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Background. Hepatic ischemia-reperfusion (IR) injury is one of the severe complications associated with liver surgery and leads to
liver dysfunction. PPARγ is always linked with various physiologic pathways, and it can alleviate liver damage in IR injury. Aim. In
this study, we explored the potential mechanism of PPARγ in the pathogenesis of hepatic IR injury by mice model.Methods. After
treated with si-PPARγ or rosiglitazone, mice were subjected to hepatic ischemia-reperfusion. Liver tissue and blood samples were
collected to evaluate liver injury and detected relative mRNA and protein expressions. Results. The expression of PPARγ was
increased after reperfusion. And the alleviation of PPARγ aggravated the liver damage in IR; at the same time, upregulation of
the expression of PPARγ released the liver damage. And these effects of PPARγ in IR were related to the
AMPK/mTOR/autophagy signaling pathway. Conclusion. PPARγ plays an important role in hepatic IR injury at least partly via
the AMPK/mTOR/autophagy pathway.

1. Introduction

Ischemia-reperfusion (IR) is a phenomenon occurring after
the restoration of arterial blood flow to a specific organ or
tissue [1]. The pathophysiology of IR injury is mainly the
induction of oxidative stress and inflammatory cascade reac-
tion. Thus, the reperfusion of blood flow may result in oxida-
tive damage and inflammation rather than recovery. Hepatic
IR injury is one of the severe complications associated with
liver surgery and leads to liver failure or primary nonfunc-
tion, thus, increasing morbidity and mortality after liver sur-
gery [2–4]. Since hepatectomy or liver transplantation is the
most effective method for the treatment of end-stage liver
diseases, it is essential to detect the possible preoperative
and perioperative interventions for minimizing IR-induced
hepatocellular damage, especially in patients with cirrhosis.

As a member of the family of nuclear receptors, peroxi-
some proliferator-activated receptor-γ (PPARγ) acts as
heterodimers with DNA response elements and can regulate
various metabolism responses [5, 6]. PPARγ has an
important role in regulating the inflammatory response

and oxidative stress in hepatic IR injury [7–9]. The pro-
tecting effects of PPARγ agonists, such as telmisartan
[10], irbesartan [11], darglitazone [12], rosiglitazone [13],
and pioglitazone [14], in IR injury have been reported
[15]. And these evidences suggested that PPARγ agonists
can modulate inflammatory responses, oxidative stress,
and metabolism in IR. The adenosine monophosphate-
activated protein kinase/mammalian target of rapamycin
(AMPK/mTOR) signaling pathway has been confirmed
that it is a critical regulator of cellular processes, including
cell growth, viability, differentiation, survival, and metabo-
lism [16–18]; mTOR has been also identified as a key mod-
ulator of autophagy [19]; and its dysregulation has been
implicated in a variety of pathological disorders, including
playing critical roles in regulating liver IR injury. And PPARγ
can modulate the mTOR pathway. In this study, we down-
regulated and upregulated the expression of PPARγ and
explored the function of PPARγ in hepatic IR injury, and
we treated mice with mTOR inhibitor, rapamycin (Rapa),
to make sure PPARγ showed its effects in hepatic IR injury
via AMPK/mTOR pathway.

Hindawi
PPAR Research
Volume 2021, Article ID 6626295, 15 pages
https://doi.org/10.1155/2021/6626295

https://orcid.org/0000-0003-0322-722X
https://orcid.org/0000-0003-4850-3769
https://orcid.org/0000-0002-6527-4673
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6626295


2. Methods

2.1. Animal Preparation. This project was approved by
the Animal Care and Use Committee of Shanghai
Tongji University and Shanghai Tenth People’s Hospital
(SHDSYY-2021-4990), China. And all animal experiments
complied with the guidelines of the China National Institutes
of Health. Six-week-old male Balb/c mice (Shanghai SLAC
Laboratory Animal, Shanghai, China) were used in our
experiments. All mice weighed 23-28 g and housed in a stan-
dard environment. All efforts have been done to minimize
the suffering of mice in this research.

The animals underwent either sham surgery or ischemia-
reperfusion (IR) operation. Partial warm hepatic ischemia
was induced as described previously [20]. After anesthetized
with 1.25% sodium pentobarbital (Nembutal, St. Louis, MO,
USA), the blood supply to the left lateral and median lobes of
the liver was interrupted, causing 70% ischemia. After 45
minutes of hepatic ischemia, we restored blood supply and
initiated reperfusion. We performed the same operation pro-
tocol in sham control mice without vascular occlusion. Mice
were sacrificed after 2, 6, 12, and 24 hours of ischemia-reper-
fusion, and blood and liver were collected for further analysis.

