Failure of Antioxidant Therapy to Attenuate Interstitial
Disease in Rats with Reversible Nephrotic Syndrome
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Abstract. The present two studies were designed to determine
whether oxidized LDL contributes to the tubulointerstitial
changes seen in rats during the acute phase of acute puromycin
aminonucleoside nephrosis (PAN). In the single-dose study,
rats were given one injection of puromycin aminonucleoside
(PA; 15 mg/100 g body wt) and killed 1, 2, or 3 wk thereafter.
The four animal groups were saline controls, PAN controls,
PAN plus probucol, and PAN plus lovastatin. This study
showed that the addition of probucol significantly reduced the
mean levels of serum cholesterol and renal lipid-peroxidation
products, an effect not seen with lovastatin therapy. Compared
with saline controls, PAN controls had a significant increase in
total kidney collagen (7.9 * 1.2 versus 5.9 * 0.6 mg/kidney at
3 wk). Neither probucol nor lovastatin therapy attenuated the
interstitial inflammation or fibrosis. In the multidose study, rats
were given the same initial PA dose and were uninephrecto-
mized on day 12. They were killed on day 35 after two smaller
PA doses were given on days 16 and 23. Animal groups were
saline controls, PAN controls, PAN plus probucol, and PAN

plus vitamin E. Hepatic lipid-peroxidation products were sig-
nificantly lower in the probucol-treated, but not in the vitamin
E-treated, PAN groups when compared with the PAN controls.
Neither probucol nor vitamin E prevented the increase in total
kidney collagen that was observed in the PAN control group
(74 £ 0.7, 10.1 * 2.6, and 9.3 *+ 1.8 mg of collagen/kidney,
respectively, versus 5.4 * 0.5 mg/kidney for the saline con-
trols). Renal cortical mRNA levels for matrix-encoding genes
and protease inhibitors were similar in the three nephrotic
groups. Transforming growth factor-B1 mRNA levels were
highly variable within each group and not significantly differ-
ent at day 35, but showed a significant positive correlation with
the degree of albuminuria (» = 0.70). The present results
demonstrate that the treatment of acutely nephrotic rats with
antioxidant therapy did not attenuate interstitial inflammation
or fibrosis. We speculate that other factors, possibly a conse-
quence of proteinuria itself, are the predominant pathogenetic
mediators of the tubulointerstitial damage in acute nephrotic
syndrome. (J Am Soc Nephrol 9: 243-251, 1998)

Changes in the metabolism of lipoproteins, as seen in the
nephrotic syndrome, have been implicated in progressive renal
disease as one of the mediators (1). In the past, glomeruloscle-
rosis has been described as analogous to atherosclerosis. In
both processes, the oxidation of LDL and the infiltration of the
tissue with macrophages are the critical initiating events asso-
ciated with hypercholesterolemia. (2). Although there is over-
whelming evidence that chronic damage to the tubulointersti-
tium is an essential feature of chronic and progressive
glomerulonephritis, the role of hypercholesterolemia in inter-
stitial disease has not been extensively investigated. Rats ex-
posed to prolonged periods of hypercholesterolemia develop
more severe interstitial fibrosis than animals without hyper-
cholesterolemia (3-7). We (A. Eddy, Interstitial fibrosis in
hypercholesterolemic rats: Role of oxidation, matrix synthesis,
and proteolytic cascades, submitted for publication) recently
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observed that uninephrectomized rats with diet-induced hyper-
cholesterolemia have markedly attenuated interstitial fibrosis at
12 wk if they are treated with antioxidants. Vitamin E therapy
has been reported to reduce the severity of interstitial fibrosis
in rats 12 wk after induction of the nephrotic syndrome (8).
Vitamin E or probucol therapy significantly reduced interstitial
disease in rats with puromycin aminonucleoside-induced ne-
phrosis (PAN) of 32 wk duration, whether the animals were fed
a standard or high-cholesterol diet (9). In another study (10) of
rats with chronic PAN of 98 d duration, probucol preserved
renal function and glomerular architecture, although the spe-
cific effect of the antioxidant on tubulointerstitial histology
was not stated.

