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Abstract

The lipid lowering medication, fenofibrate (FF), is a peroxisome proliferator-activated receptor-
alpha (PPARa) agonist, possessing beneficial effects for type 2 diabetic nephropathy (DN). We
investigated whether FF can prevent the development of type 1 DN, and the underlying
mechanisms. Diabetes was induced by a single intraperitoneal injection of streptozotocin in
C57BL/6J mice. Mice were treated with oral gavage of FF at 100 mg/kg every other day for 3 and
6 months. Diabetes-induced renal oxidative stress, inflammation, apoptosis, lipid and collagen
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accumulation, and renal dysfunction were accompanied by significant decrease in PI3K, Akt, and
GSK-3B phosphorylation as well as an increase in the nuclear accumulation of Fyn [a negative
regulator of nuclear factor (erythroid-derived 2)-like 2 (Nrf2)]. All these adverse effects were
significantly attenuated by FF treatment. FF also significantly increased fibroblast growth factor
21 (FGF21) expression and enhanced Nrf2 function in diabetic and non-diabetic kidneys.
Moreover, FF-induced amelioration of diabetic renal damage, including the stimulation of
PI3K/Akt/GSK-3B/Fyn pathway and the enhancement of Nrf2 function were abolished in FGF21-
null mice, confirming the critical role of FGF21 in FF-induced renal protection. These results
suggest for the first time that FF prevents the development of DN via up-regulating FGF21 and
stimulating PI13K/Akt/GSK-3p/Fyn-mediated activation of the Nrf2 pathway.
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1. Introduction

Diabetic nephropathy (DN) is one of the microvascular morbidities of diabetes and a major
cause of mortality. Oxidative stress is an important pathogenic factor in the development and
progression of DN [1]; therefore, molecules regulating renal anti-oxidative stress, such as
nuclear factor (erythroid-derived 2)-like 2 (Nrf2), are potentially important targets for
lowering the risk of DN [2]. Nrf2 is a transcription factor that controls the cellular defense
against oxidative stress [2,3]. Nrf2 is normally sequestered by Kelch-like ECH-associated
protein 1 (Keapl) in the cytoplasm, and Keapl is responsible for promoting its proteasomal
degradation [2,3]. Once Nrf2 is released from Keapl, translocates into the nucleus, and
binds antioxidant response element (ARE), it can turn on the transcription of antioxidant
genes, including heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1
(NQOL1). In line with these findings, stimulating Nrf2 function might represent a promising
strategy for prevention DN [2-6].

Given the potential risk of introducing adverse effects by new drugs, the application of
existing medications originally approved for treating other diseases may offer a more
rational approach for treating diabetic complications [7,8]. Fenofibrate (FF) is a peroxisome
proliferator-activated receptor-alpha (PPARa) agonist with lipid-lowering property, and is in
use for about three decades. There is evidence suggesting that FF is protective against DN in
type 2 diabetic patients [9]. Another study using db/db mouse models also demonstrated that
FF ameliorated diabetic renal damage through the improvement of renal lipid profile [10].
The potential for FF as a therapeutic approach for renal damages induced by diabetes is
supported by the finding that FF could prevent doxorubicin (DOX)-induced renal damage
mediated by oxidative stress [11,12]. It has been confirmed that the effect of FF on diabetic
renal damages is independent of its lipid-lowering ability [13-15]. However, studies that
address the mechanisms through which FF ameliorates renal damage from type 1 diabetes
are few.
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It has been reported that fibroblast growth factor 21 (FGF21) is transcriptionally regulated
by PPARa, and FF increases plasma levels and the organ expressions of FGF21.
Furthermore, FGF21 can decrease organ damages through various mechanisms [16-19],
including an anti-oxidative effect through the up-regulation of Nrf2, thereby preventing
inflammation, cell death, and hypertrophy not associated with dyslipidemia [16,17]. These
findings prompt us to explore whether FF stimulates FGF21 up-regulation, activates Nrf2,
and protects the kidney from diabetic injuries. We employed a streptozotocin (STZ)-induced
diabetic mouse model as reported before [20-22]. We examined renal function changes,
histopathologic, and biochemical alterations at 3 and 6 months after the onset of diabetes. To
establish the role of FGF21, we further assessed FF-induced renal protection from type 1
diabetes injury in mice with FGF21 gene deletion (FGF21-null mice).

2. Materials and methods

2.1. Animals

FGF21-null mice with C57BL/6J background were given as a gift by Dr. Steve Kliewer
(University of Texas Southwestern Medical Center, Dallas, TX, USA). Eight-week-old, male
FGF21-null mice with age- and gender-matched C57BL/6J mice were used in the present
study. All mice were housed at 22 °C with a 12:12-h light—dark cycle and allowed free
access to standard chow and tap water in the University of Louisville Research Resources
Center. All procedures were approved by the Institutional Animal Care and Use Committee
of the University of Louisville, certified by the American Association for Accreditation of
Laboratory Animal Care.

2.2. The model of type 1 diabetes

Based on our previous experiences [20-22], type 1 diabetes were induced with a single
intraperitoneal dose of STZ (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.1 M
sodium citrate buffer (pH 4.5) at 150 mg/kg. Control animals received the same volume of
citrate buffer. Three days after injection, hyperglycemia (blood glucose levels = 250 mg/dl)
was noted in STZ-injected mice. Diabetic and control mice were randomly divided into two
groups, with or without FF (Sigma-Aldrich; dissolved in 1% sodium carboxyl
methylcellulose [Na-CMC] or 1% Na-CMC) treatment (100 mg/kg by oral gavage, every
other day). At experimental end, mice were euthanized and blood, urine, and kidney were
harvested for protein, mRNA, and histopathologic analysis.