Rapamycin (S1039, Selleck) was dissolved in dimethyl
sulfoxide (DMSO) at 25mg/ml before administration. In
the rapamycin-treated groups, animals have received rapa-
mycin at a dose of 1.5mg/kg per day before injury through
intraperitoneal injection.

2.2. In Vivo Transfection with PPARγ Short Interfering RNA
(siRNA). Firstly, siRNA PPARγ (guide: 5′UCAGCUCCG
UGGAUCUCUCCGUAAU′, passenger: 5′AUUACGGAG
AGAUCCACGGAGCUGA′) or siRNA control (Gene-
Pharma, Suzhou, China) was bought from Genema. Then,
according to the producer instruction, siRNA PPARγ or
siRNA control was dissolved in RNase-free water to the
concentration of 1μg/μL. Then, 5μL PPARγ siRNA or 5μL
control siRNA and 5μL in vivo transfection reagent
(18668-11, Engreen, Co., Beijing, China) were, respectively,
diluted with 5μL 10% glucose. Finally, the mixtures were
injected into the tail vein of mice.

2.3. Animal Experiment Design. According to our experiment
plan, mice were distributed into the following groups:

(1) Natural group (n = 3): mice without any treatment

(2) Sham group (n = 5): mice underwent sham surgery

(3) Vehicle group (n = 5): mice were treated with meth-
ylcellulose orally once a day for 5 days without
operation

(4) Drug group (n = 5): mice were treated with 10
mg/kg rosiglitazone orally once a day for 5 days
without operation

(5) Si-control group (n = 5): mice were injected from
the tail vein with control siRNA once a day for 2
weeks without operation

(6) Si-PPARγ group (n = 5): mice were injected from
the tail vein with PPARγ siRNA once a day for 2
weeks without operation

(7) IR groups (n = 20): mice underwent IR operation
and sacrificed at 2, 6, 12, and 24 hours after
reperfusion

(8) IR+Rosi groups (n = 20): after treated with 10mg/kg
rosiglitazone orally once a day for 5 days, mice
underwent IR operation and sacrificed at 2, 6, 12,
and 24 hours after reperfusion

(9) IR+ si-PPARγ groups (n = 20): after injected with
PPARγ siRNA once a day for 2 weeks, mice
underwent IR operation and sacrificed at 2, 6, 12,
and 24 hours after reperfusion

(10) IR+ si-PPARγ+Rosi groups (n = 20): after treated
with both PPARγ siRNA and 10mg/kg rosiglita-
zone, mice underwent IR operation and sacrificed
at 2, 6, 12, and 24 hours after reperfusion

(11) IR+Rapa (n = 5): after intraperitoneally injected
with the mTOR inhibitor rapamycin for 5 days,
mice underwent IR operation and sacrificed at 12
hours after reperfusion

(12) IR+ si-PPARγ+Rapa (n = 5): after treated with both
PPARγ siRNA and rapamycin, mice underwent
IR operation and sacrificed at 12 hours after
reperfusion

2.4. Serum Enzyme Analysis. Serum was separated by centri-
fugation at 1,500 g for 10min and stored at -80°C. Serum
levels of aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) were measured by kits bought from
Jiancheng Co. (Nanjing, China).

2.5. Histology, Immunohistochemical(IHC) Staining, and
Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Assay. Liver tissue samples were fixed
and embedded in the following standard steps. Liver sections
were cut and stained with hematoxylin and eosin. For IHC,
the slices were dewaxed and rehydrated; and after an antigen
retrieval process and blocking, slices were incubated with
primary antibodies described in western blot analysis part
overnight. For the TUNEL, the slices were treated according
to the instruction and then incubated in the TUNEL reaction
mixture (Roche, Mannheim, Germany) at room temperature
for 1 h.

