individually in
suspended wire mesh stainless steel cages in a temperature and
humidity controlled room with a 12-hour light/dark cycle. Rats
were randomly assigned to five dietary treatment groups, with 12
rats per group. The control group (C) received a modified
semisynthetic AIN-76A diet (Dyets Inc., Bethlehem, PA USA)23

containing 6.2% corn oil. The cholesterol group (Ch) received the
control diet containing 2% cholesterol (Dyets, Inc.). The fish oil
group (FO) received the cholesterol supplemented diet containing
5% by weight menhaden fish oil (Sigma Chemical Co., St. Louis,
MO USA) substituted for 5% of the corn oil. As previously
reported,24 corn oil contains 656 0.6% linoleic acid.25 Therefore,
1.2% corn oil in this diet provided approximately 1% by weight
linoleic acid to prevent essential fatty acid deficiency. The fish oil
and vitamin E (FO1E) group received the cholesterol supple-
mented diet containing 5% by weight fish oil and 500 IU vitamin
E (dl-a-tocopherylacetate; Bioserv Frenchtown, NY USA)/kg diet.
The fish oil and probucol (FO1P) group received the cholesterol

supplemented diet containing 5% by weight fish oil and 1% by
weight probucol (Sigma Chemical Co). Fresh diets were fed daily
just before the dark cycle to minimize food exposure to air prior to
consumption. Any leftover diet was discarded. The bulk of the
diets, without oil and in the form of powder, was stored at 4°C.
Oils were mixed in smaller batches. After addition of the oils, the
diets were flushed with nitrogen and kept in220°C. Food and
water were provided ad libitum.

Procedures

After 4 weeks of dietary treatment, the rats were anesthetized with
5% isoflurane (Ohmeda, Liberty Corner, NJ USA) inhalation and
5 mg/kg body weight xylazine (Miles, Shawnee Mission, KA
USA). Following the onset of anesthesia, a 2-cm incision was
made on the right lumbar skin, and a right lateral laparotomy was
performed. The capsule of the right kidney was removed, and
electrocautery of the cortex was performed with an electrocoagu-
lator (Surgitron, Ellman International Manufacturing Inc., Hewlett,
NY USA) according to the procedure of Boudet et al.26 Following
a 7-day recovery and ligation of the hila, a left nephrectomy was
performed using the same anesthetic procedure. Body weight was
measured before and after each surgical procedure and monitored
daily for 1 week or until body weight returned to within 5% of the
original value; body weight was measured weekly thereafter. Urine
and blood were collected before and after the fourth and eighth
weeks of nephrectomy. At baseline and 4 weeks after the surgical
procedures, blood samples were collected from the tail vein
following heat lamp dilatation while the animals were restrained in
a rigid rodent restrainer (Lab Products, Maywood, NJ USA). After
8 weeks of nephrectomy, food was withheld from the animals
overnight, and after 24 hours, urine was collected using metabolic
cages (Lab Products). The animals were then sacrificed by
terminal exsanguination following anesthesia with isoflurane.
Blood was collected from the vena cava at week 8, and serum was
separated by centrifugation at 3003 g for 15 minutes at 4°C. The
kidney remnant was removed, and a portion was fixed in 10%
formalin solution, a portion in 70% ethanol, and the remainder
frozen in liquid nitrogen and stored at270°C for vitamin E and
fatty acid analysis. This protocol was reviewed and approved by
the institutional Animal Care and Use Committee.

Analytical methods

Serum total cholesterol (TCh),27 triglyceride (TG),28 high density
lipoprotein (HDL) cholesterol,29,30 and blood urea nitrogen
(BUN)31 were measured by an enzymatic method using automated
COBAS FARA (Roche Diagnostic System, Nutley, NJ USA).
LDL 1 very low density lipoprotein (VLDL) cholesterol were
calculated from TG and TCh values. Urinary protein concentration
was measured by the method of Biuret.32,33Serum creatinine was
measured as described by Larsen.34

The fatty acid profile of the kidney tissue was determined by
gas chromatography. Briefly, the kidney sample was homogenized
in chloroform:methanol (1:1, v:v) and lipids were extracted as
described by Caruso et al.35 The extract was dried under nitrogen,
and residue was resuspended in 1.0 mL benzene. The fatty acids
were methylated with 5% methanolic HCl at 70°C for 2 hours.36

One microliter of fatty acid methylester was injected into a
Hewlett Packard model 5890 gas chromatograph (Wilmington, DE
USA) equipped with a 30 m AT-WAX (Alltech, Deerfield, IL
USA) capillary column with an inner diameter of 0.25 mm and a
film thickness of 0.25mm. The oven temperature was programmed
from 160°C to 250°C at 2°C/min without initial temperature hold
and 10 minutes final temperature hold. The split ratio was 20:1
with helium as the carrier gas.

