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f fenofibrate in sepsis-induced
acute kidney injury in BALB/c mice

Zuowei Pei, a Shuling Deng,b Dengmei Xie,c Mingyi Lv,b Wenyan Guo,b Duping Liu,b

Zhenzhen Zhengb and Xiaofeng Long*b

Acute kidney injury (AKI) is a severe complication of sepsis, which largely contributes to the associated high

mortality rate. Fenofibrate, a peroxisome proliferator activated receptor a (PPARa) agonist, has received

considerable attention because of its effects related to renal damage-related energy metabolism and

inflammation. The present study investigated the effects of fenofibrate on sepsis-associated AKI in BALB/

c mice subjected to caecal ligation and puncture (CLP). Eight-week-old male BALB/c mice were divided

into four groups: control group, fenofibrate group, caecal ligation and puncture (CLP) group, and

fenofibrate + CLP group. CLP was performed after mice were gavaged with fenofibrate for 2 weeks.

After 48 hours, we measured the histopathological alterations of the kidney tissue and plasma levels of

serum creatinine (CRE), neutrophil gelatinase-associated lipocalin (NGAL), reactive oxygen species (ROS),

ATP, and ADP. We evaluated PPARa and P53 protein levels as well as interleukin (IL)-1b, IL-6, and tumour

necrosis factor-a mRNA levels. Our results showed that administering fenofibrate significantly reduced

kidney histological alterations caused by CLP. Fenofibrate inhibited the plasma levels of ROS, CRE, NGAL,

and increased the ATP/ADP ratio. Fenofibrate significantly inhibited elevations in P53, IL-1b, IL-6, and

tumour necrosis factor-a expression. The results suggest that fenofibrate administration effectively

modulates energy metabolism and may be a novel approach to treat sepsis-induced renal damage.
Introduction

Sepsis or septic shock is the predominant cause of acute kidney
injury (AKI) in critically ill patients,1,2 but the available treat-
ment options are limited. To improve the diagnosis and treat-
ment of sepsis-associated AKI, we must rst understand its
pathogenesis. In recent years, the majority of studies on this
type of injury have focused on haemodynamic factors aer
bacterial invasion. However, inmany patients sepsis-associated-
AKI occurs without overt signs of global renal hypoperfusion,
and sepsis-associated-AKI has been described in the presence of
normal or even increased renal blood ow.3 Therefore, eluci-
dating the associations of sepsis, energy metabolism, and the
production of proinammatory cytokines has been a popular
research topic. Sepsis-induced energy deciency in organs
constitutes another critical component of the pathophysiology
of this disease. Studies have shown that inammatory cyto-
kines, such as tumour necrosis factor-a (TNF-a), interleukin
(IL)-1b, and IL-6 play critical roles in the pathological process of
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kidney injury.4 Moreover, inhibition of the secretion of these
inammatory cytokines could attenuate the injury to kidney
tissue. Thus, early anti-inammatory therapy can improve renal
function.

PPARa has been shown to play a benecial role in preventing
various diseases by inhibiting the NFkB-induced expression of
inammatory mediators, including vascular cell adhesion
molecule-1, IL-6, endothelin-1, and tissue factor in a broad
range of cells, including endothelial cells, smooth muscle cells,
and macrophages.5–7 The activation of PPARa by brates
inhibits the IL-1-induced secretion of IL-6 in human aortic
smooth muscle cells.8 In contrast, the aorta of PPARa-null mice
exhibits an exacerbated response to lipopolysaccharide,
revealing that the anti-inammatory effect of brates on the
vascular wall requires PPARa activation in vivo.9 The activation
of PPARa was required for the L-carnitine-mediated protection
of renal tubular cells.10 The PPARa agonist, fenobrate,
ameliorated diabetic nephropathy directly, which involves
effects other than a systemic lipid-lowering effect, as evidenced
by improvements in albuminuria, glomerular hypertrophy, and
mesangial expansion in a type 2 diabetic model.11 However,
whether fenobrate has protective effects against caecal ligation
and puncture (CLP)-induced AKI is not known. Therefore, in the
present study, we investigated the protective effects and mech-
anisms underlying these effects of fenobrate on CLP-induced
AKI in mice.
This journal is © The Royal Society of Chemistry 2018
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Table 1 Primer oligonucleotide sequencesa