2.6. Western Blot Analysis. Western blotting was performed
as standard protocol. Protein was extracted from frozen liver
samples. A total of 80 ng protein was loaded onto 6%, 10%,
and 12.5% SDS-polyacrylamide gels, and the separated pro-
teins were transferred to PVDF membranes. The membranes
were incubated overnight at 4°C with primary antibodies
followed by incubation with a secondary antibody (1 :
2,000). Finally, the blots were scanned using an Odyssey
two-colour infrared laser imaging system (Li-Cor, Lincoln,
NE, USA). Western blots were performed using the following
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antibodies; PPARγ (Cell Signaling Technology), mTOR (Cell
Signaling Technology), p-mTOR (Cell Signaling Technology,
Ser2448), AMPKɑ (Cell Signaling Technology), p-AMPKɑ
(Cell Signaling Technology, Thr172), TNF-ɑ (Cell Signaling
Technology), IL-1β (Cell Signaling Technology), Bax (Pro-
teintech), cleaved caspase-9 (Proteintech), Beclin1 (Protein-
tech), LC3 (Proteintech), and β-actin (Abcam).

2.7. RNA Extraction and Quantitative Real-Time- (qRT-)
PCR Analysis. The total RNA was isolated from tissues
according to the standard protocol. The first strand of cDNA
was synthesized using a reverse transcription kit (TaKaRa
Biotechnology) and was used to analyse the indicator expres-
sion. Real-time PCR experiments were performed according
to the protocol of the real-time PCR kit (Takara, Otsu, Shiga,
Japan). The ratio of each gene compared to β-actin was cal-
culated by standardizing the ratio of each control to the unit
value. The primer sequences for qRT-PCR were shown in
Table 1.

2.8. Statistics. All experiments were conducted three times
and were analyzed using Graph Pad Prism 5.0 software. Data
are expressed asmeans ± SD. The differences between before
and after IR of mice, with or without si-PPAR injection, and
with or without TZDs administration were evaluated using
two-way ANOVA with the Student’s t-test to compare
between the two groups. p value of less than 0.05 was consid-
ered statistically significant.

3. Results

3.1. The Expression of PPARγ in IR Injury. To confirm the
activation of PPARγ during the hepatic ischemia-
reperfusion injury, we detected the expression of PPARγ by
western blot and qRT-PCR. In Figures 1(a) and 1(b), both
the protein and mRNA expression of PPARγ were increased
after reperfusion, especially after 6 hours. Following, we did a
histopathological analysis for IR injury (Figure 1(c)). Obvi-
ous necrosis could be seen after 6 hours, and the rate of
necrosis was over 50% after 12 hours after reperfusion.
Figure 1(d) exhibited the immunohistochemical staining of
PPARγ in collected liver tissues, and the number of positive
cells changed almost in parallel with the above results. We
hypothesized that this change was due to the protective
mechanism of PPARγ on damaged hepatocytes. And we
compared natural group, sham group, vehicle group, drug
group, and siRNA-control groups to exclude their influence
on the following results (Supplementary Figure 1).

3.2. Alleviation the Expression of PPARγ Aggravated the Liver
Damage in IR. Si-PPARγ was injected into mice via the tail

vein to downregulate its expression, and the pathological
alteration after reperfusion was compared with that in nor-
mal mice. Serum levels of ALT and AST were measured after
reperfusion (Figure 2(a)), and we found that the downregula-
tion of PPARγ aggravated the damage of hepatocytes. And
then we evaluated the damage in terms of inflammation
and apoptosis.

We detected the level of inflammation through proin-
flammatory cytokine TNF-ɑ and IL-1β. The circulating levels
of them were indeed upregulated by PPARγ downregulation
(Figure 2(b)). Consistent with the former, the expression of
TNF-ɑ and IL-1β was higher in the si-PPARγ group
(Figures 2(c) and 2(e)). Apoptosis is a prominent feature of
IR injury, and its participation was confirmed. Bax is a
famous proapoptotic family member, and we detected its
mRNA expression firstly. The graph in Figure 2(d) showed
that with the increase of Bax expression during IR injury,
PPARγ downregulation made this increase more obvious.
Then, we used western blot to measure the protein expres-
sion of Bax and caspase9, whose results (Figure 2(e)) exhib-
ited that the injection of si-PPARγ increased the occurrence
of apoptosis during IR injury. Thus, the alleviation of PPARγ
aggravated the liver damage in IR.

3.3. Upregulation of the Expression of PPARγ Released the
Liver Damage in IR. Rosiglitazone is a typical PPARγ agonist
and is widely used in clinics. A group of mice were treated
with 10mg/kg rosiglitazone orally for 5 days before IR, and
we also compared their pathological alteration after reperfu-
sion with that in normal mice. Figure 3(a) showed the serum
levels of ALT and AST, and we found that the upregulation of
PPARγ reduced the damage of hepatocytes. And then we
evaluated the damage in the same way we used it before.

