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Abstract

Fibrates, the ligands of peroxisome proliferator-activated receptor-«, have been shown to have a renal protective action in
diabetic models of renal disease, but the mechanisms underlying this effect are unknown. In the present study, we sought
to investigate in greater detail the effect of fenofibrate and its mechanism of action on renal inflammation and
tubulointerstitial fibrosis in an animal model of type 2 diabetes mellitus. Twelve-week-old non-diabetic Zucker lean (ZL)
and Zucker diabetic fatty (ZD) rats were treated with vehicle or fenofibrate for 10 weeks. mRNA and protein analyses were
performed by real-time polymerase chain reaction, Western blot and immunostaining. The diabetic condition of ZD rats was
associated with an increase in collagen and a-smooth muscle actin accumulation in the kidney, which was significantly
reduced by fenofibrate. Chronic treatment of ZD rats with fenofibrate attenuated renal inflammation and tubular injury as
evidenced by a decrease in mRNA and protein expression of secreted phosphoprotein-1, monocyte chemotactic protein-1
and kidney injury molecule-1 in the kidneys. Renal interstitial macrophage infiltration was also significantly reduced in the
kidneys of fenofibrate-treated diabetic animals. Moreover, renal nuclear factor (NF)-«<B DNA-binding activity, transforming
growth factor (TGF)-B81 and phospho-Smad3 proteins were significantly higher in ZD animals compared with ZL ones. This
increase in NF-«B activity, TGF-B1 expression and Smad3 phosphorylation was greatly attenuated by fenofibrate in the
diabetic kidneys. Taken together, fenofibrate suppressed NF-«B and TGF-31/Smad3 signaling pathways and reduced renal
inflammation and tubulointerstitial fibrosis in diabetic ZD animals.
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Introduction diabetes." "™ However, the exact mechanisms involved in

Peroxisome proliferator-activated receptor-a (PPARq) is a
member of the nuclear hormone receptor superfamily and
actively involved in lipid metabolism. Fenofibrate, a PPAR«
agonist, has been reported to improve the microcirculation
and retard the angiographic progression of coronary athero-
sclerosis in patients with hyperlipidemia and/or diabetes.' =
Studies performed in clinical and experimental models also
suggest that PPARa may play an important role in the pro-
gression of kidney disease in both type 1 and type 2 dia-
betes.®"'? For example, PPAR« deficiency aggravates the
severity of diabetic nephropathy by increasing extracellular
matrix (ECM) formation and circulating free fatty acid and
triglyceride concentration in streptozotocin-induced diabetes
in mice.'" Chronic treatment with fenofibrate improves
renal structure and function by decreasing glomerular hyper-
trophy and mesangial matrix in animals with type 1 or type 2
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the beneficial effect of fenofibrate in the diabetic kidneys
have not been fully elucidated.

There is growing evidence that inflammatory processes
play an important role in the pathogenesis of diabetic
nephropathy, and that nuclear factor-kappaB (NF-«B) and
transforming growth factor (TGF)-B8 have been identified
as key mediators of these events. Increased macrophage
infiltration has been reported in the glomeruli and in the
interstitia of the kidneys of patients with diabetic nephropa-
thy."*'® The suppression of macrophage infiltration by radi-
ation or the use of immunosuppressive agents could
ameliorate the development and/or progression of diabetic
glomerular injury.'®'” Lee et al.'® have recently reported
that NF-«B inhibition with pyrrolidine dithiocarbamate
also reduced monocyte chemoattractant protein-1 (MCP-1)
and macrophage infiltration in the diabetic kidneys,
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supporting the implication of NF-«B-dependent pathways in
the development and/or progression of diabetic nephropa-
thy. In addition to the NF-«B pathway, the role of TGF-B/
Smad pathway in inflammation and renal fibrosis has also
been recognized.lg'21 TGEF-B promotes inflammation, stimu-
lates fibroblast proliferation and the synthesis of a number of
ECM proteins including collagens. Interestingly, PPAR«
ligands have been shown to inhibit TGF-$1 activation in cul-
tured mesangial cells treated with H,O3 or high glucose.™
However, the in vivo function of PPAR« activators on renal
NF-«B and TGF-p1 signaling pathways still remains elusive.