The first part of this study was designed to study the effect of FF on DN, in which C57BL/6J
mice were randomly allocated to four groups (/=12 per group): control (Ctrl), FF, DM, and
DM with FF treatment (DM/FF). At the end of FF treatment 3 months later (3 M), five in
each group were euthanized. The derivation of animal number was based on the statistical
power requirement calculated in our previous studies [20-22]. Other mice continued to
receive FF for an additional 3 months (6 M totally).

The second part of this study was designed to investigate whether the prevention of type 1
DN by FF depends upon FGF21. FGF21-null and their wild type (WT) control were
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randomly divided into Ctrl, FF, DM, and DM/FF groups. At the end of FF treatment (3 M),
mice were euthanized for organ harvest and further analysis.

2.3. Urine albumin to creatinine ratio assay

At each time point, spot urine was collected from the mice using clean Wide-Mouth
Straight-Sided PMP Jars (Thermo Scientific, NY, USA) using bladder palpation. Urine
samples were discarded if contamination by feces, food, or water was noted; samples were
kept frozen at —20 °C until analysis [22-25]. Urinary albumin-to-creatinine ratio (UACR)
was measured to evaluate renal function [22-25], and urine albumin, creatinine were
measured according to manufacturers’ protocol (Bethyl Laboratories, Montgomery, TX,
USA,; and BioAssay Systems, Hayward, CA, USA), respectively. The ratio was calculated as
by dividing urine albumin to urine creatinine (ug/mg).

2.4. Renal histopathologic examination and immunofluorescence staining

Kidney tissues were fixed in 10% formalin for 24 h, embedded in paraffin, and sectioned at
5 um thickness for pathological examination and immunofluorescent staining. The sections
were deparaffinized and rehydrated, stained with hematoxylin and eosin (H&E). Periodic
acid-Schiff (PAS) staining was used to examine the glycogen content of renal tissues, as
described previously [25]. Renal fibrosis was evaluated by Sirius-red and Masson’s staining
for collagen [22,26]. Briefly, sections were stained with mixture of 0.1% Sirius Red F3BA
and 0.25% Fast Green FCF. We used the Sigma-Aldrich Trichrome Staining Kit for
Masson’s staining.

Standard immunofluorescent staining protocols were performed according to previous
studies [27]. Anti-Nrf2 antibody (1:400 dilution, Santa Cruz Biotechnology, Dallas, TA,
USA) and anti-Fyn antibody (1:400 dilution, Cell Signaling Technology, Boston, MA, USA)
were used, and the secondary antibodies Cy3-conjugated immunoglobulin G (1gG; 1:200
dilution, Abcam, Cambridge, MA, USA) were applied for 1 h and counterstained with 4,6-
diamidino-2-phenylindole (DAPI; 1:2000 dilution, Sigma-Aldrich) for 10 min at the room
temperature. The slices were covered with aqueous mounting medium (Sigma-Aldrich) and
analyzed under a fluorescence microscope (Nikon, Tokyo, Japan). All sections were
evaluated using a Nikon Eclipse E600 microscopy system.

2.5. Western blot assay

Western blot was performed as previous studies [20]. Kidney tissues were homogenized in
RIPA lysis buffer (Santa Cruz Biotechnology) for obtaining total proteins. Nuclear proteins
were extracted using a nuclei-isolation kit (Sigma-Aldrich) [28]. Proteins were collected by
centrifuging at 12,000 rpm at 4 °C. The total and nuclear proteins were separated on 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked with
5% non-fat milk or 0.5% BSA for 1 h, incubated overnight at 4 °C with primary antibodies.
The primary antibodies against connective tissue growth factor (CTGF, 1:500 dilution), Nrf2
(1:1000 dilution), histone H3 (1:10,000 dilution), and B-actin (1:3000 dilution) were
purchased from Santa Cruz Biotechnology. The following primary antibodies were
purchased from Cell Signaling Technology and used at a dilution of 1:1000, including total
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PI3K (£PI3Kp85) and phosphorylated PI3K [p-P13Kp85 (Tyr458)/p55 (Tyr199)]; Akt and
p-Akt (Serd73); GSK-3p and p-GSK-3B(Ser9); Fyn, Bax, Bcl-2, cleaved-caspase-3, and
transforming growth factor (TGF)-p1. Other primary antibodies used were as follows: 3-
nitrotyrosine (3-NT, 1:2000 dilution, Millipore, Billerica, MA, USA), 4-hydroxy-2-nonenal
(4-HNE, 1:4000 dilution, Alpha Diagnostic International, San Antonio, TX, USA),
plasminogen activator inhibitor type 1 (PAI-1, 1:3000 dilution, BD Biosciences, San Jose,
CA, USA), tumor necrosis factor-alpha (TNF-a,1:500 dilution, Abcam), and FGF21 (1:2000
dilution, Antibody & Immunoassay Services, University of Hong Kong, China).