We detected the level of TNF-ɑ and IL-1β. The circulat-
ing levels of them were downregulated by rosiglitazone
(Figure 3(b)). Consistent with the former, the expression of
TNF-ɑ and IL-1β was lower in the rosiglitazone treatment
group (Figures 3(c) and 3(e)). The graph in Figures 3(d)
and 3(e) showed that the increased expression of Bax and
caspase9 during IR injury was relieved by the treatment of
rosiglitazone, that is, the occurrence of apoptosis during IR
injury was reduced. Thus, the upregulation of PPARγ miti-
gated liver damage in IR.

3.4. The Influence of PPARγ in IR May Be Linked with
AMPK/mTOR/Autophagy Signaling Pathway. To make sure
the effect of PPARγ in IR injury, those mice, which were
injected with si-PPARγ, were treated with Rosi. And we
detected the index of apoptosis and inflammation in these
mice after reperfusion for 12 hours, which were exhibited

Table 1: Sequences of primer pairs used for amplification of mRNA by real-time PCR.

Forward Reverse

β-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Bax AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG

TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

PPARγ GTCTTGGATGTCCTCGATGGG TTATGGAGCCTAAGTTTGAGTTTGC
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in Figures 4(a)–4(d). These results showed that liver damage
during IR injury, including hepatocyte apoptosis and inflam-
mation responses, was definitely related to the expression of
PPARγ. Besides, we also detected the changes of pyroptosis
in our study, which were exhibited in Supplementary
Figure 2.

As an important kinase in energy hemostasis, AMPK is
an upstream target and negative regulator of mTOR, which
is a major negative regulator of autophagy. Autophagy plays
a vital role in various liver damage. Combined with previous
reports, we speculated that the effects of PPARγ during IR
injury may be related to the AMPK/mTOR/autophagy
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Figure 1: The expression of PPARγ in IR injury. Notes: (a) relative mRNA expression of PPARγ (n = 5, # means p < 0:05 for IR versus control
after 2, 6, 12, and 24 h); (b) protein expression of PPARγ (n = 3, # means p < 0:05 for IR versus control after 2, 6, 12, and 24 h); (c)
representative H&E stained sections of the liver (original magnification, ×200). The ratio of necrosis area to total area was analyzed with
Image-Pro Plus 6.0 (n = 5, # means p < 0:05 for IR versus control after 2, 6, 12, and 24 h); (d) Immunohistochemistry staining (×200)
showing the expression of PPARγ. The ratio of brown area to total area was analyzed with Image-Pro Plus 6.0 (n = 5, # means p < 0:05 for
IR versus control after 2, 6, 12, and 24 h).
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signaling pathway. Thus, we measured the protein expression
of p-AMPK, p-mTOR, and autophagy-related proteins, LC3,
P62, and Beclin1, whose expressions were changed along
with PPARγ (Figures 4(e) and 4(f)). The treatment of Rosi
obviously promoted AMPK phosphorylation and reduced
the phosphorylated form of mTOR, which contributed to
the suppression of autophagy in mouse livers. And si-PPARγ
leads to opposite effects. Furthermore, we detected the above
changes in mice treated with both si-PPARγ and Rosi, and
the results were in agreement with those mentioned above.
Thus, the effects of PPARγ in IR injury were linked with
the AMPK/mTOR/autophagy signaling pathway.

To make sure our conclusion, we treated mice with
rapamycin to inhibit the function of mTOR and detected
changes in inflammation response and apoptosis, whose
results were shown in Figure 5. We measured the expression
of TNF-α, Bax, and Beclin1, and we found that effects caused
by si-PPARγwere blocked by rapamycin. Accordingly, we con-
firmed the relationship between PPARγ and AMPK/mTOR.