Kidney vitamin E was measured by reverse-phase high perfor-
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mance liquid chromatography (HPLC).37 Briefly, after homogeni-
zation in the buffer, the kidney sample was saponified with 30%
KOH in the presence of 2% pyrogallol (Sigma Chemical Co.) at
60°C for 30 minutes. Tocol (a gift from Hoffmann-La Roche,
Nutley, NJ USA) was added to the mixture as an internal standard.
a-Tocopherol was extracted into 2.5 mL hexane containing
0.002% butylated hydroxytoluene (BHT), dried under a stream of
nitrogen, and reconstituted in 60mL of methanol.a-Tocopherol
was separated by HPLC using a 3mm C18 reverse phase column
(Perkin-Elmer, Norwalk, CT USA) with 100% methanol as the
mobile phase. The eluteda-tocopherol peak was detected with a
Perkin-Elmer 650-15 spectrofluorometer set at 292 nm excitation
and 330 nm emission and integrated with a Waters 860 system
(Cambridge, MA USA).

Histology

Histologic examination of the remnant kidney was conducted in a
blinded fashion with light microscopy using periodic acid-Schiff
staining38 of formaldehyde-fixed tissue sections to assess glomer-
ulosclerosis. Fifty glomeruli were examined at 1403 magnifica-
tion and the number of glomeruli showing segmental sclerosis was
expressed as a percentage (GSS score) of the total number of
glomeruli counted for each rat.

Glomerular macrophage subpopulations were examined by
immunoenzymatic staining of ethanol-fixed tissue sections using
Vectastain ABC kit (Vector Laboratories Inc., Burlingame, CA
USA) and mouse monoclonal antibody against rat macrophages
(ED-1: Chemicon International Inc., Temecula, CA USA). The
immunoenzymatic staining specimens were evaluated in a blinded
and coded fashion by two independent observers. The number of

glomeruli having ED-1 positive cells was expressed as a percent-
age of the total number of glomeruli counted for each rat.

Statistical analysis

All data are expressed as means6 SD. Comparisons between
groups were assessed by analysis of variance followed by Stu-
dent’st-test with Bonferroni corrections for multiple comparisons.
Differences were considered significant at aP-value of less than
0.05.

Results

The final body weights of rats in the FO1P group were
significantly higher than those of the other groups (Table 1).
Although we did not measure food intake, weekly food
consumption in the FO1P group was noticeably higher than
in the other groups. Body weight gain at the end of 8 weeks
was also higher in this group compared with those of rats in
the Ch, FO, and FO1E groups (Table 1). Feeding 2%
cholesterol without other dietary treatments resulted in the
lowest weight gain. Inclusion of FO or FO1E increased
weight gain, but not significantly. Weight gain was signif-
icantly higher in the FO1P group than in the Ch group.

There were no significant differences in serum creatinine
and BUN concentration between dietary treatment groups
after 4 or 8 weeks of nephrectomy (Table 2). Because body
weight gain was affected by dietary treatments, serum
creatinine and BUN were adjusted per gram of body weight.
This adjustment did not result in a significant difference
between treatment groups for these indices of protein
metabolism.

Serum lipid profile data are shown inTable 3.TCh was
not markedly affected by the cholesterol feeding (Ch group
versus C group). However, serum TG and TCh concentra-
tions were the lowest in FO1P rats (P , 0.05). The
concentration of HDL cholesterol in all groups of rats fed
diets supplemented with cholesterol was lower than that of
the C group. Conversely, the concentration of LDL1VLDL
cholesterol in the Ch and FO groups was higher than in the
C group and probucol but not vitamin E significantly
reduced this concentration in the FO1P group.