An unresolved question is whether the short-term hypercho-
lesterolemia encountered in reversible nephrotic syndrome
causes damage to the tubulointerstitium. In the rat model of
PAN, glomerular histologic changes are initially reminiscent of
minimal lesion nephrotic syndrome. However, these PAN an-
imals also develop interstitial nephritis that parallels in inten-
sity the proteinuria, reversing as it resolves (11). As a sequela,
foci of interstitial fibrosis develop within 3 wk (12). Whether
the hypercholesterolemia of acute PAN contributes to intersti-
tial fibrogenesis is unknown. Oxidized LDL has monocyte
chemotactic activity in vitro (13). Oxidized LDL also has
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indirect chemoattractive effects: It stimulates the synthesis of
chemokines such as monocyte chemoattractant protein-1
(MCP-1) (14). In several organ systems, macrophages are
thought to play a role in mediating fibrosis because of their
ability to produce fibrogenic growth factors, protease inhibi-
tors, and even matrix proteins (15). Recent evidence suggests
that oxidized LDL itself also has direct fibrosis-promoting
effects. For example, oxidized LDL stimulates the production
of transforming growth factor beta-1 (TGF-S1) and fibronectin
in human glomerular epithelial cells (16). Oxidized LDL has
also been shown to induce collagen-gene expression in human
mesangial cells (17). The present study was designed to deter-
mine whether antioxidant therapy could attenuate interstitial
inflammation or fibrosis in rats with acute puromycin amino-
nucleoside (PA)-induced nephrotic syndrome.

Materials and Methods
Experimental Design

Sixty-eight female Sprague-Dawley rats weighing 100 to 120 g
were purchased from Charles River Breeding Laboratories (Wilming-
ton, MA) and divided into two study groups: single-dose and multid-
ose PAN. The single-dose study was performed first. The results of
the initial study led us to design a second study to determine whether
acute nephrotic syndrome of a longer duration, i.e., 5 rather than 3 wk,
would respond differently to antioxidant therapy. We deliberately
designed both of these studies to evaluate a time course of nephrotic
syndrome that is reminiscent of minimal lesion nephrotic syndrome in
humans. All animal experimentation was conducted according to the
guidelines established by the Canadian Council on Animal Care. All
animals were fed standard rat chow and given water ad libitum. The
overall study design is summarized in Table 1.

Single-Dose Study. In the single-dose study, nephrotic syn-
drome was induced by one intraperitoneal injection of PA (15 mg/100
g body wt). Four groups of nine to 12 animals each were studied: (/)
saline controls that received an equal-volume intraperitoneal injection
of saline; (2) PAN controls that received PA and no further treatment;
(3) PAN plus lovastatin animals that received PA and daily subcuta-
neous injections of 4 mg/kg lovastatin (kindly provided by Merck,
Sharp, and Dohme, Kirkland, Quebec, Canada); and (4) PAN plus

Table 1. Summary of investigations®

— Snge Do Mo
Urinary albumin 1,2, 3wk 8,21d
Serum cholesterol 1,2,3 wk 35d
Renal TBARS 2,3 wk 12d
Hepatic TBARS ND 35d
Total kidney collagen 1,2, 3 wk 35d
Renal mRNA levels

TGF-1 ND 12,35d

matrix/protease inhibitors ND 35d
Renal immunostaining

macrophages 1, 2,3 wk 35d

matrix proteins 3 wk 35d

2 TBARS, thiobarbituric acid assay; ND, not done; TGF-B1,
transforming growth factor-g1.

probucol animals that received PA plus 2% probucol (kindly provided
by Marion Merrell Dow, Cincinnati, OH) added to freshly ground
chow (wt/wt) that was prepared daily.

Three or four rats from each group were killed at 1, 2, and 3 wk
after the administration of PA by inhalation of nitrous oxide, oxygen,
and enflurane. Both kidneys were quickly procured, and the renal
capsules were removed. The kidneys were carefully weighed (wet
weight). The left kidney was divided in half longitudinally, and the
cortex of one half was dissected from the medulla and stored for RNA
extraction. The second half was divided into two equal pieces. One
piece was reweighed, snap-frozen, and stored at —70°C for measure-
ment of lipid peroxidation products. Pieces of cortex from the remain-
ing portion were snap-frozen in liquid nitrogen and stored at —70°C
for subsequent immunostaining. The right kidney was frozen in liquid
nitrogen and stored at —70°C for measurement of total kidney colla-
gen.