4. Discussion

In the liver, IR injury can occur in several clinical situations,
for example, liver trauma, resection, and transplantation. The

pathogenesis of IR is closely related to oxidative stress, energy
metabolism disorders, inflammatory response, and cell apo-
ptosis and autophagy [21]. As is known to all, PPARγ dem-
onstrated significant functions in the tissue protection and
repair [22–24]. And advances in PPAR ligands and agonists
renew opportunities for drug development [25]. Here, in
our present study, we found that the activation of PPARγ
could confer hepatoprotective effects against hepatic IR
injury and also investigated the therapeutic potential of
PPARγ agonists for the protection of hepatic injury. The
major findings of this study include (1) the expression of
PPARγ were increased after reperfusion, which hinted the
protective role of PPARγ in hepatic IR injury; (2) alleviation
the expression of PPARγ could aggravate the liver damage in
IR; otherwise, the upregulation released liver damage; (3) the
protective effects of PPARγ may involve anti-inflammatory
and antiapoptosis activity as demonstrated in vivo; (4) the
underlying mechanism of PPARγ in IR injury may be linked
with AMPK/mTOR/autophagy signaling pathway.

PPARγ is a ligand-activated transcription factor of the
nuclear hormone receptor superfamily known to modulate
target genes involved in the regulation of various inflamma-
tory responses, cell growth and apoptosis, metabolism, fibro-
sis, and tissue repair [26, 27]. Several studies have indicated
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Figure 2: Effect of PPARγ alleviation on liver function and pathology of mice in IR. Notes: (a) the levels of serum ALT and AST (n = 5, ∗
means p < 0:05 for si-PPARγ versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse control); (b) the levels of serum TNF-α and
IL-1β (n = 5, ∗ means p < 0:05 for si-PPARγ versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse control); (c) relative mRNA
expression of TNF-α (n = 5, # means p < 0:05 for si-PPARγ versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse control); (d)
relative mRNA expression of Bax (n = 5, # means p < 0:05 for si-PPARγ versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse
control); (e) protein expression of PPARγ, TNF-α, IL-1β, Bax, and cleaved caspase9 (n = 3, # means p < 0:05 for si-PPARγ versus IR after
2, 6, 12, and 24 h, ∗ means p < 0:05 for IR verse control).
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that the activation of PPARγ is a therapeutic target for acute
hepatic IR injury [7, 15, 28]. Additionally, agonists of PPARγ
exhibited anti-inflammation and antiapoptosis properties
both in vitro and in vivo and could impart protection from
IR in mice models [29, 30]. In the present experiment, our
results demonstrated that the expression of PPARγ was
increased during reperfusion. Combined with the previous
researches, we hypothesized that this change was due to the
spontaneous protective mechanism of PPARγ on damaged
hepatocytes.

To clarify our hypothesis, we regulated the expression of
PPARγ by injection of si-PPARγ or administration of rosigli-
tazone, a typical PPARγ agonist. After the above treatment,
serum liver enzymes ALT and AST showed the same changes
as expected. And then we detected the liver damage in terms
of inflammation and apoptosis. Excessive inflammatory
response and hepatocyte apoptosis are recognized as key
mechanism of liver IR injury. We detected the level of
inflammation through proinflammatory cytokines TNF-ɑ
and IL-1β. The circulating levels of them were obviously
upregulated by si-PPARγ and downregulated by rosiglita-
zone. Results of qRT-PCR and western blot exhibited that
when compared with the IR group, the expression of

TNF-ɑ and IL-1β was higher in the si-PPARγ group and
lower in the rosiglitazone group. Apoptosis is a prominent fea-
ture of IR injury, and its participation was confirmed. Bax and
caspase9 are famous proapoptotic indices, and we detected
their mRNA and protein expression. With the increase of
Bax and caspase9 expression during IR injury, PPARγ down-
regulation exacerbated this increase; however, the treatment of
rosiglitazone relieved it. Thus, the alleviation of PPARγ aggra-
vated the liver damage in IR; and at the same time, the upreg-
ulation of PPARγ mitigated the liver damage. Further, it has
been reported that rosiglitazone is protective on a variety of
injuries, including IR injury of many organs. Our results indi-
cated that rosiglitazone may reduce, although do not ablate,
hepatic damage after IR injury.