The Zucker diabetic fatty (ZD) rat strain has been well
characterized as an animal model of metabolic syndrome
and type 2 diabetes, and has been widely used to investigate
vascular and renal function in diabetes. We recently reported
that fenofibrate down-regulated cyclin D1 expression and
attenuated glomerular hypertrophy in Zucker diabetic
rats."? This study was designed to more closely investigate
the anti-inflammatory and antifibrotic effects of fenofibrate
in the kidney of Zucker diabetic animals by (1) determining
the expression of biomarkers of inflammation and renal
injury; (2) evaluating macrophage infiltration in glomeruli
as well as interstitial spaces; and (3) examining the expression
and activity of NF-«kB and TGF-$1/Smad3.

Materials and methods
Experimental animals

Twelve-week-old male Zucker lean (ZL) and ZD rats
(Charles River Laboratories, Wilmington, MA, USA) were
divided into four experimental groups: vehicle (0.5%
carboxymethylcellulose, intragastric gavage)-treated ZL,
fenofibrate (150 mg/kg/day, intragastric gavage)-treated
ZL (F-ZL), vehicle-treated ZD and fenofibrate-treated ZD
(F-ZD) rats. Animals were treated for 10 weeks and
kidney tissues were harvested. Blood glucose was moni-
tored using the Accu-chek glucometer by tail-vein blood
sampling. Rats were housed in an animal care facility at
the Morehouse School of Medicine. All animal protocols
were approved by the Institutional Animal Care and Use
Committee and were in accordance with the requirements
stated in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

RNA extraction and quantitative real-time
polymerase chain reaction analysis

Total RNA was prepared from isolated kidney cortex by
using ultra-pure TRIzol reagent according to the manufac-
turer’s instructions (GIBCO-BRL, Grand Island, NY, USA).
Reverse transcription was performed on equal amounts of
total RNA (2 ug) by using random hexanucleotide primers
to produce a cDNA library for each sample. Real-time poly-
merase chain reaction (PCR) reactions were run on an
iCycler iQ Real-Time PCR Detection System by using
Tagman Universal PCR Master Mix (P/N 4304437,
Applied Biosystems, Foster City, CA, USA).23 Kidney
injury molecule-1 (KIM-1), secreted phosphoprotein-1
(SPP-1), monocyte chemotactic protein-1 (MCP-1), TGF-B1

and B-actin gene-specific Tagman probe and primer sets
were obtained from Applied Biosystems as Assays-
on-Demand gene expression products. The Assays-
on-Demand identification numbers were Rn00597703_m1
for KIM-1, Rn00563571_m1 for SPP-1, Rn00580555_m1 for
MCP-1 (chemokine ligand 2 [CCL2]), Rn00572010_m1 for
TGF-B1 and 4331182 for rat B-actin endogenous control.
Each sample was run in triplicate, and the comparative
threshold cycle (C;) method was used to quantify fold
increase (27**") compared with lean controls.

Immunoblot analysis

Kidney cortex was harvested and processed as described
previously.”* Samples were separated by electrophoresis
on a 10% stacking Tris-glycine gel, and proteins were trans-
ferred electrophoretically to a nitrocellulose membrane.
The primary antibodies were mouse anti-a-smooth muscle
actin (SMA; Santa Cruz Biotechnology, Inc, Santa Cruz,
CA, USA), rabbit anti-TGF-g1 (Santa Cruz Biotechnology,
Inc), rabbit anti-Smad3 and rabbit anti-phospho-Smad3
(Cell Signaling, Danvers, MA, USA). The blots were then
washed in Tris-buffered saline (20 mmol/L Tris-HCl,
150 mmol/L NaCl, pH 7.5)-0.3% Tween-20 and incubated
with the second antibody conjugated to horseradish peroxi-
dase for 90 min at room temperature and washed. Detection
was accomplished by enhanced chemiluminescence
Western blotting (ECL, Amersham), and blots were
exposed to X-ray film (Hyperfilm-ECL, Amersham). Band
intensity was measured densitometrically, and the values
were normalized to B-actin internal controls. Values are
expressed as relative optical density.