Gene Primers

TNF-a F: 50-TCTCATGCACCACCATCAAGGACT-30

R: 50-ACCACTCTCCCTTTGCAGAACTCA-30

IL-6 F: 50-TACCAGTTGCCTTCTTGGGACTGA-30

R: 50-TAAGCCTCCGACTTGTGAAGTGGT-30

IL-1b F: 50-TGCCACCTTTTGACAGTGAT-30

R: 50-TGTGCTGCTGCGAGATTTGA-30

b-Actin F: 50-CGATGCCCTGAGGGTCTTT-30

R: 50-TGGATGCCACAGGATTCCAT-30

a TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; IL-1b, interleukin-
1b.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 1

:1
5:

17
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Materials and methods
Animals

All animal studies were approved by the Animal Studies
Committee of the affiliated Zhongshan Hospital of Dalian
University. Male BALB/c mice were purchased from Dalian
Medical University (Dalian, China). All mice were maintained
under constant conditions (temperature, 23–25 �C; humidity,
40–60%; 12 hour light/dark cycle).

Murine model of sepsis

To induce polymicrobial sepsis, we used an established murine
model of CLP as previously described.12–14 The mice were an aes-
thetised with sodium pentobarbital (100mg kg�1, intraperitoneal).
The peritoneum was opened, and the bowel was exposed. Two-
thirds of the caecum was tied off and punctured once with a 21-
gauge needle. Gentle pressure was applied at the perforation sites
to extrude a small amount of faeces, which was then returned to
the peritoneal cavity. The laparotomy site was then stitched. Sham-
operated mice underwent the same procedure, which included
opening the peritoneum and exposing the bowel but did not
include ligation and needle perforation of the caecum. At 8 weeks
of age, forty male mice were randomly divided into the following
four groups (n ¼ 10/group): the control group, the fenobrate
(100 mg kg�1 d�1; Sigma-Aldrich, St. Louis, MO, USA) treatment
group, the CLP group, and the CLP with fenobrate treatment
group.15 CLP was performed aer mice were gavaged with feno-
brate for 2 weeks. Forty-eight hours aer CLP, all mice that had
survived were sacriced; blood samples were obtained from the
inferior vena cava and collected in serum tubes. The samples were
then stored at�80 �C until use. Coronal sections of kidney tissues
were xed in 10% formalin and then embedded in paraffin for
histological evaluation. The remainder of the kidney tissue was
snap-frozen in liquid nitrogen formRNA or immunohistochemical
analysis. All animal experiments were performed in accordance
with the Guide for the Care and Use of Laboratory Animals. The
study was approved by the ethical committee of the affiliated
Zhongshan Hospital of Dalian University.

Serum analysis

Serum concentrations of reactive oxygen species (ROS), creati-
nine (CRE), ATP, and ADP were measured using ELISA kits
(Westang, Shanghai, China) according to the manufacture's
instruction. The ELISA (Boster, Wuhan, China) was used for
measuring serum concentration of NGAL as instructed by the
manufacturer. Briey, the standards and test samples were
pipetted into the wells to allow binding of these proteins to the
immobilized antibodies. Aer washing away any unbound
substances, an enzyme linked polyclonal antibody specic for
these proteins was added to the wells. Following removal of
unbound antibody-enzyme reagent through washing,
a substrate solution was added to the wells and color was
developed. The optical density of each well was measured at the
wave length of 510 nm or 550 nm on a microreader (51119000,
Thermo Scientic Multiskan FC, USA). The concentration of
ROS, CRE, ATP and ADP was accordingly calculated.
This journal is © The Royal Society of Chemistry 2018
Morphologic analysis

The kidney tissues were xed with 10% buffered formalin
solution for 30 minutes and then dehydrated in 75% ethanol
overnight, followed by paraffin embedding. Serial sections (4
mm) were stained with hematoxylin and eosin (H&E) staining to
assess the pathologic changes. Renal injury scores were deter-
mined by two researchers in a blinded fashion according to the
extent of kidney injury, as previously described. Briey, the
scoring grading was mainly based on the hemorrhage, tubular
cell necrosis, tubular dilatation, and cytoplasmic vacuole
formation. The grading system was shown as the following
scoring: 0 (normal kidney); 1 (0–5% injury, minimal damage); 2
(5–25% injury, mild damage); 3 (25–75% injury, moderate
damage); and 4 (75–100% injury, severe damage).16,17
Immunohistochemistry

Immunohistochemical analysis was performed using the
Histone Simple Stain Kit (Nichirei, Tokyo, Japan), according to
the manufacturer's instructions. Paraffin-embedded sections
were deparaffinised with xylene and then rehydrated in
a descending series of ethanol washes. The sections were
treated for 15 minutes with 3% H2O2 in methanol to inactivate
endogenous peroxidases and then incubated at room temper-
ature for 1 hour with primary antibodies to PPARa (rabbit anti-
PPARa antibody, 1:200; Proteintech, Wuhan, China) and P53
(rabbit anti-P53 antibody, 1:200; Proteintech). Tissue sections
were observed with a microscope (Olympus, Tokyo, Japan).
RNA isolation and real-time RT-PCR