When further elucidating the potential mechanism of the
effects of PPAR in IR, we focused on the pathway, AMPK/m-
TOR mediated autophagy. AMPK exists in all eukaryotic
cells as a highly conserved protein kinase. It is a major regu-
lator of energy homeostasis that balances energy supply and
demand and ultimately modulates cellular and organ growth
[31, 32]. AMPK can be activated by a variety of stresses
including poisonous metabolites and pathological precursors
such as starvation, ischemia, and hypoxia [33]. mTOR, a 289
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Figure 3: Effect of PPARγ upregulation on liver function and pathology of mice in IR. Notes: (a) the levels of serum ALT and AST (n = 5, ∗
means p < 0:05 for Rosi versus IR after 2, 6, 12, and 24h, + means p < 0:05 for IR verse control); (b) the levels of serum TNF-α and IL-1β
(n = 5, ∗ means p < 0:05 for Rosi versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse control); (c) relative mRNA expression of
TNF-α (n = 5, # means p < 0:05 for Rosi versus IR after 2, 6, 12, and 24h, + means p < 0:05 for IR verse control); (d) relative mRNA
expression of Bax (n = 5, # means p < 0:05 for Rosi versus IR after 2, 6, 12, and 24 h, + means p < 0:05 for IR verse control); (e) protein
expression of PPARγ, TNF-α, IL-1β, Bax, and cleaved caspase9 (n = 3, # means p < 0:05 for si-PPARγ versus IR after 2, 6, 12, and 24 h,
∗ means p < 0:05 for IR verse control).
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kDa serine/threonine kinase, is a master negative regulator of
autophagy, modulating cell growth, cell proliferation, cell
cycle, and cell motility [16]. Autophagy plays a key role in
the modulation of inflammation, cellular homeostasis and
dysregulation, and cell death or survival. It has been proved
associated with various liver disorders, including hepatitis,
liver fibrosis, fatty liver, and acute IR injury [34–37]. It has
been accepted that AMPK inhibits mTORC1 through phos-
phorylation, thus, inducing autophagy in response to cellular
stress cues.

The relationship between PPARγ and AMPK/mTOR
pathway has been discussed before [17, 38]. Jimenez-Flores
et al. [39] and Zhong et al. [40] reported that p-AMPK and
PPAR-γ expression levels are significantly reduced in dia-
betic mouse livers and the increase of the expression of alle-
viated liver damage. Zhong et al. [41] found db/db mice
showed significantly decreased PPAR-γ and p-AMPK
expression levels and increased p-mTOR expression, and
the expression of Atg7, Beclin-1, and LC3 was also decreased.
Micheliolide reversed these effects and alleviated the
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Figure 4: The influence of PPARγ in IR may be linked with the AMPK/mTOR/autophagy signaling pathway. Notes: (a) the levels of serum
ALT and AST for IR after 12 h (n = 5, # means p < 0:05 for si-PPARγ versus IR, + means p < 0:05 for si-PPARγ+Rosi versus si-PPARγ); (b)
the levels of serum TNF-α and IL-1β for IR after 12 h (n = 5, # means p < 0:05 for si-PPARγ versus IR, + means p < 0:05 for si-PPARγ+Rosi
versus si-PPARγ); (c) protein expression of TNF-α, IL-1β, Bax, and cleaved caspase9 for IR after 12 h (n = 3, # means p < 0:05 for si-PPARγ
versus IR, + means p < 0:05 for si-PPARγ+Rosi versus si-PPARγ); (d) TUNEL staining (×200) showed apoptotic cells in mice liver for IR after
12 h; (e) protein expression of AMPK, p-AMPK, mTOR, p-mTOR, LC3, and Beclin1 for IR after 12 h (n = 3, # means p < 0:05 for IR versus
control, + means p < 0:05 for IR± si-PPARγ±Rosi versus IR); (f) immunohistochemistry staining (×200) showing the expression of p-AMPK,
p-mTOR, and LC3 for IR after 12 h (n = 3, # means p < 0:05 for IR versus control, + means p < 0:05 for IR± si-PPARγ±Rosi versus IR).
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Figure 5: The involvement of AMPK/mTOR in the effects of PPARγ in IR. Notes: (a) relative mRNA expression of TNF-α, Bax, and Beclin1
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inflammatory response and lipotoxicity in hepatocytes.
Besides, the link of PPARγ and AMPK/mTOR/autophagy
pathway was explored in other disease models [42–48]. To
make sure the mechanism, mice were treated with at least
one of the si-PPARγ and Rosi. The diminished expression
of PPARγ caused by si-PPARγ leads to obvious inhibition
of AMPK phosphorylation and thus promoted the phos-
phorylation of mTOR, inducing autophagy in mouse livers.
The treatment of Rosi leads to opposite effects. Further, we
treated mice with both si-PPARγ and rosiglitazone and got
the same result as expected. In addition, we used rapamycin
to confirm the involvement of mTOR and found that inflam-
mation response and apoptosis caused by rapamycin in the
IR injury were changed opposite to si-PPARγ. Therefore,
we believed that the activation of PPARγ can not only relieve
the inflammatory response and hepatocyte apoptosis but also
exert its hepatoprotective effect via the AMPK/mTOR/auto-
phagy pathway (Figure 6).