Histology and immunohistochemical staining

Perfusion-fixed paraffin sections (5 um) were stained with
Masson’s trichrome method to identify collagen fibers.”
For immunohistochemical analysis, paraffin sections (5 um)
were dewaxed and washed in phosphate-buffered saline
(PBS). Sections were then incubated in preheated 10 mmol/
L sodium citrate buffer at 95°C for 20 min. Slides were
washed in PBS (137 mmol/L NaCl, 2.68 mmol/L KCI,
10 mmol/L Na,HPO,, 1.76 mmol/L KH,PO,, pH 7.4) and
blocked with protein-blocking solution (10% normal horse
serum) for one hour. Slides were then incubated with
mouse SMA antibody (1:100, Santa Cruz Biotechnology,
Inc), mouse anti-MPIIB10 (SPP-1 antibody, 1:200,
Developmental Studies Hybridoma Bank, Iowa City, IA,
USA) or mouse anti-CD68 (ED-1, 1:100, AbD Serotec,
Raleigh, NC, USA) in protein-blocking solution for 30-
60 min. The primary antibody was removed, washed in
PBS and incubated for 30 min with the secondary antibody.
Slides were then incubated with ABC reagents for 30 min,
and then stained with diaminobenzidine for 1-3 min.

For immunofluorescent staining, 5-um-thick cryostat sec-
tions of optical coherence tomography-embedded kidney
samples were fixed in precooled methanol for five minutes.
Sections were washed in PBS and blocked with protein block-
ing solution (10% normal donkey serum) for one hour. Slides
were incubated overnight with goat anti-rat TIM-1/KIM-1/
HAVCR antibody (1:100, R&D Systems, Minneapolis, MN,



USA) in protein-blocking solution. The primary antibody
was removed, and sections were washed in PBS. Tissues
were then incubated for 30 min with the secondary antibody
(Rhodamine Red-conjugated donkey anti-rabbit IgG, Jackson
ImmunoResearch, West Grove, PA, USA). This and sub-
sequent steps were conducted in the dark. Sections were
washed in PBS, counterstained with 4/,6-diamidino-
2-phenylindole and mounted with Prolong antifade mount-
ing agent (Invitrogen, Camarillo, CA, USA), and a cover
slide was added to each.

Electrophoretic mobility shift assay

Nuclear protein was extracted from the kidney cortex with
lysis buffer (50 mmol/L KCl, 0.5% NP-40, 25 mmol/L 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mmol/
L dithiothreitol [DTT], proteinase inhibitor [1 mmol/L phenyl-
methanesulfonylfluoride, 10 mg/mL leupeptin, 20 mg/mL
aprotinin], pH 7.8) and then nuclear protein extraction
buffer (500 mmol/L KCl, 10% glycerol, 100 mmol/L DTT, pro-
teinase inhibitor [same as lysis buffer]). The binding reactions
were performed with a biotin end-labeled NF-«B oligonucleo-
tide (5-AGT TGA GGG GAC TTT CCC AGG C-3') (Research
Genetics Inc, Hunstville, AL, USA) using LightShiftTM chemi-
luminescent electrophoretic mobility shift assay (EMSA) kit
(Pierce Chemical Co, Rockford, IL, USA) as described pre-
viously.?® Biotin-labeled NF-«B oligonucleotide was then incu-
bated with the nuclear extract of the cells for 20 min at room
temperature. These DNA -protein complexes were resolved
on a 6% polyacrylamide gel electrophoresis and transferred
to a Hybound-N* membrane (Amersham and Pharmacia
Biotech, Piscataway, NJ, USA) . The biotin end-labeled DNA
was detected using a streptavidin-horseradish peroxidase
conjugate and a chemiluminescent substrate according to the
manufacturer’s instructions.