After three times of wash with Tris-buffered saline containing 0.05% Tween 20, membranes
were incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody
(Santa Cruz Biotechnology) for 1 h at room temperature. Bands were visualized using an
enhanced chemiluminescence kit (ECL, Thermo Fisher Scientific, Waltham, MA, USA), and
quantitative densitometry was performed using Image Quant 5.2 software.

2.6. Quantitative real-time PCR (QRT-PCR)

Kidney samples were frozen and stored at —80 °C. Total RNA was extracted using Trizol
reagent (RNA STAT 60 Tel-Test Ambion, Austin, TX, USA). Nanodrop ND-1000
spectrophotometer was used for quantifying RNA concentrations and purities. First-strand
complimentary DNA (cDNA) was synthesized from total RNA according to the
manufacturer’s protocol (Promega, Madison, WI, USA). Reverse transcription was
performed in a Mastercycler Gradient (Eppendorf, Hamburg, Germany), with 1 g of total
RNA in 20 pL solution containing 4 uL 25 mM MgCly, 4 uyL AMV reverse transcriptase 5x
buffer, 2 uL dNTP, 0.5 L RNase inhibitor, 1 uL. AMV reverse transcriptase, 1 pL oligo (dT)
primer, and nuclease-free water at 42 °C for 50 min and then 95 °C for 5 min. Primers of
FGF21 (Mm00840165), Nrf2 (Mm00477784), NQO1 (Mm01253561), HO-1
(Mm00516005), and B-actin (Mm00607939) were purchased from Applied Biosystems
(Carlsbad, CA, USA). qRT-PCR was performed in duplicate with a 20 uL solution
containing 10 pL TagMan Universal PCR master mix, 9 uL cDNA, and 1 uL primer, using
the ABI 7500 Real-Time PCR system (Life Technologies Corp., Carlsbad, CA, USA). The
comparative cycle time (Ct) method was used to determine fold differences between

samples, and the amount of target was normalized to -actin as an endogenous reference
(Z—AACt)'

2.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)

assay

Kidney sections were deparaffinized using xylene and ethanol dilutions, rehydrated, and
stained for TUNEL with an ApopTag Peroxidase In Situ Apoptosis Detection Kit
(Chemicon, Temecula, CA, USA), as described previously [20]. Each slide was treated with
proteinase K (20 mg/L) for 15 min at room temperature, later 3% hydrogen peroxide to
quench endogenous peroxidases for 5 min, and finally incubated with TUNEL reaction
mixture containing terminal deoxynucleotidyl transferase (TdT) and digoxigenin-11-dUTP
at 37 °C for 1 h. Then 3,3’-diaminobenzidine chromogen was applied, with methyl green as
counterstaining. Mouse testicular tissues were used as positive control [29]. For negative
control, TdT was omitted from the reaction mixture. Apoptotic cell death was quantitatively
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analyzed by counting TUNEL-positive cells randomly from 10 fields, at 400x magnification.
Results were presented as the number of TUNEL-positive cells per 103 cells.

2.8. Quantitative analysis of lipid peroxides

The lipid peroxide concentration was measured by thiobarbituric acid (TBA) reactivity, that
is, the amount of malondialdehyde (MDA) formed during acid hydrolysis of the lipid
peroxide compound. The reaction mixtures contained 50 pL protein samples, 20 uL 8.1%
sodium dodecyl sulfate (SDS), 150 pL 20% acetic acid solution (pH 3.5), and 210 pL
0.571% TBA. Each sample was prepared in duplicate. The mixtures were incubated at 90 °C
for 1 h and cooled on ice. Later, 100 pL distilled water was added, and the mixtures were
centrifuged at 4000 rpm for 15 min. After centrifugation, 150 uL from the supernatant of
each sample was extracted for measuring absorbance at 540 nm. MDA level was expressed
as nmol MDA per milligram tissues.

2.9. Plasma FGF21 assay

Whole blood was collected in a lithium heparin tube (BD, Franklin Lakes, NJ, USA), and
centrifuged at 2000 rpm for 20 min at 4 °C. Later, 70 pL of plasma from FGF21-null and
WT groups were collected for FGF21 assay using a FGF21 Quantikine Elisa kit (R&D
systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.10. Statistical analysis

Data were presented as mean£S.D. (/2=5). Calculation of required animal number in each
group was done by statistical power inference used in previous studies [20-22].
Comparisons were performed by one-way ANOVA between different groups. We conducted
post hoc pairwise repetitive comparisons using Tukey’s test (Origin 8.0 laboratory data
analysis and graphing software, OriginLab Corp. Northampton, MA). Statistical significance
was considered as p<0.05.

3. Results

3.1. Effects of FF on body weight and serum biochemistry profiles in diabetic and control
mice
FF treatment did not influence body weight, blood glucose, plasma triglyceride, or
cholesterol in non-diabetic mice at either 3 M or 6 M. Among diabetic mice, FF treatment
did not alter blood glucose levels, but resulted in significantly higher body weight, lower
plasma triglyceride, and lower cholesterol levels at 3 M and 6 M (Table 1).