Multidose Study. In the multidose study, nephrotic syndrome
was induced by a single intraperitoneal injection of PA (15 mg/100 g
body wt) on day 0. On day 12, all animals underwent a left nephrec-
tomy under general anesthesia (nitrous oxide and enflurane) through
a flank incision. Subsequent intraperitoneal injections of PA (2.5
mg/100 g body wt) were given to the nephrotic animals on days 16
and 23. Saline controls received equal volumes of intraperitoneal
saline on days 0, 16, and 23.

There were several reasons for the unilateral nephrectomy; al-
though the specific time point of 12 d was somewhat arbitrary, it was
selected as a point when the ascites were resolving, making the
surgery itself easier from a technical perspective. In the original study
of PAN-induced chronic nephrosis by Glasser and colleagues (18),
uninephrectomy was shown to accelerate the severity of glomerulo-
sclerosis. Although the specific mechanism was not elucidated, uni-
nephrectomy caused a significant increase in proteinuria but no dif-
ference in BP. In our previous study of chronic PAN-induced
nephrosis in uninephrectomized rats (19), animals examined at 37 d
were found to have significant interstitial fibrosis, which is why the
day 35 end point was chosen for the second study. Lipid peroxidation
products were measured in the day 12 nephrectomy specimens (see
below) to confirm the results of the single-dose study.

Four groups of five to seven rats each were studied: (/) saline
controls; (2) PAN controls that received PA and no further treatment;
(3) PAN plus probucol animals that received PA plus 2% probucol in
their diet, as outlined above in the single-dose study; and (4) PAN plus
vitamin E animals that received PA plus 75 mg (100 IU) of alpha
tocopherol acetate (Sigma Chemical, St. Louis, MO) added to fresh
30-g batches of chow each day. In this second study, we chose to
evaluate the efficacy of vitamin E rather than lovastatin due to recent
reports of the protective effects of vitamin E in chronic models of
PAN (8, 9).

Each rat was housed in a separate metabolic cage on days 8 and 21
to collect spontaneously voided urine over a 24-h period. All animals
were killed by exsanguination under general anesthesia on day 35.
The day 12 nephrectomy specimen was carefully weighed and divided
in half. From one half, the cortex was carefully dissected, frozen in
liquid nitrogen, and stored at —70°C for RNA extraction. The second
half was divided into two pieces. One piece was weighed and frozen
before measurement of the lipid peroxidation products. The remaining
piece was snap-frozen and stored at —70°C for immunostaining. The
right kidney was removed at the time of death; it was carefully
weighed after removal of the capsule and divided in half longitudi-
nally. One half was reweighed and stored for measurement of the total
collagen. The cortex was dissected from the second half, and the
pieces were snap-frozen and stored at —70°C for subsequent immu-



nostaining and RNA isolation. At the time of death, a piece of the liver
(approximately 1 g) was also snap-frozen and stored for measurement
of lipid peroxidation products.

Biochemical Studies

Urinary albumin concentrations were measured by radial immu-
nodiffusion, according to our previously described methods (11).
Plasma total cholesterol levels were measured on individual samples
of heparinized blood obtained when the rats were exsanguinated.

Total kidney collagen was calculated as described previously (20)
based on measurements of the hydroxyproline concentration in kidney
_homogenates, according to the technique of Kivirikko et al. (21).
“"Collagen was assumed to contain 12.7% hydroxyproline by weight.
The final results, based on the wet weight of the kidney, were
expressed as milligrams of collagen per kidney. Renal peroxidation
products were assessed with the thiobarbituric acid assay to measure
the renal malondialdehyde content, according to the methods of Oh-
kawa et al. (22). Because there was not an adequate amount of kidney
tissue available on day 35, we used the thiobarbituric acid assay to
measure hepatic levels of lipid peroxidation products as done by
Trachtman et al. (8). The hepatic protein concentration was deter-
mined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA). Final results were expressed as nmol malondialdehyde/ug pro-
tein.

" Renal Immunofluorescence Studies

The number of interstitial macrophages expressing the ED-1 cyto-
plasmic marker (Serotec, Oxford, United Kingdom) (23) was deter-
mined on 3-um-thick acetone-fixed kidney cryosections with the dual
fluorochrome labeling and enumeration technique we have described
elsewhere (11).