Total RNA was isolated from kidney tissue using the ISOGEN
(Nippon Gene, Tokyo, Japan), according to the manufacturer's
protocol. Complementary DNA (cDNA) was synthesised from
total RNA using a rst-strand cDNA synthesis kit (SuperScript
VILO cDNA Synthesis Kit; Life Technologies, Carlsbad, CA,
USA), according to the manufacturer's protocol. Gene expres-
sion was analysed quantitatively by RT-PCR using uorescent
SYBR Green technology (Light Cycler; Roche Molecular
Biochemicals). b-Actin cDNA was amplied and quantitated in
each cDNA preparation in order to normalise the relative
expression of the target genes. Primer sequences are listed in
Table 1.
RSC Adv., 2018, 8, 28510–28517 | 28511
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Western blotting for kidney tissues

Proteins were extracted from kidney tissue using radio immu-
noprecipitation assay buffer (P0013B; Beyotime, Shanghai,
China). Samples were electrophoresed on a 10% SDS-PAGE gel,
and proteins were transferred to polyvinylidene uoride
membrane (Immobilon, Millipore, Billerica, MA, USA).
Membranes were blocked in Tris-buffered saline with 0.1%
Tween-20 (TBS-T) containing 5% skim milk and then incubated
in primary antibody diluent (P0023A; Beyotime) and gently
shaken overnight at 4 �C. Primary antibodies against PPARa
(rabbit anti-PPARa antibody, 1:1000; Proteintech), P53 (rabbit
anti-P53 antibody, 1:1000; Proteintech), and anti-b-actin
(1:1000; Cell Signaling Technology) were utilised. Membranes
were then incubated with secondary antibody (anti-rabbit Ig-G,
1:1000; Cell Signaling Technology for 1 hour). This analysis was
carried out independently three times. Protein levels are
expressed as protein/b-actin ratios to minimise loading differ-
ences. The relative signal intensity was quantied using NIH
ImageJ soware.
Statistical analysis

All data are presented as the mean � SEM. Statistical analysis
was performed using SPSS soware version 23.0 (SPSS Inc.,
Chicago, IL, USA). Inter-group variation was measured by one-
way ANOVA and subsequent Tukey's test. The minimal level
for signicance was P < 0.05.
Results
Metabolic characterization

The metabolic characteristics of BALB/c mice from the four
groups exposed to different treatments are summarized in
Fig. 1. Kidney/body weights did not differ among the four
Fig. 1 Metabolic data from the four groups of BALB/cm ice after differen
levels of four groups after different treatments are presented. Data are m

28512 | RSC Adv., 2018, 8, 28510–28517
groups. The CLP mice group showed markedly increased CRE,
NGAL, and ROS levels, but these levels signicantly decreased
in the Fen + CLP group. The level of ATP/ADP signicantly
increased in the Fen + CLP group compared to those in the CLP
group. Compared to the CLP mice group, there are the signi-
cant difference in the control, Fen, and Fen + CLP mice groups.
There was no difference among the control, Fen, and Fen + CLP
groups.
Fenobrate reduced histopathological damage in kidney
tissue

To evaluate the histopathological damage in kidney tissue, H&E
staining was performed (Fig. 2). The H&E staining results
showed that the kidneys from the CLP group mice displayed
hemorrhage, inammatory inltration, detachment and
swelling of the tubular epithelial cells, interstitial edema,
tubular cell casts and dilatation, and necrosis (Fig. 2(A)). The
renal injury scoring (CLP versus Fen + CLP group, 3.417� 0.3817
versus 2.583 � 0.3371, P < 0.05, Fig. 2(B)) showed that feno-
brate treatment could signicantly decrease the renal injury of
septic BALB/c mice, which was consistent with the H&E results.
Fenobrate increased PPARa expression in kidney tissue

To evaluate PPARa expression in kidney tissue, PPARa immu-
nostaining was performed (Fig. 3A). The Fen + CLP group
exhibited markedly increased PPARa expression in kidney
tissue compared to that observed in the CLP group. Immuno-
blotting was performed to detect PPARa protein (Fig. 3B). We
found that PPARa protein expression was signicantly
increased in the Fen + CLP group compared to that in the CLP
group (Fig. 3C). These results indicate that fenobrate
increased PPARa expression in the CLP group of mice.
t treatments. Kidney/body weights and ROS, ATP/ADP, CRE, and NGAL
eans � SEM; n ¼ 6–7 per group. *P < 0.05, **P < 0.01 vs. CLP group.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Histopathological damage in kidney tissue from the four groups of BALB/cmice subjected to different treatments. (A) Histological analysis
of H&E-stained kidney samples demonstrated a markedly reducing inflammatory infiltration in the kidney tissue of the Fen + CLP group of mice
compared to that observed in the CLP group of mice. (B) Renal injury score. Scale bar ¼ 100 mm. Arrows indicate inflammatory infiltration. Data
are means � SEM; n ¼ 6–7 per group. *P < 0.05, **P < 0.01 vs. CLP group.