3.2. FF prevented diabetes-induced renal dysfunction and pathological changes

Renal function was examined by UACR. Diabetes significantly increased UACR from 3 M
to 6 M. However, FF treatment significantly reduced UACR among diabetic mice at both 3
M and 6 M (Fig. 1A). Ratios of kidney weight-to-tibia length, an index of renal hypertrophy,
significantly increased in DM group compared to Ctrl (Fig. 1B), and were similarly
attenuated by FF treatment at both 3 M and 6 M. H&E staining (Fig. 1C) revealed prominent
renal structural changes in DM group, including glomerular enlargement, glomerular
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basement membrane thickening, mesangial proliferation, and increased mesangial matrix
deposition at both 3 M and 6 M. FF treatment significantly ameliorated these pathological
alterations. Renal glycogen accumulation by PAS staining increased in a time-dependent
manner from 3 M to 6 M in DM group, but not in DM/FF group (Fig. 1D). Significant
differences were found in glomerular area and renal glycogen accumulation between DM
and DM/FF groups (Fig. 1E and F).

3.3. FF prevented diabetes-induced renal fibrosis, oxidative stress, inflammation, and

apoptosis

The fibrotic effect of diabetes on the kidneys, using Western blots, appeared to be lessened
from 3 M to 6 M in DM/FF group (Fig. 2A). Diabetes-induced renal fibrosis was also
examined by Sirius-red (Fig. 2B and D) and Masson’s staining (Fig. 2C and E). Both stains
indicated reduced fibrosis in diabetic mice receiving FF.

We further examined the effect of FF on diabetes-induced renal oxidative stress. Western
blotting of renal oxidative products showed significantly higher levels of 3-NT (an index of
nitrosative damages) and 4-HNE (an index of lipid peroxidation) in DM group compared to
Ctrl. However, both 3-NT and 4-HNE accumulation significantly lowered at 3 M and 6 M in
DM/FF group compared to DM group (Fig. 3A). MDA showed the same changes as those of
3-NT and 4-HNE in diabetic mice with or without receiving FF (Fig. 3B) [30].

Inflammatory cytokines are also important mediators of diabetes-induced renal damages.
Our results showed that renal expressions of inflammatory cytokines, including TNF-a and
PAI-1, significantly increased in DM group. However, FF treatment abolished the diabetes-
induced cytokine expressions at 3 M and 6 M (Fig. 3C).

Renal cell apoptosis has been reported to be involved in the development of DN. Apoptotic
cells were found to increase significantly in the kidneys of DM group, but not in those of
DM/FF group compared to Ctrl (Fig. 3D and E). Western blotting revealed significantly
higher ratios of Bax to Bcl2 and higher expressions of cleaved caspase-3 (c-Cas-3) in DM
group, but not those in DM/FF group (Fig. 3F). These findings confirmed that FF treatment
prevented renal cells from apoptosis induced by diabetes.

3.4. FFup-regulated Nrf2 function in the kidneys of diabetic mice

Altering Nrf2 has been reported as a potent anti-oxidative mechanism for preventing DN
[2,4]. Immunofluorescent staining showed that the expressions of Nrf2 in the kidneys of DM
group increased at 3 M, but decreased at 6 M. FF induced a nuclear accumulation of Nrf2, or
its activation, in both non-diabetic and diabetic groups (Fig. 4A). Western blotting further
showed that Nrf2 nuclear expressions in kidneys slightly increased at 3 M and decreased at 6
M in diabetic mice, and that FF significantly increased Nrf2 nuclear expressions in kidneys
of both normal and diabetic mice, compared to Ctrl without FF treatment (Fig. 4B). These
findings were similar to those from immunofluorescent staining.

The function of Nrf2 was further investigated by detecting the expressions of its downstream
antioxidant genes, including HO-1 and NQO1. As shown in Fig. 4C and D, the mRNA
levels of HO-1 and NQOL in kidneys significantly increased after FF treatment, consistent
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with increased Nrf2 nuclear expressions. These results strongly suggested that FF up-
regulated renal Nrf2 function, and this potentially protected kidney from diabetes-induced
damages.

3.5. FFincreased renal FGF21 expressions and activated the PI3K/Akt/GSK-3p/Fyn

pathway

We next examined the expression of FGF21, the target of PPARa that regulates the
expressions of Nrf2 [17,31]. Renal FGF21 mRNA expressions significantly decreased in
DM group at 3 M and 6 M, but increased in both FF and DM/FF groups. This was also
confirmed by Western blotting, which showed the same changing pattern of FGF21
expressions (Fig. 5A and B).

Reports indicated that FGF21 could ameliorate organ damages via activation of the
PI3K/Akt pathway in diabetes [17,32,33]. Moreover, the Akt/GSK-3p/Fyn pathway is an
important effector of Nrf2 after its activation [34,35]. Diabetic mice without FF treatment
showed significantly decreased PI3K and Akt phosphorylation while increased GSK-3p
activation, as shown by the decreased p-GSK-3p expressions. These findings were
accompanied by an increased nuclear accumulation of Fyn in the kidneys (Fig. 5C-E).
Compared to DM group, DM/FF group demonstrated preserved PI13K and Akt activation
status, but GSK-3p activation was inhibited and nuclear translocation of Fyn was lower in
kidney tissues (Fig. 5C—E). These results indicated that FGF21 and PI3K/Akt/GSK-3p/Fyn
pathway might be involved in FF-induced up-regulation of Nrf2 function.