Statistical analysis

Data are expressed as mean + standard error of mean.
Statistical analysis was performed with analysis of variance
followed by the Student’s unpaired two-tailed test.
Statistical significance was set at P < 0.05.

Results
Fenofibrate reduced tubulointerstitial fibrosis

Collagen accumulation and SMA deposition were evaluated
to assess the intensity of fibrogenic response in the diabetic
kidneys. Compared with the lean controls, collagen depo-
sition was significantly increased in the kidneys of
22-week-old ZD rats, which was greatly attenuated by feno-
fibrate in F-ZD group (Figure 1a). Consistent with our previous
findings in Zucker diabetic rats at 32 weeks,? SMA-positive
staining was significantly increased in the renal interstitia of
22-week-old ZD rats (Figure 1b). Diabetes-associated intersti-
tial SMA accumulation was markedly reduced by treatment
with fenofibrate (Figure 1b). Western blot analysis further
indicated that SMA protein was increased by 3.5-fold in the
kidney cortex of ZD animals compared with the ZL controls.
This increase in renal cortical SMA protein was partially but
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significantly blunted by fenofibrate in F-ZD animals
(Figure 1c). As expected, fasting blood glucose significantly
increased in ZD animals (425 + 35 mg/dL) compared with
ZL controls (108 + 8 mg/dL). However, fenofibrate did not
alter fasting blood glucose levels in F-ZD animals (392 +
56 mg/dL).

Fenofibrate inhibited KIM-1 renal expression

KIM-1 is a sensitive biomarker of tubular injury in several
different kidney diseases. We found that KIM-1 messenger
RNA was present at a low level in normal lean kidneys but
was up-regulated by 26-fold in the ZD kidneys (Figure 2).
Immunostaining further revealed that KIM-1 protein was
strongly induced in the tubules of ZD rats, whereas KIM-1
staining was undetectable in ZL controls (Figure 3). This
up-regulation of KIM-1 mRNA and protein in the diabetic
kidneys was greatly attenuated by fenofibrate administration
(Figures 2 and 3). Ten-week treatment with fenofibrate
decreased renal KIM-1 mRNA by 63%.

Fenofibrate inhibited up-regulation of
SPP-1 and MCP-1 in the diabetic kidneys

SPP-1 and MCP-1 are potent proinflammatory cytokines
that play an important role in the progression of diabetic
nephropathy. Using quantitative PCR, we found that renal
cortical SPP-1 and MCP-1 gene expression was up-regulated
by 12- and 2.5-fold in ZD rats compared with ZL controls
(Figure 2). This increase in renal SPP-1 and MCP-1 tran-
scripts was markedly suppressed by fenofibrate treatment
in the diabetic animals (Figure 2). We also performed immuno-
histochemistry analysis and confirmed that SPP-1 protein
paralleled mRNA expression. SPP-1 protein was dramatically
increased in the tubular epithelium throughout the cortex of
the diabetic kidneys compared with ZL controls (Figure 3).
Treatment with fenofibrate markedly reduced SPP-1 staining
in the diabetic kidneys (Figure 3).

Fenofibrate suppressed interstitial
macrophage infiltration

Figure 4 presents the representative immunohistochemical
images of macrophage cell infiltration in vehicle- or
fenofibrate-treated diabetic kidneys. Compared with the
ZL rats, the number of ED-1-positive cells was significantly
increased in the interstitial space of ZD kidneys, whereas
macrophage infiltration only slightly increased in the glo-
meruli. Diabetes-related increase in interstitial macrophage
accumulation was greatly attenuated by fenofibrate treat-
ment (Figure 4).