5. Conclusion

In summary, we found that PPARγ is continuously activated
in hepatocytes during hepatic IR injury. Mice with signifi-
cantly diminished expression of PPARγ got more grievous
liver injury after hepatic ischemia-reperfusion injury.
Conversely, activation of PPARγ caused by rosiglitazone
resulted in attenuated liver injury. Through the use of si-
PPARγ and rosiglitazone, we confirmed that one possible
mechanism by which PPARγ activation results in protection
against IR-related liver injury is through AMPK/mTOR-
mediated autophagy. These results suggested that PPARγ
may be a vital regulator and potential therapeutic target in
the liver ischemic injury. And our results provided confi-
dence for the follow-up development of PPARγ-related
drugs for IR injury.
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At present, there are more and more patients with acute hypertriglyceridemia pancreatitis in clinical practice. Common treatment
measures include fasting and water withdrawal, fluid resuscitation, and somatostatin. In recent years, studies have pointed out that
the PPARa agonist fenofibrate may help improve the condition of such patients. Therefore, through clinical research and analysis,
we reported for the first time that fenofibrate combined with octreotide acetate has a more excellent effect in the treatment of
patients with acute hypertriglyceridemia pancreatitis, and from the perspective of signal pathways, we revealed that the
combination of the two drugs has an effect on NF-κB P65. The synergistic inhibitory effect proves that the combined treatment
is beneficial to control inflammation, protect liver function, and improve the prognosis of patients. It is worthy of clinical
promotion.

1. Introduction

According to statistics, the incidence of hypertriglyceridemia
in the social population is increasing year by year, and the
diseased population is showing a younger trend. The disorder
of primary or secondary lipoprotein metabolism structure
further leads to the occurrence of acute pancreatitis, which
becomes an important pathogenic factor after stones and
alcohol consumption [1]. It is reported that the incidence of
pancreatitis in patients with hypertriglyceridemia accounts
for about 15% to 20% [2]. The possible pathogenesis is that
lipid globule microembolism affects pancreatic microcircula-
tion and pancreatin breaks down triglycerides to cause toxic
fatty acids to directly damage acinar cells. These can activate
important pivotal molecules such as NF-κB [3], activator
protein 1 (AP-1) [4], and signal transducers and activators
of transcription (STATs), thereby increasing the expression
of inflammatory mediators downstream of the signaling
pathway, such as TNF-α, IL-6, IL-1, and reactive oxygen rad-
icals [5]. The cascading effect of inflammation is also an
important cause of clinical complications such as infection
or pancreatic cysts in this type of pancreatitis [6]. Therefore,
the focus of the treatment of acute hyperlipidemia pancreati-

tis is to quickly reduce the patient’s serum TG level and con-
trol the inflammatory response. Peroxisome proliferator-
activated receptor (PPARa) is a type of transcription factor
activated by ligands, which belongs to the nuclear hormone
receptor superfamily. The activation of PPAR can regulate
the inflammatory response, proliferation, differentiation,
and apoptosis of cells [7], which is closely related to tumors,
metabolism [8], or autoimmune diseases [9]. The PPARa
agonist fenofibrate is currently the most commonly used
clinically for lowering triglycerides. It can significantly
reduce the level of apolipoprotein C-III, thereby reducing
the synthesis of very-low-density lipoprotein and low-
density lipoprotein, and accelerating the metabolism of TG
[10]. A large number of studies have shown that the nuclear
factor kappa B (NF-κB) pathway is the most widely studied
way for PPAR to exert its anti-inflammatory activity. Fenofi-
brate inhibits the release of interleukin 1β (pro-IL-1β) and
pro-IL-18 from pancreatic acinar cells, thereby reducing the
expression of chemokines and proinflammatory cytokines,
such as IL-1β, IL-6, and tumor necrosis factor-alpha (TNF-
α), and may initiate the programmed cell death pathway,
prompting local and systemic anti-inflammatory responses
[11]. Simultaneously, basic studies have shown that
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octreotide, as a somatostatin analog, is currently the first-line
drug for the treatment of acute pancreatitis, and it also exerts
anti-inflammatory activity by inhibiting the NF-κB signaling
pathway [12]. Therefore, this article speculates that there is a
synergistic anti-inflammatory therapeutic effect between
fenofibrate and octreotide acetate. Therefore, to explore the
clinical efficacy of fenofibrate combined with octreotide ace-
tate in the treatment of hyperlipidemia pancreatitis, it is
reported as follows.