3.6. Effects of FF on body weight and serum biochemical profiles in diabetic FGF21-null
and WT mice

Diabetes was induced in FGF21-null and WT (C57BL/6J) mice as described above.
Diabetes significantly decreased body weight gain in both diabetic WT mice and diabetic
FGF21-null mice, with more severe body weight loss in the latter. The diabetes-induced
decrease in body weight was prevented by FF in WT mice, but not in FGF21-null mice. FF
treatment did not significantly alter blood glucose levels in either diabetic WT or FGF21-
null mice. FF treatment did not affect plasma triglyceride or cholesterol levels in either WT
or FGF21-null non-diabetic mice, while significantly attenuated both plasma triglyceride
and cholesterol levels in diabetic groups. These results suggested that FF-mediated alteration
of lipid profiles is FGF21-independent (Table 2).

3.7. Protective effects of FF against diabetes-induced renal damages depend on FGF21

There was no difference in UACR levels between non-diabetic FGF21-null and non-diabetic
WT mice (Fig. 6A). UACR levels of diabetic WT mice were higher than those of WT Citrl
mice, but lower than those of diabetic FGF21-null ones, suggesting a protective role of
endogenous FGF21 in the process of diabetic kidney damages. More importantly, FF
attenuated diabetes-induced increase of UACR levels in WT mice but not in FGF21-null
ones.

The increased ratios of kidney weight to tibia length increased significantly in both WT DM
and FGF21-null DM group, compared to non-diabetic controls (Fig. 6B). FF attenuated
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diabetes-induced increases in kidney weight/tibia length ratio in WT mice but not in FGF21-
null ones. Pathological changes and the severity of glycogen accumulation in the kidneys of
diabetic FGF21-null mice were worse than those of diabetic WT ones. Compared to WT
DM/FF group, the protective effects of FF on these abnormalities were abolished in FGF21-
null DM/FF group (Fig. 6C and D). H&E and PAS staining confirmed the pathological
changes as well (Fig. 6E and F).

Diabetes significantly induced renal apoptosis (Fig. 7A-C), oxidative damages (Fig. 7D),
inflammatory responses (Fig. 7D), and fibrotic effects (Fig. 8) in both WT and FGF21-null
mice. These changes were worse in diabetic FGF21-null mice than those in diabetic WT
ones, and were significantly reduced in diabetic WT mice receiving FF, but not in diabetic
FGF21-null ones receiving FF (Figs. 7 and 8). These results indicated that the effect of FF
on diabetes-induced renal damages was FGF21-dependent.

3.8. FGF21 gene deletion abolished FF-induced activation of the PI3K/Akt/GSK-3p/Fyn
pathway and Nrf2 function

Compared to normal WT mice, the levels of plasma FGF21 (Fig. 9A) and renal FGF21
mRNA (Fig. 9B) increased in FF-treated WT ones, but decreased in diabetic WT ones.
These levels remained unchanged in FF-treated diabetic WT mice. Plasma FGF21 protein
and renal FGF21 mRNA were undetectable in FGF21-null mice with or without FF
administration.

Western blotting showed that, compared to non-diabetic WT mice without receiving FF
(Ctrl), the ratios of p-PI3K to £PI3K, p-Akt to £Akt, and also p-GSK-3p to +GSK-3p
significantly increased in FF-treated WT mice, but significantly decreased in diabetic mice
without receiving FF. However, the ratios remained unchanged in diabetic WT mice
receiving FF (Fig. 9C-E), but the levels decreased in diabetic FGF21-null mice compared to
diabetic WT ones. The effects of FF on either non-diabetic or diabetic FGF21-null mice
were not statistically significant (Fig. 9C-E).

In WT mice, FF attenuated diabetes-induced nuclear accumulation of Fyn (Fig. 9F). In
diabetic FGF21-null mice, diabetes increased more prominent nuclear accumulation of Fyn
than that in diabetic WT ones. However, FF did not restore diabetes-increased nuclear
accumulation of Fyn in diabetic FGF21-null mice (Fig. 9F).

FF treatment increased the nuclear accumulation of Nrf2 in WT mice with or without
diabetes (Fig. 9G). FF failed to stimulate the nuclear accumulation of Nrf2 in diabetic
FGF21-null mice, although these mice showed more significant decreases in nuclear
accumulation of Nrf2 than diabetic WT ones (Fig. 9G). The expression of NQOL1 exhibited
similar pattern as Nrf2 (Fig. 9H). These findings collectively indicated that FF can
ameliorate diabetes-induced renal damages, and these effects are mediated by FGF21.
Deletion of the FGF21 gene abolishes the FF-induced activation of the PI3K/Akt/
GSK-3p/Fyn pathway and Nrf2 functions.
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4. Discussion

Although FF is used clinically for type 2 diabetic patients [9,10], its application in type 1
diabetic patients has not been well explored [13-15]. Using a STZ-induced diabetic mouse
model, we demonstrated that FF significantly ameliorates DN. We reported for the first time
that type 1 diabetes is associated with down-regulation of renal FGF21 expressions at both
mMRNA and protein levels. FF significantly increased renal FGF21 expressions in both non-
diabetic and diabetic mice. Using FGF21-null mice, we demonstrated that the effect of FF
on diabetic renal damages is FGF21-dependent. We further identified that this FGF21-
mediated renal effects is associated with the activation of Nrf2. The Nrf2 activation is further
mediated by a FGF21-dependent PI3K/AKt/GSK-3p/Fyn pathway, as summarized in Fig. 10.