The accumulation of interstitial matrix proteins in the renal inter-
stitium was assessed semiquantitatively, as described previously (19).
The primary antibodies used were goat antihuman collagen III (South-
ern Biotechnology Associates, Birmingham, AL) and a murine mono-
clonal antibody to the human extracellular domain A (ED-A fibronec-
tin [24), an alternatively spliced form of fibronectin [gift from Dr. L.
Zardi, Instituto Nazionale per la Ricerca sol Cancro, Genova, Italy]).
The secondary antisera were FITC-conjugated rabbit anti-goat IgG
antisera (Chemicon International, Temecula, CA) and FITC-conju-
gated goat anti-mouse IgG (Zymed Laboratories, San Francisco, CA).
The FITC-conjugated antisera were absorbed with normal rat plasma;
lack of staining indicated that they were nonreactive with the control
kidney sections. Code numbers were used to blind the investigator to
the animal group in each case.

We isolated renal cortical RNA according to the guanidinium
isothiocyanate—cesium chloride method of Chirgwin et al. (25). Ten-
microgram samples from each rat were separated by electrophoresis in
a 1% formaldehyde agarose gel. The gel was then transferred to a
nylon membrane (Hybond N, Amersham Life Sciences, Oakville,
Ontario, Canada) and incubated with 3?P-dCTP-labeled complemen-
tary DNA probes. We obtained autoradiographs and quantified the
bands by laser densitometry. The density reading of each band on the
autoradiograph was adjusted for any RNA loading inequality, as
described previously (19). The studies of renal gene expression were
limited to the day 12 and day 35 kidneys that were obtained from the
second study group.

The cDNA probes used were rat a1(I) procollagen (supplied by Dr.
S. Thorgeirsson, National Cancer Institute, Bethesda, MD) (26); mu-
rine a1(IIl) procollagen (supplied by Dr. B. de Crombrugghe, M. D.
Anderson Cancer Center, The University of Texas, Houston, TX)
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(27); fibronectin (supplied by Dr. R. Hynes, Center for Cancer Re-
search, Massachusetts Institute of Technology, Cambridge, MA) (28);
murine tissue inhibitor of metalloproteinases-1 (TIMP-1) (supplied by
Dr. R. Khokha, London Regional Cancer Centre, London, Ontario,
Canada) (29); rat plasminogen activator inhibitor-1 (rat PAI-1) (sup-
plied by Dr. Z. R. Gelehrter, University of Michigan, Ann Arbor, MI)
(30); and rat TGF-B1 (supplied by Dr. S. W. Qian, National Cancer
Institute, Bethesda, MD) (31).

Statistical Analyses

All results are expressed as the group mean * 1 SD. Bonferroni’s
modified ¢ test was used to compare the results of each experimental
group with the results of the PAN control group. To avoid the need to
use the large numbers of rats that would be necessary if comparisons
were made between several groups, the study was designed to com-
pare each group with the PAN control group only. A P value of less
than 0.05 was considered statistically significant.

Results
Study One: Single-Dose Study

All nephrotic rats developed significant hypercholesterol-
emia that was maximal at week 1 and declined thereafter as the
nephrotic syndrome resolved (Figure 1). In the animals given
probucol therapy, serum cholesterol levels were significantly
reduced at 2 and 3 wk compared with the untreated nephrotic
rats. Compared with saline control animals, renal lipid peroxi-
dation products were significantly increased by 3 wk in the
nephrotic animals; this increase was attenuated by probucol,
but not lovastatin, therapy (Figure 2). Maximal albuminuria
occurred at week 1 and was similar in the three nephrotic
groups. The resolution of albuminuria was more rapid in the
probucol-treated group, as indicated by significantly lower
albumin excretion rates at week 2 (Figure 3). Neither lovastatin
nor probucol therapy prevented the interstitial influx of mac-
rophages (Figure 4). In fact, the number of macrophages was
even slightly increased at 2 wk in the probucol-treated group.

Compared with rats in the saline group, rats with single-dose
PA-induced nephrosis had a significant increase in total kidney
collagen (Figure 5). Neither lovastatin nor probucol had a
significant effect on the kidney collagen content (Figure S) or
the weight of the kidney (weight data not shown) compared
with the PAN control group at the time of death. The similar-
ities in the degree of interstitial fibrosis were confirmed by
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Figure 1. Serum cholesterol levels in rats after a single dose of
puromycin aminonucleoside (PA). Results are mean * 1 SD. *P <
0.05 by Bonferroni’s 7 test.
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Figure 2. Renal lipid peroxidation products in rats after a single dose
of PA. Results are mean * 1 SD. *P < 0.05 by Bonferroni’s ¢ test.
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Figure 3. Urinary albumin excretion rates in rats after a single dose of
PA. Results are mean *+ 1 SD. *P < 0.05 by Bonferroni’s ¢ test.
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Figure 4. Interstitial macrophages in rats after a single dose of PA.
Results are mean * 1 SD. *P < 0.05 by Bonferroni’s ¢ test.