At 4 weeks, 24-hour urinary protein per gram of body
weight in the FO1P group was not different from that of the
other groups; however, at 8 weeks postnephrectomy, rats in
the FO1P group who had a higher weight gain (Table 1)
had significantly higher levels of urinary protein than did

Table 1 Final body weight and body weight gain

Treatment group
Final body weight

(g)
Body weight gain

(g)

C 465 6 28a 153 6 22a

Ch 451 6 23a 117 6 25b

FO 467 6 25a 127 6 25b

FO1E 471 6 28a 133 6 23b

FO1P 513 6 37b 184 6 41a

Final body weight and body weight gain from initial body weight in
control (C) rats fed a modified AIN-76A diet and in groups treated with
a diet containing 2% cholesterol (Ch), 2% cholesterol 1 5% fish oil (FO),
2% cholesterol 1 5% fish oil 1 500 IU vitamin E/kg (FO1E), and 2%
cholesterol 1 5% fish oil 1 1% probucol (FO1P). Values are mean 6
SD. Means in a column not sharing a common superscript are signifi-
cantly different at P , 0.05.

Table 2 Serum creatinine and blood urea nitrogen concentrations

Treatment
group

Creatinine* BUN*

4 wk 8 wk 4 wk 8 wk

C 207.7 6 29.1 166.2 6 17.7 21.77 6 3.57 21.78 6 2.86
Ch 193.6 6 20.3 149.4 6 19.4 25.35 6 3.21 22.49 6 2.86
FO 197.1 6 21.2 149.4 6 18.6 23.92 6 4.28 22.49 6 2.86
FO1E 197.1 6 29.2 157.3 6 29.1 24.99 6 4.29 23.56 6 4.28
FO1P 185.6 6 20.3 152.9 6 17.7 20.35 6 4.27 19.99 6 5.35

Effect of dietary treatment (see footnote of Table 1 and experimental design) on serum creatinine and blood urea nitrogen (BUN) concentrations
(adjusted per gram of body weight) after 4 and 8 weeks of nephrectomy. Values are mean 6 SD; n 5 12.
*mmol/L/g 3 1023.
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rats in the other groups (Table 4). Therefore, relative to the
other dietary groups, a higher food intake and thus a higher
protein intake may have contributed to the high urinary
excretion of protein in this group.

The kidneys of rats in the FO group hada-tocopherol
levels that were 28% lower than those of rats in the Ch
group and 26% lower than those of rats in the C group, but
significantly lower (38%) than those of rats in the FO1E
group (Figure 1). Thus, inclusion of vitamin E in the FO
diet improved the kidneya-tocopherol status to the level of
rats in the Ch and C groups (Figure 1). The addition of
probucol to the fish oil diet did not prevent the fish
oil-induced decrease ofa-tocopherol concentration in the
kidney. Interestingly, kidneya-tocopherol concentration in
the FO1P group was the lowest among all the dietary
groups receiving cholesterol (Figure 1). This effect is most
likely associated with this group’s low level of lipoprotein,
which results in a low deposition ofa-tocopherol in kidney
(Table 3).

Fish oil treatment significantly altered the fatty acid
composition of kidney tissue (Table 5). The concentration
of eicosapentaenoic acid [EPA, 20:5 (n-3)] on average was
34-fold higher and docosahexaenoic acid [DHA, 22:6 (n-3)]
was approximately 3.8-fold higher in kidneys from the FO,
FO1E, and FO1P groups compared with those of rats who
did not receive fish oil. In contrast, the concentration of
arachidonic acid [AA, 20:4 (n-6)] was 50% lower in the fish
oil groups than in the other dietary treatments. The presence
of vitamin E or probucol in the diet of the fish oil groups did
not have any effect on EPA, DHA, or AA concentrations in

kidney. The concentration of linoleic acid [18:2 (n-6)] in the
kidneys of FO and FO1E groups was lower than that in the
Ch group, whereas in the kidneys of rats fed FO1P, the
level of this fatty acid was comparable to those of rats in the
Ch group. Fish oil also increased the concentration of 14:0,
16:0, and 16:1 fatty acids in FO and FO1E groups and 16:0
fatty acid in the FO1P group.

Cholesterol treatment (Ch group) increased the GSS
score in the kidneys 2.5-fold (P , 0.05) compared with the
C group (Figure 2). This effect of cholesterol was reduced
by 30% in FO rats, 31% in FO1E rats, and 73% in FO1P
rats, so there was no statistical difference between the last
group and C group. A representative photomicrograph
(Figure 3A) shows the presence of GSS with mesangial cell
proliferation in the glomerulus of a kidney from the Ch
group. Supplementing the diet of rats with 2% cholesterol
alone also increased GM subpopulation by 1.5-fold (P ,
0.05) compared with the C group (Figure 4). This effect of
the cholesterol in the diet was reduced (P , 0.05) by 24%
in the FO group, 28% in the FO1E group, and remarkably
83% in the FO1P group (Figure 4). There were no