Few studies have explored the preventive effect of FF against STZ-induced diabetic damages
to the kidneys [13-15]. Among these studies, most reported that FF protects the kidney from
diabetes beyond its lipid-lowering action. Others found that the renal protection offered by
FF in diabetes might be dependent on PPARa., evidenced by the accelerated development of
DN in mice with PPARa deficiency [36]. Studies finding that FF treatment reduced DOX-
induced renal damages only in PPARa normal mice, but not in PPARa deficient ones also
indirectly support the above notions [11,12]. Although the above studies affirm the
preventive effect of FF against both type 1 and type 2 diabetes-induced renal damages, it
remains unclear how FF protects the kidneys in type 1 diabetic patients beyond its lipid-
lowering effect [10]. Our findings expand the existing evidence by demonstrating the pivotal
role of FGF21 in FF-mediated renal protection from diabetes.

As a downstream effector of PPARa., FGF21 possesses hypoglycemic, lipid-lowering, and
thermogenic properties [31]. Induction of blood FGF21 levels in humans by FF treatment
has been described previously [37,38]. Evidence suggests that renal expressions of FGF21
did not change at 2 months, but significant decreased at 5 months after diabetes development
in a db/db type 2 diabetes model [39]. Consistent with their findings, we also found that
renal FGF21 expressions gradually decreased from 3 to 6 months (Fig. 5A and B), although
the levels increased at 1 month after diabetes (data not shown). Another in vitro study
showed that mesangial cells had increased FGF21 mRNA and protein expressions in
response to TGF-p1 in a time-dependent manner (6-9 h at peak but diminished at 24 h [40]).
Adding up our results, studies suggest that FGF21 is up-regulated in the early stage of
diabetes to protect the kidney from pathogenic changes induced by diabetes or TGF-1.
During decompensation, FGF21 may decrease at late stages of diabetes with the
concomitant renal damages. Information that extrapolates from studies on other organs may
support this concept. First, oxidative stress, lipotoxicity, and endoplasmic reticulum (ER)
stress can increase cardiac FGF21 expressions [19,41]. Second, exogenous supplement of
FGF21 or cardiac overexpression of FGF21 have been shown to exert cardiac protection
against various challenges [19,42,43]. Past studies reported that supplementation of
exogenous FGF21 could protect the kidney from type 1 and type 2 diabetes-induced
pathological changes [39,44]. We further provided direct evidence in this study that diabetic
FGF21-null mice exhibited severe renal pathological and functional abnormalities (Figs. 6—
8).
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A novel finding of this study is that we discover a potential mechanism by which FGF21
protects against DN, the up-regulation of Nrf2 function. Nrf2 orchestrates multiple
antioxidants for protecting against the oxidative damage associated with DN [2,5,6]. Zhang
et al. used Nrf2 activators (sulforaphane or cinnamic aldehyde) to treat STZ-induce diabetic
model in both Nrf2-null and WT mice [5]. They demonstrated that the activation of Nrf2 and
its targets NQOL1 and y-glutamylcysteine synthetase (y-GCS) significantly prevents the
development of DN in STZ-induced diabetic WT mice, but not in diabetic Nrf2-null ones
[5]. More importantly, Bardoxolone methyl (also known as CDDO-Me or RTA 402), via
induction of Nrf2, has been extensively explored for its preventive and therapeutic effects
against DN [45,46], although it was withdrawn due to toxic effects [47]. These results
suggests that although activation of Nrf2 is a promising target to prevent DN, the potentially
associated toxic effects are significant concern when developing activators of Nrf2. If FF can
act as a Nrf2 activator via the FGF21-dependent mechanism, it may possess therapeutic
promise, since FF has been used widely in clinical practice, and is safe and well tolerated.

Another important finding in this study is the potential insight into how FGF21 mediates
Nrf2 activation to protect the kidneys from diabetes. Existing evidence regarding the cross-
talk between Nrf2 and FGF21 is scanty. One study suggests an inhibitory effect of Nrf2 on
FGF21 induction [48]; another study reported a positive regulation of FGF21 by Nrf2 [49],
while other studies identified Nrf2 induction by FGF21 [16,17]. These findings suggest a
complex association between FGF21 and Nrf2. In this study, we found that FF-induced Nrf2
was dependent on FGF21 (Fig. 9G and H). The mechanism through which FGF21 activates
remains largely unknown. We further provided in vivo evidence for the first time that FGF21
may activate the Nrf2 expression in the nuclei by activation of PI3K/Akt/GSK-3pB-dependent
inhibition of Fyn nuclear translocation. In WT mice, FF-induced FGF21 expression was
associated with increased PI3K, Akt, and GSK-3p phosphorylation as well as decreased Fyn
nuclear accumulation. In FGF21-null mice, FF failed to increase PI3K, Akt, and GSK-3f
phosphorylation but subsequently decreased Fyn nuclear accumulation (Fig. 9C-F). It has
been known that Fyn translocates into nuclei and exports nuclear Nrf2 to cytosol, where it
binds to Keapl for degradation [50,51]. Therefore, we assume that Nrf2 activation by FF in
WT mice may be mediated by the FGF21-mediated increase in PI13K, Akt, and GSK-3p
phosphorylation, and the subsequent decrease in Fyn nuclear accumulation. This could
restore Nrf2 nuclear localization and have Nrf2 exert its action, as illustrated in Fig. 10.