immunostaining for collagen III and fibronectin. Expressed as
the percentage of interstitial fields with increased staining, the
results were as follows: 0 = 0,37 = 7,54 = 5, and 37 = 7%
fibronectin; and 0 = 0, 28 * 17, 30 * 17, and 37 * 18%
collagen III for saline controls, PAN controls, PAN plus lova-
statin, and PAN plus probucol, respectively.

Study Two: Multidose PA-Induced Nephrosis
At the termination of the study on day 35, the animals had
significant proteinuria, but the degree of proteinuria (day 21)
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Kidney Collagen (mg/kidney)
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3 Weeks

Time After Administration of Puromycin Aminonucleoside

Figure 5. Total kidney collagen levels in rats after a single dose of PA.
Results are mean * 1 SD. *P < 0.05 by Bonferroni’s ¢ test.

was considerably less than during the nephrotic phase (day 8)
(Table 2). At this time, serum cholesterol levels in the protein-
uric animals were slightly increased; this difference was not
statistically significant (Table 2). As in the first study, renal
lipid peroxidation products were not increased at 2 wk in the
PA-treated groups. Hepatic lipid peroxidation products were
increased in all of the proteinuric rats, except in the group that
was treated with probucol. All three groups of PA-treated rats
had similar degrees of proteinuria on day 8 (Table 2). On day
21, all PA-treated animals still had proteinuria, although quan-
titatively less (11 to 36%) than the day 8 levels. The probucol-
treated rats actually had significantly more albuminuria.

The earlier increase in the number of interstitial macro-
phages had reversed in the PAN control rats by day 35. In the
nephrotic rats treated with either antioxidant, there was a
significant persistent macrophage infiltrate on day 35 (Table
3). Proteinuric rats had significantly increased total kidney
collagen and kidney weight compared with those of the saline-
treated control group (Table 3). Antioxidant therapy failed to
attenuate the increase in either the renal collagen content or the
kidney weight. Immunostaining also confirmed interstitial fi-
brosis. Increased interstitial staining for collagen III was found
in 0 = 0% interstitial fields for saline controls, 18 * 5% for
PAN controls, 17 *+ 10% for PAN plus probucol, and 15 * 8%
for PAN plus vitamin E.

The renal cortical mRNA levels for TGF-B1 were increased
in the nephrotic rats on day 35. However, as with the day 21
urinary albumin excretion rates, levels for individual animals
were quite variable within each PAN group, and, consequently,
the mean TGF-B1 mRNA values were not significantly differ-
ent from those of the saline control group (Table 4, Figure 6).
There was, in fact, a significant positive correlation between
albuminuria on day 21 and renal cortical TGF-81 mRNA
levels on day 35 (r = 0.70). It is noteworthy that the renal
cortical mRNA levels for TGF-B1 were significantly increased
in the nephrotic kidneys that were removed on day 12, i.e.,
14.5 = 5.7 versus 1.0 * 0.4 arbitrary densitometric units (PAN
versus saline control groups). Neither probucol nor vitamin E
treatment induced a significant change in the day 12 renal



Table 2. Multidose PA-induced nephrosis: biochemical profile®
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Lipid Peroxidation Products

Albuminuria (mg/100 g per 24 h)

Serum Kidney Liver
Group Cholesterol (nmol MDA/ (nmol MDA/
(mmol/L) g wet wt) ug protein)
on Day 35 on Day 12 on Day 35 On Day 8 On Day 21
Saline controls 1.7+ 04 113+ 10 867 + 122° 1x1° 1+1°
PAN controls 2505 111 *6 1024 + 152 350 =+ 92 3915
PAN + probucol 19+04 108 + 22 868 + 25° 209 = 76 75 + 26°
PAN + vitamin E 3115 105 = 18 1043 += 102 221 + 87 60 * 39

2 PA, puromycin aminonucleoside; MDA, malondialdehyde; PAN, puromycin aminonucleoside nephrosis.

bP < 0.05 (Bonferroni’s ¢ test).