Fig. 3 PPARa expression in kidney tissue from the four groups of BALB/cm ice after different treatments. Representative immunohistochemistry
for PPARain kidney tissue. Scale bar ¼ 100 mm. Arrows indicate positively stained cells. (B) Immunoblotting analysis for PPARa expression in
kidney tissue. (C) Bar graph showing quantification of PPARa protein expression. Data are expressed as the means� SEM; n¼ 3–4 in each group.
*P < 0.05 vs. CLP group.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 28510–28517 | 28513
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Fenobrate reduced P53 expression in kidney tissue

To evaluate P53 expression in kidney tissue, immunohisto-
chemical analysis of P53 was performed (Fig. 4A). The Fen + CLP
group exhibited markedly reduced staining of P53 in kidney
tissue compared to that observed in the CLP group. Immuno-
blotting was performed to assess P53 protein levels (Fig. 4B). We
found that P53 protein expression was signicantly suppressed
in the Fen + CLP group compared to that in the CLP group
(Fig. 4C). These results indicate that fenobrate reduced P53 in
the CLP group of mice.
Fenobrate reduced interleukin (IL)-6, IL-1b, and tumour
necrosis factor (TNF)-a gene expression in kidney tissues of
the CLP group of mice

To examine the involvement of pro-inammatory cytokines in
the gene expression in kidney tissue from mice in the four
experimental groups, the expression of genes encoding IL-6, IL-
1b, and TNF-a was measured using real-time PCR (Fig. 5). IL-6,
Fig. 4 P53 expression in kidney tissue from the four groups of BALB/cm i
P53 in kidney tissue; scale bar ¼ 100 mm. Arrows indicate positively staine
(C) Bar graph showing quantification of P53 protein expression. Data are e
group.

28514 | RSC Adv., 2018, 8, 28510–28517
IL-1b, and TNF-a genes were upregulated in the CLP group of
mice; however, this upregulation was attenuated in the Fen +
CLP group of mice.
Survival rate

By observing for 48 hours, we compared the survival rate of four
groups using Kaplan–Meiermethod and the log-rank test. There
were no death in control and Fen groups. Four of the 10 mice in
CLP group were dead, while two out of the 10 mice gavaged with
fenobrate were dead post-CLP. In general, the survival rate in
the Fen + CLP group was signicantly higher than that of CLP
group (Fig. 6).
Discussion

This study shows that fenobrate has a protective effect against
kidney damage since fenobrate treatment increased ATP/ADP
ratio and PPARa expression and decreased the levels of ROS,
P53, and pro-inammatory cytokines.
ce after different treatments. Representative immunohistochemistry for
d cells. (B) Immunoblotting analysis for P53 expression in kidney tissue.
xpressed as themeans� SEM; n¼ 3–4 in each group. *P < 0.05 vs.CLP

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Expression of pro-inflammatory genes in kidney tissue from the four groups of BALB/c mice after different treatments. Relative mRNA
expression of IL-6, IL-1b, and TNF-a in kidney tissue of the four groups after different treatments. Data are expressed as the means� SEM; n ¼ 6
in each group. *P < 0.05 vs. CLP group.
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Previous studies have demonstrated that mitochondrial
dysfunction contribute to septic AKI, such as the depletion of
ATP, the overproduction of ROS.18 Yang RL et al. have reported
that ischemic injury of the kidney result from ATP depletion.19

They found that imbalanced energy metabolism, rather than
tubular cell apoptosis, may be the initiator of renal dysfunction
during lipopolysaccharide-induced septic shock.19 Meanwhile,
the ATP level can inhibit cell apoptosis and minimize organ
dysfunction.20 We obtained the similar result. According to the
metabolic characteristics of the mice, we found that fenobrate
treatment increased the ATP/ADP ratio compared to that
observed in the CLP group of mice. The reduction of the ATP/
ADP ratio means a low ATP synthesis efficiency.21 Several
studies have shown that relatively high levels of ROS cause
redox imbalance, induce cell apoptosis or necrosis, and dete-
riorate the inammation response in physiological and patho-
logical conditions.22–24 We found that fenobrate treatment
decreased the level of ROS compared to that observed in the
CLP group of mice. In addition, CRE and NGAL are the sensitive
Fig. 6 Survival analysis of four groups. Each point in the figure
represents themean survival rate at each time point. The survival rate is
compared by Kaplan–Meier method and the log-rank test (n ¼ 10/
group, *P < 0.05 vs. CLP group).