Table 3 Serum lipid profile following 8 weeks of dietary treatment

Treatment
group TG

Cholesterol*

Total HDL (VLDL1LDL)

C 0.70 6 0.19a 3.19 6 0.52a 1.86 6 0.21a 1.24 6 0.34a

Ch 0.55 6 0.27ab 3.21 6 1.01a 1.11 6 0.34b 2.15 6 0.80b

FO 0.61 6 0.12ab 2.77 6 0.54ab 0.83 6 0.13b 1.92 6 0.60b

FO1E 0.64 6 0.18ab 2.59 6 0.49ab 0.93 6 0.23b 1.71 6 0.41ab

FO1P 0.41 6 0.11b 1.73 6 0.44b 0.83 6 0.15b 1.04 6 0.34a

Effect of dietary treatment (see footnote of Table 1 and experimental design) on serum total cholesterol, triglyceride (TG), and high density lipoprotein
(HDL) cholesterol and very low density lipoprotein (VLDL) 1 low density lipoprotein (LDL) cholesterol concentrations 8 weeks after nephrectomy. Values
are mean 6 SD, n 5 12. Values in a column not sharing a common superscript are significantly different at P , 0.05.
*mmol/L.

Table 4 Urinary protein excretion*

Treatment group 4 wk 8 wk

C 1.95 6 0.52a 2.99 6 0.76a

C 2.16 6 1.15a 2.56 6 0.80a

FO 2.45 6 0.90a 2.46 6 0.74a

FO1E 3.18 6 0.86a 2.78 6 0.67a

FO1P 2.65 6 0.94a 4.01 6 0.89b

Effect of dietary treatments (see footnote of Table 1 and experimental
design) on 24-hour urinary protein excretion (adjusted per gram of body
weight) after 4 and 8 weeks of nephrectomy. Values are mean 6 SD,
n 5 12. Values in a column not sharing a common superscript are
significantly different at P , 0.05.
*mg/24 hr/g body weight.

Figure 1 Effect of dietary fish oil, vitamin E, and probucol on kidney
a-tocopherol concentration. Each bar represents mean 6 SD, n 5 12.
Dietary groups are described in the experimental design. Bars not
sharing a common superscript are different (P , 0.05).
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significant differences among the dietary groups in the
histopathologic changes within the interstitium. A represen-
tative photomicrograph (Figure 3B) shows infiltration of
macrophages into the glomerulus as detected by specific
ED-1 monoclonal antibody in a kidney section from the Ch
group.

Discussion

This study demonstrates that dietary fish oil can slow the
progression of glomerulosclerosis in rats with remnant
kidney nephrons. Supplementing a fish oil diet with 1%
probucol remarkably reduced glomerulosclerosis, whereas
addition of 500 IU vitamin E/kg body weight in the fish oil
diet did not further increase the fish oil effect. This was
apparent from the histologic examination of kidney tissues
of rats in FO, FO1P, and FO1E groups. Both the GSS
score and GM subpopulation were lower in animals treated
with these diets. Probucol, which has both cholesterol-
lowering and antioxidant properties, significantly reversed

the cholesterol-induced increase in GSS score by 73% so
that the rats in the FO1P group were almost comparable
histologically to those fed the control diet (Figure 2). In our