Fenofibrate suppressed renal NF-«B activity

Renal cortical NF-«kB DNA-binding activity was evaluated
by EMSA analysis. As shown in Figure 5, NF-«B was acti-
vated in the kidney cortex of ZD rats compared with ZL
controls. Although fenofibrate did not affect NF-«B-
binding activity in the lean rats, renal activation of NF-«B
in the diabetic animals was significantly attenuated by feno-
fibrate treatment (Figure 5).
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Effects of fenofibrate on collagen and a-smooth muscle actin (SMA) deposition in the diabetic kidneys. (a) Masson staining of collagen. (b)

Immunostaining of SMA in paraffin-embedded rat kidney sections. Collagen fibers (blue) and SMA (dark brown) are normally confined in the wall of the arterioles
in the lean rats (ZL), and pathologically appear in the intraglomerular, periglomerular, interstitial and peritubular areas in the diabetic rats (ZD). Collagen and SMA
deposition was decreased in fenofibrate-treated Zucker diabetic rats (F-ZD). Original magnifications, x400. (c) Representative Western blots showing SMA and
B-actin protein levels in the kidney cortex of Zucker rats. Densitometric evaluations of protein levels (20 ug/lane) were obtained from four different animals per
group. Quantitative data are expressed as mean + standard error of mean. *P < 0.05 versus ZL control; #P < 0.05 versus vehicle-treated ZD animals

Fenofibrate reduced TGF-31 expression
and Smad3 phosphorylation

Western blots were performed to evaluate TGF-B1, total
Smad3 and phospho-Smad3 protein levels in the kidney
cortex isolated from vehicle- or fenofibrate-treated Zucker
rats. As expected, TGF-B1 protein was significantly
up-regulated in the ZD kidneys (Figure 6). This increase in
TGF-B1 was accompanied by a dramatic induction of
Smad3 phosphorylation in the diabetic kidneys (Figure 6).
Chronic treatment with fenofibrate significantly reduced
TGF-B1 and phospho-Smad3 proteins in the diabetic
kidneys, whereas their levels were not altered in the F-ZL
group (Figure 6). Real-time PCR analysis demonstrated
that TGF-B1 mRNA expression was also markedly inhibited
by fenofibrate in the diabetic kidneys (Figure 6).

Discussion

The present study demonstrated that fenofibrate attenuated
tubulointerstitial fibrosis by reducing collagen and SMA

deposition in the diabetic kidneys. In addition, fenofibrate
ameliorated tubular injury as evidenced by the observation
that diabetes-associated renal expression of KIM-1 was inhib-
ited after treatment. We also found that fenofibrate decreased
SPP-1 and MCP-1 expression in the kidneys of diabetic
animals. Accompanying the decrease in renal expression of
proinflammatory factors, interstitial macrophage infiltration
was significantly reduced in the F-ZD animals.
Furthermore, renal NF-«kB and TGF-B1/Smad3, which were
activated in vehicle-treated diabetic rats, were significantly
suppressed by fenofibrate treatment. These results suggest
that the renoprotective effects of fenofibrate are likely to be
achieved, at least partly, by suppressing NF-«B and
TGF-B1/Smad3 signaling pathways in diabetes mellitus.
Diabetic nephropathy is characterized by a series of ultra-
structural changes, including basement membrane thickening,
glomerular and tubular hypertrophy, mesangial expansion,
glomerulosclerosis and tubulointerstitial fibrosis. Glomerular
proteinuria and glomerulopathy resulting in microalbumi-
nuria have been recognized as early consequences of both
type 1 and type 2 diabetes. Leaked protein in the tubular
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Figure 2 Fenofibrate inhibited mMRNA expression of kidney injury molecule-1
(KIM-1), secreted phosphoprotein-1 (SPP-1) and monocyte chemoattractant
protein-1 (MCP-1) in the kidney cortex of diabetic rats. Renal cortical mMRNA
level was determined by real-time polymerase chain reaction. mRNA fold
changes of KIM-1, SPP-1 and MCP-1 were calculated using pB-actin as an
internal control. Values are mean + standard error of mean. n=5-6
animals/group. *P < 0.05 versus Zucker lean controls; *P < 0.05 versus
vehicle-treated Zucker diabetic fatty group