This journal is © The Royal Society of Chemistry 2018
indicators of kidney damage. In our study, fenobrate treat-
ment decreased the levels of CRE and NGAL compared to that
observed in the CLP group of mice. As a result, increased
histopathological damage led to the release of additional
inammatory molecules in the CLP group than in the Fen + CLP
group. Taken together, serum and histological results
conrmed that renal damage occurred in the CLP group, but
this damage was signicantly suppressed in the Fen + CLP
group. Above results demonstrated the protective effects of
fenobrate, and the observation was further conrmed by
survival rate. The survival rate results demonstrated the
protective effects of fenobrate as well. We found the survival
rate in the Fen + CLP group was signicantly higher than that of
CLP group.

Sepsis-induced energetic deciency in organs constitutes
another critical component of the pathophysiology of the
disease. PPARa is a ligand-activated nuclear receptor tran-
scription factor. This transcription factor sits at the interface
between inammatory and metabolic pathways and regulates
aspects of each.25 Endogenous PPAR ligands include specic
fatty acids and their derivatives. Many exogenous PPAR agonists
are used in clinical practice. The brate class of drugs,
including fenobrate, activates PPARa. PPARa is widely
expressed in the body (especially in the heart, kidney, and liver);
it exerts a general anti-inammatory inuence over the immune
response and also regulate senergy metabolism.

Several studies have indicated that PPARa activation leads to
an increase in fatty acid catabolism and ATP production as well
as a decrease in the levels of cytotoxic fatty acid peroxidation
products, promotion of cell viability, and inhibition of renal
epithelium cell death.26–28 In our study, we analysed PPARa
expression in kidney tissue by immunohistochemical analysis
and immunoblotting. We observed that PPARa expression was
signicantly decreased in the CLP group; however, the PPARa
level was markedly increased in the Fen + CLP group compared
with that in the CLP group.

P53 is a stress-induced transcription factor that can be
activated by a number of adverse stimuli, including DNA
damage, hypoxia, and ROS. Increased expression of P53 protein
under these conditions causes growth arrest or apoptosis.29,30 In
RSC Adv., 2018, 8, 28510–28517 | 28515
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vitro studies have shown that fenobrate activates AMPK in
various cells, such as myocytes, retinal endothelial cells, and
human umbilical vein endothelial cells.31–33 AMPK signalling
also inhibits the inammatory response, which is mediated by
several transcription factors that are the downstream targets of
AMPK, such as P53.34 Our results showed that the Fen + CLP
group exhibited markedly reduced P53 expression in kidney
tissue compared to that observed in the CLP group, and P53
protein expression was signicantly suppressed in the Fen +
CLP group compared to the CLP group. These results indicate
that fenobrate reduced P53 in the CLP group of mice.

Pro-inammatory genes (TNF-a, IL-1b, and IL-6) have been
reported to be expressed at high levels and contribute to renal
damage in sepsis. The present study showed that TNF-a, IL-1b,
and IL-6 gene expression was reduced in the Fen + CLP group
compared to the expression in the CLP group.
Limitations

It should be noted that this study has used only one dose
fenobrate (100 mg kg�1 d�1). In some previous studies, we
found some researchers study the effect of fenobrate (100 mg
kg�1 d�1) pretreatment on preventing the development of dia-
betic nephropathy and on acute lung injury induced by intes-
tinal ischemia/reperfusion in mice.35,36 We directly chose the
dose of 100 mg kg�1 d�1 according to the previous study.
However, fenobrate have the potential risk of inducing rhab-
domyolysis and acute renal failure.37,38 Lacking of study of dose-
dependence and potential toxicities of fenobrate in our
experiment. It would be better if we perform dose ranging
experiments rather than use one dose of fenobrate. This area
deserves further preclinical and clinical investigations.
Conclusions

In conclusion, our study established that fenobrate can help
mitigate septic renal damage as shown by the upregulation of
PPARa and ATP/ADP as well as the suppression of ROS and P53.
These ndings provide new insights into the role of fenobrate
in sepsis-induced AKI and raise the possibility of a novel ther-
apeutic intervention to treat AKI.
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