Table 5 Fatty acid profile in kidney

Fatty acid C Ch FO FO1E FO1P

14:0 0.31 6 0.05a 0.35 6 0.06a 0.70 6 0.4b 1.00 6 0.60b 0.52 6 0.07a

16:0 22.0 6 0.3a 21.7 6 0.7a 24.2 6 1.3b 25.1 6 1.8b 24.4 6 0.4b

16:1 0.77 6 0.09a 0.88 6 0.34a 2.70 6 0.96bc 3.92 6 1.90bc 2.01 6 0.19ac

18:0 18.6 6 0.8a 18.1 6 0.7ab 17.5 6 1.6ab 15.9 6 2.4b 17.9 6 0.5ab

18:1 (n-9) 7.6 6 0.9a 8.1 6 0.7a 9.0 6 2.1a 11.1 6 4.4a 7.9 6 0.4a

18:1 (n-7) 2.8 6 0.1a 3.4 6 0.1b 3.1 6 0.2ab 3.0 6 0.2ab 3.0 6 0.2ab

18:2 (n-6) 13.2 6 1.7b 15.7 6 0.5a 13.2 6 0.3b 11.8 6 1.6c 14.8 6 0.4ab

20:3 (n-6) 0.41 6 0.03a 0.48 6 0.11a 0.13 6 0.02b 0.14 6 0.2b 0.15 6 0.01b

20:4 (n-6) 31.6 6 1.5a 29.7 6 1.1a 14.7 6 2.2b 13.0 6 2.8b 15.0 6 0.8b

20:5 (n-3) 0.30 6 0.18a 0.14 6 0.19a 9.6 6 1.2b 9.7 6 1.6b 9.1 6 0.3b

22:5 (n-3) 0.67 6 0.12a 0.58 6 0.25a 0.12 6 0.03b 0.11 6 0.06b 0.17 6 0.03b

22:6 (n-3) 1.7 6 0.2a 0.83 6 0.13b 5.1 6 0.2c 5.1 6 0.6c 5.2 6 0.7c

Weight percent of kidney fatty acids from each dietary treatment (see footnote of Table 1 and experimental design). Values are mean 6 SD, n 5 5.
Values in a row not sharing a common superscript are significantly different at P , 0.05.

Figure 2 Effect of dietary fish oil, vitamin E, and probucol on glomer-
ular segmental sclerosis score. Each bar represents mean 6 SD, n 5
12. Dietary groups are described in the experimental design. Bars not
sharing a common superscript are different (P , 0.05).

Figure 3 Representative photomicrographs from glomerulus of rats
with remnant kidney treated with 2% dietary cholesterol for 8 weeks. (A)
Segmental sclerosis is shown in upper left portion of glomerulus. (B)
Macrophage infiltrated into the underlying glomerulus are stained with
ED-1 monoclonal antibody and shown in upper left portion of glomerulus.

Fish oil, antioxidants, and renal injury: Mune et al.

J. Nutr. Biochem., 1999, vol. 10, September 543



earlier study22 we found that treating cholesterol-fed rats
with 1% probucol for 8 weeks also reduced GSS by 72% in
this model of kidney injury. Therefore, the dramatic effect
we observed in the FO1P group can be attributed to
probucol treatment.

Tissue requirements and utilization ofa-tocopherol are
higher when levels of highly oxidizable (n-3) polyunsatu-
rated fatty acids (PUFA) are high.24 Thus, rats in the FO
group had lower kidneya-tocopherol than those in the C
and Ch groups (Figure 1). Including 500 IU vitamin E/kg in
the diet of the FO1E group increased the kidneya-tocoph-
erol concentrations to the control levels. Therefore, the
decrease in GM subpopulation in the FO1E group was
slightly better (but not statistically different) than that of the
rats treated with fish oil alone (28% versus 24%). The
striking effect in this index of kidney inflammatory reaction
was also observed with fish oil when given together with
probucol (FO1P group), which reduced the cholesterol-
induced increase in the GM subpopulation by 83%. Again,
such remarkable reduction in the GM subpopulation can be
attributed to probucol, because in our earlier study,22 probucol
treatment alone reduced the GM subpopulation by 95%.

Although we did not observe a significantly greater level
of serum TCh in the Ch group, increases in serum
LDL1VLDL cholesterol in this group appeared to be the
major contributing factor to the increase in GSS score and
GM subpopulation, as established in this model. Probucol
has been reported to decrease the serum cholesterol level in
the model of subtotal nephrectomy as well as in the model
of obstructive nephropathy.39,40It appears that the decrease
in serum TCh and LDL1VLDL cholesterol level by pro-
bucol was the major contributing factor for the decreased
GSS score in the FO1P group. Hyperlipidemia may con-
tribute to glomerular injury, probably in the same manner
that cholesterol alters major vessel walls.41 Data suggest a
potential role for lipids in the progression of renal disease,
although the evidence is circumstantial. A causal relation-
ship has not been clearly established.

The effect of fish oil in the reduction of the GSS score in
this study may be related to a lesser extent to its effect on
LDL1VLDL cholesterol in which only a slight reduction
was detected. Rather, the anti-inflammatory effect of fish oil
may have substantially contributed to the reduction of GSS
score via modulation of monocyte and macrophage activa-
tion. Fish oil and its principal (n-3) PUFA, EPA, and DHA
possess both anti-inflammatory and anti-atherosclerotic
properties.42 Rats fed diets containing fish oil, (i.e., the FO,
FO1E, and FO1P groups) had approximately 50% lower
kidney AA, approximately 34-fold higher EPA, and approx-
imately 3.8-fold higher DHA levels. The (n-3) PUFA inhibit
production of inflammatory prostaglandins and leukotrienes
by competing with AA for cyclooxygenase and lipoxygen-
ase enzymes. Prostaglandins of the 3-series and leukotrienes
of the 5-series produced from (n-3) PUFA are less potent
than prostaglandins of the 2-series and leukotrienes of the
4-series in inflammatory reactions. Thus, the effect of fish
oil as reflected in the GSS score is perhaps mediated
through a variety of mechanisms.