lumen stimulates proinflammatory and profibrotic responses
that directly contribute to chronic tubulointerstitial damage.
On the other hand, tubular damage may occur early in the
course of the disease not only secondary to glomerular
damage. Some previous studies have shown that renal dys-
function is better correlated with tubulointerstitial changes
than with glomerular abnormalities.” = Yaqoob et al.*'
reported that the diabetic patients with microalbuminuria
had higher glomerular proteinuria, tubular proteinuria and
enzymuria than those with normoalbuminuria and healthy
non-diabetic controls. They also revealed that the diabetic
patients with normoalbuminuria had significantly higher
tubular proteinuria and tubular enzymuria than non-diabetic
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Figure 3 Representative images of kidney injury molecule-1 (KIM-1) and
secreted phosphoprotein-1 (SPP-1) protein in the kidney sections of Zucker
lean (ZL), Zucker diabetic fatty (ZD) and fenofibrate-treated Zucker diabetic
rats (F-ZD). KIM-1 and SPP-1 protein were almost undetectable in the lean
kidneys. KIM-1 staining (red) was dramatically increased in the tubules of
vehicle-treated ZD rats, whereas SPP-1 (brown) was increased in both glo-
meruli and tubules of ZD kidneys. Fenofibrate treatment decreased KIM-1
and SPP-1 staining in the diabetic kidneys. Original magnifications, x400
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Figure 4 Immunolocalization of macrophage-specific antigen (CD68) in the
glomeruli and interstitia of Zucker lean (ZL), Zucker diabetic fatty (ZD) and
fenofibrate-treated Zucker diabetic rats (F-ZD) kidneys. Macrophage infiltra-
tion (dark brown) was dramatically increased in the interstitial spaces of ZD
rats, which was reduced by fenofibrate treatment (F-ZD). Bar graph presents
averaged data for CD68-positive cells in the interstitial space. Values are
mean + standard error of mean. n=5-6 animals/group. *P < 0.05 versus
ZL animals; P < 0.05 versus vehicle-treated ZD group. Original magnifi-
cations, x400
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Figure 5 Fenofibrate suppressed DNA-binding activity of nuclear factor
(NF)-«B in the kidney cortex of the diabetic rats. Activated NF-«B in Zucker
lean (ZL), Zucker diabetic fatty (ZD), fenofibrate-treated Zucker lean (F-ZL)
and fenofibrate-treated Zucker diabetic rat (Z-FD) groups was detected by
electrophoretic mobility shift assay. Nuclear extracts (lanes 1-4) were incu-
bated with a double-stranded NF-«B probe labeled with biotin. Competition
experiment was performed by adding a 200-fold molar excess of unlabeled
NF-«B probe as competitor (lane 5). Bar graph depicts relative optical
density for NF-xB DNA-binding bands. Values are mean + standard error of
mean (n = 4 animals/group). *P < 0.05 versus ZL controls; *P < 0.05 versus
vehicle-treated ZD group

controls,*' suggesting that tubular damage may even precede
microalbuminuria in diabetic nephropathy. We'? and others'
have demonstrated that the PPAR« ligand fenofibrate reduces
glomerular hypertrophy, mesangial matrix production and
urinary protein excretion in the diabetic animals. Here, we
further report that fenofibrate attenuates tubular injury by
decreasing KIM-1 renal production.

KIM-1 is a type I cell membrane glycoprotein that contains,
in its extracellular portion, a novel six-cysteine
immunoglobulin-like domain, two N-glycosylation sites
and a T/SPwrich domain characteristic of mucin-like
O-glycosylated proteins.***® KIM-1 level reflects the severity
of kidney damage and has been recognized as a sensitive bio-
marker of both acute and chronic kidney tubular damage.
Increased KIM-1 has also been established in experimental
models such as protein-overload  nephropathy,*
adriamycin-induced nephropathy®>*® and  angiotensin
Il-induced renal damage in homozygous Ren2 rats.”” Using
immunostaining, we found that KIM-1 protein was undetect-
able, although low KIM-1 gene was present, in the normal
kidneys of ZL rats. However, KIM-1 mRNA was dramatically
induced and protein was robustly generated and localized on

(a) ZL F-ZL ZD F-ZD

TGF-B1 ~ « .