Table 3. Multidose PA-induced nephrosis: interstitial
inflammation and fibrosis

ED-1*
Interstitial  Total Kidney Kidney
Macrophages  Collagen Weight
Group (number (mg/kidney) (mg)
per 1000 on on
tubulointersti- Day 35 Day 35
tial cells)
Saline controls 28 +8 54 * 0.5 1060 = 124°
PAN controls 255 74 *+0.7 1388 116
PAN + probucol 54 +21* 10.1 £2.6 1873 * 465
PAN + vitamin E 67 * 41 93+1.8 1774 =370

2 P < 0.05 (Bonferroni’s ¢ test). Abbreviations as in Table 2.

cortical TGF-B1 mRNA levels (10.8 = 2.5 and 11.3 * 3.3
arbitrary densitometric units for the probucol and vitamin E
groups, respectively).

Compared with the saline control group, the PAN control
group had a significant increase in renal cortical mRNA levels
for the interstitial matrix proteins procollagen a1(l), procolla-
gen al(IIl), and fibronectin on day 35 (Table 4, Figure 7).
Treatment with either probucol or vitamin E did not signifi-
cantly change the matrix protein mRNA levels relative to those
of the PAN control group. Antioxidant treatment also failed to
induce a significant difference in renal cortical mRNA levels
for the protease inhibitors TIMP-1 and PAI-1 (Table 4).

Discussion

Rats with acute and reversible PA-induced nephrosis de-
velop an interstitial infiltrate of macrophages followed by focal
interstitial fibrosis. We have shown previously that in the
absence of persistent proteinuria and tubulointerstitial nephri-
tis, the foci of interstitial fibrosis actually disappear again
between weeks 3 and 6 (12). At the peak of the nephrotic
syndrome, these rats develop severe hypercholesterolemia, and
an increase in the level of renal lipid peroxidation products
ensues. The goal of the present studies was to determine
whether relatively short-term but severe nephrotic hypercho-
lesterolemia might have damaging effects on the tubulointer-

stitial compartment of the kidney. Our results suggest that
hypercholesterolemia does not play a significant role in the
pathogenesis of the interstitial fibrosis that develops in the
course of acute PA-induced nephrosis. In contrast, previous
studies have demonstrated a significant beneficial effect of
antioxidants in chronic models of PA nephrosis of 12 to 32 wk
duration (8-10).

It is quite clear from studies in humans and mice with
genetic forms of hypercholesterolemia that the renal vessels,
but not the renal parenchyma itself, are the primary targets for
lipid-induced damage (32-34). However, within the milieu of
an injured kidney, the renal parenchyma may become more
susceptible to the damaging effects of hypercholesterolemia
(35). A delicate balance normally exists between the level of
intrarenal oxidants and antioxidants (36). In the face of an
abundance of reactive oxygen metabolites, as often occurs in
acute renal diseases including PAN (37-39), it is likely that
there is an increased rate of intrarenal LDL oxidation. These
changes provide at least a theoretical framework for the in-
creased susceptibility of the injured kidney to lipid-mediated
damage. Although hypercholesterolemia is thought to mediate
renal injury after LDL is oxidized, it should be emphasized that
intrarenal LDL oxidation likely generates a heterogeneous
mixture of products and the specific molecular species that
mediates renal injury is still unknown. In the present study, the
thiobarbituric acid assay was used as a surrogate marker of the
extent of lipid peroxidation within the kidney. This assay
measures levels of malondialdehyde, a secondary product of
lipid peroxidation. Malondialdehyde-modified LDL is one
form of oxidized LDL that is associated with cholesterol-
mediated vascular disease. Yet, until the specific lipid peroxi-
dation products that mediate renal interstitial disease are iden-
tified, it remains unclear whether this assay truly reflects LDL
oxidation products in the present study.

Oxidized LDL has been implicated as a mediator of macro-
phage recruitment. With the use of in vitro systems, it has been
shown that oxidized LDL itself has chemotactic properties
(13), as well as indirect effects mediated by the upregulation of
chemokines such as MCP-1 (14). In addition, oxidized LDL
may stimulate the expression of adhesion molecules such as the
B2 integrins (40), intercellular adhesion molecule-1 (41), and
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Table 4. Multidose PAN-induced nephrosis: day 35 renal cortical mRNA levels®