Reactive oxygen species (ROS) have been suggested to
be involved in the pathogenesis of several forms of renal
injury, including acute ischemic renal failure,43 glomerulo-
nephritis,44 toxic nephropathies caused by aminoglyco-
sides,45 glycerol-induced renal failure, and obstructive ne-
phropathy in the rat39 and other experimental animals.
However, the role of ROS in the pathogenesis of chronic
progressive renal disease remains to be defined. The rate of
oxygen consumption in nephrons of sub-totally nephrecto-
mized rats is approximately three times that observed before
subtotal renal ablation.7 It has been postulated that increased
oxygen consumption by the remnant kidney may lead to
enhanced formation of oxygen radicals, which in turn may
cause further cell injury when the level of antioxidants is
inadequate.46 In addition, it has been shown that renal
cortical malondialdehyde, a product of lipid peroxidation,
progressively increases in the remnant kidney model.11,15

This observation further supports the concept that ROS are
involved in the pathology associated with the remnant
kidney model.47,48

Recent studies support a role for oxidized LDL in the
pathogenesis of atherosclerosis.49 By using specific mono-
clonal antibodies, the presence of oxidized LDL has been
demonstrated in atherosclerotic lesions in humans and
experimental animals50 as well as in the glomeruli of the
cholesterol-fed nephrotic rats.51 The lesions of glomerulo-
sclerosis in rats with subtotal nephrectomy resemble athero-
sclerotic lesions.2,3 Thus, oxidized LDL may also play a
pivotal role in the pathogenesis of chronic renal failure
associated with increased cholesterol levels.52 Oxidized
LDL is a powerful macrophage chemoattractant.53 There-
fore, the increase in serum LDL1VLDL cholesterol found
in the Ch group might contribute to LDL oxidation in the
kidney, activation of macrophages, and production of che-
moattractants for glomerular infiltration of monocytes and
macrophages. Production of ROS by activated macrophages
could further increase lipid peroxidation of PUFA in ne-
phrotic cell membranes and the glomerular injury observed
here as a higher GSS score. Therefore, the reduced infiltra-
tion of GM subpopulation into the renal parenchyme of rats
in the FO1P group is most likely related to the combined

Figure 4 Effect of dietary fish oil, vitamin E, and probucol on glomer-
ular macrophage subpopulation. Each bar represents mean 6 SD, n 5
12. Dietary groups are described in the experimental design. Bars not
sharing a common superscript are different (P , 0.05).
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antioxidant function and hypocholesterolemic effect of
probucol.

Reports on the effect of fish oil in proteinuria in this
model are controversial. Barcelli et al.19 and Clark et al.10

reported that fish oil prevented proteinuria in the rat
remnant nephron model. In this study, although all the
nephrectomized rats had relatively higher creatinine and
BUN levels, proteinuria was not significantly affected by
nephrectomy. Scharschmidt et al.54 found no effect of fish
oil on urinary excretion of protein after 14 weeks of
treatment. In contrast to our previous study, in which a
decrease in GM subpopulation was accompanied by a
decrease in urinary protein and serum creatinine levels,22

we found that fish oil or fish oil supplemented with vitamin
E or probucol had no effect on creatinine and BUN
concentrations, despite the significant decrease in GSS
score and GM subpopulation infiltration in the kidney.
Urinary protein, however, was higher in the FO1P group at
the end of the 8 weeks of this study. Because body weight
gain in the FO1P group was significantly higher than in
other groups, the increase of a high excretion of protein in
urine in this group could have been related to high intake of
protein due to high food consumption. Inclusion of pair-fed
group(s) using a control diet would have been useful to
delineate the mechanism underlying the higher proteinuria
observed with the consumption of the FO1P diet, despite its
effect on the improvement of kidney injury, which was
observed histologically.

In summary, the hypolipidemic and anti-inflammatory
actions of fish oil, the strong hypocholesterolemic and
antioxidant properties of probucol, and to a lesser extent, the
antioxidant effects of vitamin E combined with fish oil
significantly alter histologic indices associated with the
reduced progression of glomerulosclerosis induced by high
levels of dietary cholesterol in the remnant kidney model of
progressive kidney disease in the rat.
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