i — . s -

Bactin o a—— — ————

P-Smad3 P e—

SMAd] T e— — — — — — —

B-actin e e e— S— C— — — —

F-ZD

Figure 6 (a) Representative Western blots of transforming growth factor
(TGF)-B1, Smad3 and phospho-Smad3 (P-Smad3) protein in the kidney
cortex of Zucker lean (ZL), fenofibrate-treated Zucker lean (F-ZL), Zucker
diabetic fatty (ZD) and fenofibrate-treated Zucker diabetic animals (F-ZD).
(b) Left bar graph depicts relative optical density for renal cortical levels of
TGF-B1 protein. Right bar graph depicts the real-time polymerase chain
reaction results of TGF-f1 mRNA. Values are mean + standard error of
mean. n=5-6 animals/group. *P < 0.05 versus ZL controls; *P < 0.05
versus vehicle-treated ZD group

the apical membrane of the proximal tubules in the ZD
animals. Interestingly, chronic treatment with fenofibrate
markedly blunted renal expression of KIM-1 in the diabetic
rats, suggesting that fenofibrate could protect against
tubular damage in diabetes mellitus.

Previous studies also support that KIM-1 may be involved
in the pathogenesis of interstitial fibrosis. For example, Kuehn
et al®® have reported that the interstittum surrounding
KIM-1-expressing tubules shows high proliferative activity
and staining for SMA, characteristic of myofibroblasts. In
addition, renal and urinary KIM-1 correlated with proteinuria
and interstitial damage in adriamycin nephrosis.*’ The
increase in renal KIM-1 was significantly attenuated after
antiproteinuric treatment with renin-angiotensin system
blockade in patients with non-diabetic proteinuric kidney
disease®® and animals injected with adriamycin.** This is
also supported by our finding that KIM-1 was mainly
located in dilated and flattened proximal tubules.
Moreover, the present study provides a strong association
between reduction of KIM-1 and improvement of tubuloin-
terstitial fibrosis after PPARa activation, although we
cannot conclude from our study if KIM-1 is only a conse-
quence of tubular injury or if it also plays a role in kidney
damage and repair. It will be interesting to explore further
the role of KIM-1 in progressive diabetic nephropathy by
specifically silencing or overexpressing KIM-1 gene.

It is well known that macrophage infiltration is implicated
in the pathogenesis and progression of diabetic nephro-
pathy.**~* A correlation between peritubular myofibroblastic
cells and interstitial macrophage infiltration has been
demonstrated in both diabetic patients**** and db/db
animals.*’ In agreement with these previous findings, we
found that the number of CD68-positive cells was signifi-
cantly increased in the interstitia of ZD rats, although
there is no significant change in macrophage infiltration in
the diabetic glomeruli. In addition, a significant decrease



in the number of interstitial CD68-positive cells was
observed in fenofibrate-treated diabetic kidneys. Overall,
our results support that suppression of macrophage infiltra-
tion may contribute to the renoprotective effect of fenofi-
brate in progressive diabetic nephropathy.

SPP-1 and MCP-1/CC-CCL2 are important promoters of
inflammation, renal injury and fibrosis in diabetic nephropa-
thy. In response to high glucose, human and mouse mesan-
gial cells have been shown to produce MCP-1 through a
pathway that involves activation of protein kinase C,
increased levels of oxidative stress and the activation/
nuclear translocation of the transcription factor NF-«xB.*0~*
A recent study indicated that high glucose also stimulated
MCP-1 secretion from the cultured rat proximal tubular
cells.”® They found that the cortical tubules became the pre-
dominant source of MCP-1 in overt diabetic nephropathy.
Macrophage accumulation around these tubules was associ-
ated with tubular injury and myofibroblast accumulation,
which lead to progressive decline of kidney function.*’ In
the present study, we observed that diabetes-induced SPP-1
and MCP-1 were significantly reduced by fenofibrate,
which was accompanied by a decrease in macrophage infil-
tration and collagen deposition in the kidney of F-ZD
animals. Previous in vitro study indicated that PPAR« overex-
pression inhibited adriamycin-induced activity of NF-«B in
the renal tubular cells, which was associated with an inter-
action between PPARa and NF-«B p65 subunit as revealed
in immunoprecipitation assays.”’ As expected, we found
that NF-«kB DNA-binding activity was activated in the
kidney cortex of diabetic rats. Interestingly, chronic treatment
with fenofibrate suppressed renal NF-«B activity, suggesting
that fenofibrate may exert its anti-inflammatory action by
directly or indirectly regulating NF-«B signaling pathway.
This result is also consistent with a previous report that
PPARa and PPARS are able to mitigate cardiomyocyte
hypertrophy in vitro by inhibiting NF-xB activation.”®