There are a few limitations in the present study. First, the evidence for the possible
mechanism we provided is indirect in nature (Fig. 10); the mechanistic pathway needs to be
further defined in future studies. Second, although we discover the potential use of FF for
the treatment DN and investigate the mechanisms through which FF may prevent DN,
further investigation is needed using other diabetes models (for instance, OVE26 mice);
clinical trials are also needed to further confirm the protective role of FF in DN. Further
confirmatory studies concerning the mechanisms, animal models, and clinic trials can
provide the theoretical base for the clinical application of FF.
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Fig. 1.
FF prevented diabetes-induced renal dysfunction and pathological changes. Diabetes was

induced with a single intraperitoneal injection of streptozotocin (STZ, 150 mg/kg), with or
without FF (100 mg/kg) every other day for 3 and 6 months. Urinary albumin to creatinine
ratio (UACR) (A) and kidney weight to tibia length ratio (B) were measured and calculated
at 3 M and 6 M, respectively. Renal morphological changes (C) and glycogen (purple)
expressions (D) were examined by hematoxylin and eosin (H&E) and periodic acid-Schiff
(PAS) staining in kidney sections (400x%, scale bare 100 pm). Glomerular areas (E) and the
relative densities of glycogen expressions per image (F) were counted in ten visual fields
across the kidneys. Data are presented as the mean£S.D. (/25). * p<0.05 vs. corresponding
Ctrl; # p<0.05 vs. corresponding DM.
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FF prevented diabetes-induced renal fibrotic effect. Renal fibrotic response was assessed by
an increased expression of connective tissue growth factor (CTGF) and transforming growth
factor-p1 (TGF-p1) at 3 M and 6 M, respectively, using Western blotting (A). Sirius-red (B)
and Masson’s staining (C) were used for detecting collagen fibers (red and blue) in kidney
sections (400x, scale bare 100 um). Semi-quantitative data for Sirius-red and Masson’s
staining were presented as (D) and (E), respectively. Data are presented as the mean£S.D.

(m:=5). * p<0.05 vs. corresponding Ctrl; # p<0.05 vs. corresponding DM.
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Fig. 3.

FF prevented diabetes-induced renal oxidative damages, inflammation, and apoptosis. Renal
tissues were harvested at 3 M. Renal oxidative damages were evaluated by Western blotting
for 3-nitrotyrosine (3-NT) and 4-hydroxy-2-nonenal (4-HNE), respectively (A). Lipid
peroxidation was measured using malondialdehyde (MDA) content (B). Renal inflammation
was detected with plasminogen activator inhibitor-1 (PAI-1) and tumor necrosis factor-a
(TNF-a)) by Western blotting (C). Renal cell apoptotic death was examined by TUNEL
staining (D) (apoptotic cells shown by brown nuclei), followed by quantitative analysis (E)
and by Western blotting of Bax to Bcl-2 ratios (Bax/Bcl-2) and cleaved-caspase 3 (c-Cas-3)
levels (F). Data are presented as the meanzS.D. (/25). * p<0.05 vs. corresponding Ctrl; #
p<0.05 vs. corresponding DM.
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Fig. 4.
FF treatment up-regulated Nrf2 function in the kidney of diabetic mice. The activation of

Nrf2 was assessed by its nuclear accumulation (arrowed cells), determined by
immunofluorescent staining with Nrf2 antibody (red) and nuclear staining with 4,6-
diamidino-2-phenylindole (DAPI, blue) on kidney tissue sections (A) (oil immersion,
1000x%). The nuclear expression of Nrf2 was detected by Western blotting at 3 M and 6 M,
respectively (B). Nrf2 transcription was assessed by gRT-PCR of Nrf2 downstream genes,
including heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQO1) at 3
M (C) and 6 M (D), respectively. Data are presented as the mean+S.D. (/225). * p<0.05 vs.
corresponding Ctrl; # p<0.05 vs. corresponding DM.
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Fig. 5.

Fngncreased renal FGF21 expression and activated the PI3BK/Akt/GSK-3p/Fyn pathway.
Renal FGF21 protein expressions were examined with Western blot (A) and relative FGF21
MRNA expressions were assessed by gRT-PCR (B) at 3 M and 6 M, respectively. Renal
PI3K and Akt activation as well as GSK-3p inhibition were examined with Western blot (C).
The activation of Fyn was assessed by its nuclear accumulation (arrow indicated), using
immunofluorescent staining with Fyn antibody (red), nuclear staining with DAPI (blue) on
kidney tissue sections (D) (oil immersion, 1000x), and by Western blotting of its expression
in nuclear protein (E). Data are presented as the mean+S.D. (/25). * p<0.05 vs.
corresponding Ctrl; # p<0.05 vs. corresponding DM.
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Fig. 6.

F(gF21 gene deletion abolished the protective effects of FF against diabetes-induced renal
dysfunction and pathological changes. Diabetes was induced in WT and FGF21-null mice
with STZ, with or without treatment of FF (100 mg/kg) every other day for 3 months. The
UACR (A) was measured before STZ injection (as 0 M), at 1 M and 3 M after diabetes
onset. Kidney weight to tibia length ratios (B) were calculated at 3 M. H&E (C) and PAS
(D) staining were used to examine renal morphological changes and glycogen (purple)
expressions in kidney sections (400x, scale bare 100 pm). Glomerular areas (E) and relative
glycogen depositions (F) were estimated. Data are presented as the mean+S.D. (/=5). *
p<0.05 vs. corresponding WT/Ctrl; # p<0.05 vs. corresponding WT/DM; & p<0.05 vs.
corresponding WT/DM/FF.
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Fig. 7.