Renal Cortical mRNA Levels®

Group

Procollagen Procollagen . .
TGF-B1 por (I)g " (111% Fibronectin TIMP-1 PAI-1
Saline controls 1.0 + 04 1.0 * 1.1¢ 1.0 = 0.6° 1.0 £ 0.5° 1.0 0.2 1.0 £ 04
PAN controls 36*28 43*18 43+ 21 27*09 1.5*05 1.5+0.8
PAN + probucol 50+ 1.7 25+ 1.1 49 *24 33+03 1.8 +0.5 1.7 0.7
PAN + vitamin E 38+16 6.5+48 38+1.2 33+14 27+21 27+24

# TIMP-1, tissue inhibitor of metalloproteinases-1; PAI-1, plasminogen-activator inhibitor-1. Other abbreviations as in Tables 1 and 2.
® Results are expressed in arbitrary densitometric units as mean + 1 SD.

¢ P < 0.05 (Bonferroni’s ¢ test).

| PA + Vitamin E | PA + Probucol |
|

TGF-81

18s

PA Control | Saline Control|
[

Figure 6. Northern blot illustrating renal cortical mRNA levels for transforming growth factor-B1 on day 35 in rats given three doses of PA.
The mean densitometric scores in arbitrary units after correction for RNA loading inequality were 1.0 * 0.4 for saline controls, 3.6 * 2.8 for
PA controls, 5.0 * 1.7 for PA and probucol, and 3.8 *+ 1.6 PA and vitamin E.

| PA + Vitamin E

PA + Probucol |

PA Control [Saline Control|

Procollagen o1 (I1T)

Figure 7. Northern blot illustrating renal cortical mRNA levels for procollagen a1(III) on day 35 in rats given three doses of PA. The mean
densitometric scores in arbitrary units after correction for RNA loading inequality were 1.0 * 0.6 for saline controls, 4.3 * 2.1 for PA controls,

4.9 * 2.4 for PA and probucol, and 3.8 * 1.2 for PA and vitamin E.

vascular cell adhesion molecule-1 (42). In a previous work, we
observed an increase in the renal expression of MCP-1, vas-
cular cell adhesion molecule-1, and intercellular adhesion mol-
ecule-1 in rats with PAN (43) (A. Eddy, unpublished observa-
tions). Yet, despite these theoretical possibilities, in the present
study, antioxidant therapy failed to prevent the interstitial
infiltrate of macrophages. Elucidation of the molecular basis of
interstitial monocyte recruitment is of great interest, because
the persistence of these cells within the renal interstitium

correlates with progressive tubulointerstitial damage (15). Un-
til now, however, it has been impossible to show that the
selective inhibition of a single molecular pathway of monocyte
recruitment will prevent interstitial nephritis in PA-induced
nephrosis (44,45). We have suggested that there may be such
redundancy in the monocyte recruitment mechanisms that a
cocktail approach may be necessary, i.e., blocking several
pathways simultaneously to achieve a significant inhibitory
effect. Thus, as in previous studies, the present experiments



also show that inhibitory therapy targeted to a single mole-
cule—in this case oxidized LDL—did not attenuate interstitial
fibrosis.

Our previous studies (12,19,20) of PA-induced nephrosis in
rats suggested an important role for TGF-pB1 in the mediation
of interstitial fibrosis. Although the mechanism of TGF-B1
upregulation in interstitial fibrosis remains unknown, one pos-
sibility based on in vitro studies is that oxidized LDL may
stimulate TGF-B1 production. This is true at least for cultured
human glomerular mesangial (17) and epithelial (16) cells.
Previous studies (46) suggested that interstitial cells (macro-
phages and myofibroblasts), along with tubular epithelial cells,
are the major sites of TGF-B1 production in experimental
models of interstitial fibrosis. At the mRNA level, the usual
pattern of gene expression in PAN rat kidneys is one that
would be predicted after TGF-£1 activation: increased expres-
sion of the genes encoding matrix proteins and of the protease
inhibitors TIMP-1 and PAI-1. The present study found that in
PAN rats, despite normalization of renal lipid peroxidation
products by probucol therapy, renal cortical mRNA levels for
TGF-B1 were not decreased, suggesting that the intrarenal
oxidation of LDL over a relatively short period of time does
not play a key role in the stimulation of TGF-B1 gene tran-
scription. Oxidized LDL also did not increase TGF-£1 produc-
tion by cultured endothelial cells (47). Therefore, it is possible
that within the in vivo milieu of the kidney, oxidized LDL is
not a major acute stimulus for TGF-B1 synthesis by tubuloin-
terstitial cells.