In addition to the NF-«B pathway, the TGF-B8/Smad
pathway also plays a critical role in renal pathophysiology
by promoting ECM deposition and fibrosis. TGF-81 promotes
fibroblast proliferation and increases the synthesis of a number
of ECM proteins, including collagens via binding to serine/
threonine kinase receptors on the plasma membrane and sub-
sequently activating Smad molecules and additional signaling
proteins that coordinately regulate gene expression or cyto-
plasmic processes.”’ PPARa ligands have been shown to
inhibit TGF-B1 activation in cultured mesangial cells treated
with H,0,?* or high glucose."’ Our in vivo study indicated
that renal production of TGF-B1 was greatly inhibited by feno-
fibrate in the diabetic animals. Moreover, an increase in renal
Smad3 phosphorylation was almost abolished by fenofibrate
in these animals. Recent studies suggest that Smad3 is a key
molecule mediating TGF-$ activity leading to renal fibrosis,
inflammation and apoptosis.®*** Mice deficient in Smad3
demonstrated attenuated collagen deposition and macrophage
infiltration, and reduced numbers of myofibroblasts and
tubular apoptotic cells in the kidneys after unilateral ureteral
obstruction.” Therefore, a reduction of phospho-Smad3 by
fenofibrate may directly lead to an attenuation of inflamma-
tory and fibrotic responses in the diabetic kidneys. Another
possibility would be that the suppression of TGF-B/Smad3
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Figure 7 Schematic depiction of an attenuation of renal inflammation and
injury by fenofibrate via the nuclear factor-«B and transforming growth
factor-B8/Smad3 pathways in Zucker diabetic fatty rats

may reduce NF-«B activity, resulting in an amelioration of
renal inflammation and fibrosis. This notion is supported by
the previous findings that overexpression of Smad3 enhances
transaction of kB sites in Mv1Lu cells and co-expression of
Smad3 together with NF-«B subunits, especially p52 and
p65, further increases those responses.”® Together, our data
suggest that PPARa agonist attenuates diabetic renal
damage, at least partly, by inhibiting TGF-1/Smad3 and
NF-«B signaling pathways with subsequent suppression of
inflammation and fibrosis (Figure 7).

Previous studies have suggested that both systemic and
local actions play a role in the renoprotective effects of
PPARa ligands in diabetic kidney diseases.®'**=>® At
present, we cannot distinguish between an activation of
PPARa by fenofibrate in the kidney from its direct systemic
and/or local effects. It is interesting to note that 10-week treat-
ment with fenofibrate did not reduce blood glucose levels in
ZD rats. Our result suggests that the renoprotective action of
fenofibrate is independent of the blood glucose-lowering
effect in these diabetic animals. This result is also consistent
with the previous reports showing that fenofibrate (at 30-
300 mg/kg/day) did not improve hyperglycemia in db/db
mice® or streptozotocin-induced diabetic rats.®

In summary, fenofibrate treatment inhibited renal KIM-1
expression and reduced tubulointerstitial fibrosis in the ZD
animals. An increase in renal expression of SPP-1 and MCP-1
and macrophage infiltration was greatly attenuated by fenofi-
brate in this animal model of type 2 diabetes. Moreover, the
anti-inflammatory and antifibrotic effects of PPARe activator
were accompanied by a suppression of NF-«B and TGF-81/
Smad3 in the diabetic kidneys. Therefore, our data further
support that the administration of exogenous fibrates may
slow the progression of diabetic kidney disease by inhibiting
the inflammatory and fibrotic processes.
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