FGF21 gene deletion abolished the protective effects of FF against diabetes-induced renal
oxidative damage, inflammation, and apoptosis. Renal cell apoptotic death was examined by
TUNEL staining (brown) (A), followed by quantitative analysis (B); and by Western blotting
for the expression of Bax to Bcl-2 ratios and c-Cas-3 (C) at 3 M. Renal oxidative damages
and inflammation statuses were evaluated by Western blotting of 4-HNE and TNF-a
expressions at 3 M (D). Data are presented as the mean£S.D. (725). * p<0.05 vs. WT/Ctrl; #
p<0.05 vs. WT/DM; & p<0.05 vs. WT/DM/FF.
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Fig. 8.
FGF21 gene deletion abolished the protective effects of FF against diabetes-induced renal

fibrosis. Renal fibrosis was evaluated by the expression of CTGF and TGF-B1 with Western
blot (A) and also by Sirius-red (B) (red) and Masson’s (C) (blue) staining (400x, scale bare
100 pm) at 3 M after diabetes onset. Semi-quantitative analyses for Sirius-red and Masson’s
staining were presented as (D) and (E), respectively. Data are presented as the mean+S.D.
(r:25). * p<0.05 vs. WT/Ctrl; # p<0.05 vs. WT/DM; & p<0.05 vs. WT/DM/FF.
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Fig. 9.

FGgF21 gene deletion abolished FF-induced activation of the PI3K/Akt/GSK-3B/Fyn
pathway and Nrf2 function. Renal tissues were collected at 3 M. Plasma levels (A). and
renal mMRNA expressions (B) of FGF21 were assessed by sandwich ELISA and gRT-PCR.
Western blot was used to examine the renal expressions and activations of total and
phosphorylated PI3K (C), Akt (D), and GSK-3p (E). Renal nuclear protein of Fyn (F) and
Nrf2 expression (G) were examined by Western blot. The function of Nrf2 was examined by
evaluating the expression of its downstream effector, NQOL1, by qRT-PCR (H). Data are
presented as the mean+S.D. (/25). * p<0.05 vs. WT/Ctrl; # p<0.05 vs. WT/DM; & p<0.05
vs. WT/DM/FF.
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Fig. 10.
Schematic illustration for the preventive effect of FF on diabetic nephropathy. Diabetes

induces renal oxidative stress, apoptosis, inflammation, and fibrosis, leading to diabetic
nephropathy via increasing oxidative stress. Fenofibrate (FF) attenuates diabetes-induced the
aforementioned insults to prevent diabetic nephropathy. FF-induced renal protection from
diabetes is mediated by up-regulating FGF21, and this may in turn stimulates PI3K/Akt/
GSK-3p/Fyn-mediated activation of the Nrf2 anti-oxidative pathway.
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Effect of FF on diabetes-induced metabolic index at 3 M and 6 M.

Table 1

ctrl FF DM DM/FF

3M

BW gain (g) 4324022 2.78+1.02 0504068 1.88+058 7
BG (mg/dl) 11824655  123.4%1597 363042678 307.6+34.53
TG (mg/dI) 48.30£15.44 42.12+11.87 12074+16.96  83.80+12.66 ~
CHOL (mg/dl) ~ 80.62:7.15  74.96+13.14 1457241230  110.92+3.16 7
6M

BW gain (g) 502+0.66  4.4020.91 1054047 23840377
BG (mg/dl) 11431161 114.7419.88  3586+50.86  357.5+37.25
TG (mg/d) 52.16+13.82 41471052 15007+12.48  99.04+13.07 7
CHOL (mg/dl)  82.18+7.50  81.49+10.97 171.41+12.86  112.3746.49 *

Page 26

Notes: Data are presented as the mean+S.D. (/25). FF: fenofibrate; BW=body weight; BG=blood glucose; TG=triglyceride; CHOL=cholesterol.

*
p<0.05 vs. corresponding Ctrl.

#p<0.05 vs. corresponding DM.
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Effect of FF on diabetes-induced metabolic index in FGF21-null and WT mice.

Table 2

ctrl FF DM DM/FF
wT
BW gain (g) 453+1.38 295+ 1.15 0.10+1.07 22347087 %
BG (mg/dl) 117.0£23.26  124.0£2451 361042623 353572841
TG (mg/di) 4327+7.35  35.02+10.72  129.86+2083  80.02714.85
CHOL (mg/dl) 66.93+18.15 6252+18.14 191 0142830  119.10722.16 *
FGF21-null
BW gain (g) 6.30+0.74  4.93+0.99 159+0.95% 1.05+0.85%
BG (mg/dl) 130.3+24.76  120.3+22.04  3835+5403%  369.8+42 015
TG (mg/dl) 44094776 4383t18.25 17542425049 11537:22.28%7
CHOL (mg/dl)  78.48+11.50 79.09+19.97 266.33+43.86% 178.34+25.49%7
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Notes: Data are presented as the mean+S.D. (/25). FF: fenofibrate; BW=body weight; BG=blood glucose; TG=triglyceride; CHOL=cholesterol.

*
p<0.05 vs. WT/Ctrl.

#p<0.05 vs. WT/DM.

&p<0.05 vs. FGF21-null/Ctrl.

#

p<0.05 vs. FGF21-null/DM.
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