An alternative explanation for the failure of antioxidant
therapy to attenuate interstitial fibrosis is the possibility that
prolonged exposure to oxidized LDL is required before a
significant fibrogenic response ensues, likely involving
TGF-B1 along with other fibrogenic cytokines. In rats with a
solitary kidney, it is clear that the development of interstitial
fibrosis after exposure to significant hypercholesterolemia is an
indolent process that develops over months rather than days or
weeks (44). It was with this possibility in mind that the second
study was designed to examine both early outcomes at day 12
and late outcomes after a longer period of proteinuria (i.e., at
day 35). Although uninephrectomy and additional small doses
of PA in this second group of experiments caused persistent
and increased albuminuria (range, 40 to 75 mg/24 h on day 21
compared with 10 to 23 mg/24 h in rats given the single dose),
when the animals were killed on day 35 their serum cholesterol
levels were only modestly increased compared with those of
the saline control animals.

It is conceivable that hypercholesterolemia of a relatively
short duration does not generate specific profibrotic LDL ox-
idation products within the tubulointerstitial compartment, de-
spite the fact that renal levels of thiobarbituric acid-reactive
substances were significantly increased in nephrotic animals
and normalized by probucol therapy. Little is known about
either the molecular basis of LDL oxidation within the kidney
or the nature of the oxidized products that promote fibrosis.
Two distinct processes of lipid peroxidation have been pro-
posed (48,49). First, intrinsic renal cells or inflammatory cells
may release reactive oxygen metabolites, such as superoxide
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anion, that subsequently peroxidize LDL. Within the kidney,
reactive oxygen metabolites are detoxified by antioxidant en-
zymes, including superoxide dismutases, catalases, and gluta-
thione peroxidases (50). A relative antioxidant deficiency
within the kidney might also facilitate lipid peroxidation. Su-
peroxide and peroxynitrites have been implicated in lipid per-
oxidation at sites of atherosclerosis (51). Cultured human renal
tubular cells have been shown to oxidize native LDL by a
superoxide-dependent mechanism (52). A body of evidence
exists to support a role for reactive oxygen metabolites in the
acute glomerular injury that develops in rats treated with PA
(37-39). Whether these reactive species are the same as those
that oxidize LDL within the kidney, however, is not known.
The second possible mechanism of intrarenal LDL oxidation is
through the intracellular synthesis of lipoperoxides that are
subsequently transferred to LDL. Possible enzymes that may
generate intracellular lipoperoxides include lipoprotein lipase,
cholesterol esterase, lipoxygenases, and phospholipases (49).

In contrast to the renal effects of hypercholesterolemia that
are sustained over several months, hypercholesterolemia of a
few weeks’ duration, as in the present study, does not appear to
damage the interstitium. This also may be due in part to the
paucity of oxidized LDL receptors on the target tubular and
interstitial cells at the onset of nephrosis. Although interstitial
macrophages likely express adequate scavenger receptors
(53,54), interstitial foam cells representing cholesterol-laden
macrophages (55,56) are not a feature of this acute disease.
Tubular epithelial cells have been shown to internalize oxi-
dized LDL in vitro (52,57), but the specific receptor pathways
have not yet been elucidated. Candidate receptors include
macrophage type I and type II scavenger receptors (58), scav-
enger receptor BI (59), macrosialin/CD68 (60), MARCO (61),
CD36 (62), and Fcy RII (63).

Finally, we want to propose an explanation for the failure of
antioxidant therapy to attenuate tubulointerstitial disease in rats
with acute PA-induced nephrosis. We speculate that this is due
to the coexistence of another factor (or factors) that dominates
the potential mediators of tubulointerstitial injury during acute
and reversible nephrotic syndrome. Proteinuria itself is a likely
candidate, particularly if it is of nonselective composition.
Persistent significant proteinuria has been proposed as one of
the mediators of progressive tubulointerstitial damage in sev-
eral human and experimental models of renal disease (20,64 -
67).

In summary, rats with acute PA-induced nephrosis develop
tubulointerstitial disease characterized by an increase in the
number of interstitial macrophages and fibrosis. Treatment of
nephrotic rats with probucol, but not with vitamin E or lova-
statin, was efficacious in reducing serum cholesterol levels, as
well as in promoting intrarenal antioxidant effects. Yet, despite
these effects, the interstitial infiltrate of macrophages and
interstitial fibrosis were not attenuated in the probucol-treated

group.
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