2. Patients and Methods

2.1. General Information. Sixty patients with hyperlipidemia
pancreatitis admitted to the Gastroenterology Ward of
Shanghai Tenth People’s Hospital from September 2019 to
September 2020 were selected as the research objects and
were divided into the observation group and the control
group by random number table method, with 30 cases each.
In the observation group, there were 23 males and 7 females,
with an average age of 44:57 ± 15:12 years old. According to
the Ranson scale of acute pancreatitis, 25 cases were mild and
5 cases were not mild; in the control group, there were 18
males and 12 females, with an average age of 42:67 ± 9:8
years, and 26 mild cases and 4 nonmild cases. There was no
statistically significant difference in baseline data between
the two groups (p > 0:05), and they were comparable.

2.2. Inclusion Criteria and Exclusion Criteria. Inclusion cri-
teria were as follows: (1) The time from onset to hospital
admission is less than 48 h, and the medical history, clinical
manifestations, serological indicators, and CT examination
of the upper abdomen all meet the relevant diagnostic criteria
of the Chinese Guidelines for the Diagnosis and Treatment of
Acute Pancreatitis (2014 Edition). (2) The patient is diag-
nosed with hyperlipidemia: TG > 11:3mmol/l or TG of
5.65~11.3mmol/l, and the serum is chylous. (3) The patient
has not taken any drugs that may interfere with the results
of this study in the past one month and has no allergic reac-
tions to the study drugs. (4) The project was approved by the
hospital ethics committee, and the patient and family mem-
bers signed the relevant informed consent.

Exclusion criteria were as follows: (1) Exclude patients
with stones in the biliary system or dilated bile ducts. (2)
Exclude patients with dysfunction of the heart, liver, kidney,
and other important organs or patients with malignant
tumors. (3) Exclude patients with neurological or psychiatric
diseases or poor compliance. (4) Exclude patients during
pregnancy or lactation.

2.3. Treatment Methods. Both groups of patients underwent
rigorous condition assessment at the time of admission and
48 hours after admission. The control group adopts compre-
hensive treatment measures [13], including fasting and not
drinking, ECG monitoring, fluid resuscitation, application
of octreotide acetate (Sandostatin, Novartis Pharma Schweiz
AG, Switzerland, 0.3mg/q12h, diluted in 0.9% NaCl 250ml,
intravenously) to inhibit pancreatin secretion, auxiliary oral
administration of raw rhubarb, enoxaparin sodium anticoa-
gulation, oxygen inhalation, anti-infection, and other symp-

tomatic support. For treatment, abdominal drainage can be
performed depending on the severity of the disease. In the
observation group, based on the treatment of the control
group, fenofibrate (Fenofibrate Capsules, Recipharm Fon-
taine, 160mg/qn, after meal) was added on the second day
of admission. Both groups were treated continuously for a
course of treatment (7 days), and the clinical efficacy was
observed and analyzed.

2.4. Observation Index and Evaluation Standard

(1) According to the requirements of the Ranson stan-
dard [14], select and record the serum inflammatory
indexes (neutrophil ratio, CRP) of the two groups of
patients before and after treatment, the diagnosis
and prognosis evaluation indexes (amylase, lipase,
AST, LDH, blood calcium, and urea nitrogen) of
acute pancreatitis-related diseases, and the changes
in the serum TG levels of the patients

(2) Evaluation criteria for treatment effectiveness: mark-
edly effective means that the patient’s clinical symp-
toms disappear, the serological indicators return to
normal, and the pancreatic CT severity index (CTSI)
returns to Grade I, 0 points; improvement means that
the patient’s clinical symptoms are reduced, the sero-
logical indicators are improved, and the pancreatic
CT severity index (CTSI) is improved to Grade I, 1
to 2 points; ineffective means that the patient’s clini-
cal symptoms still exist, the serological indicators
have not changed, and the pancreatic CT severity
index (CTSI) has not changed or even worsened.
Total effective rate = apparent efficiency +
improvement rate

(3) Statistics and analysis of the metabolic underlying
diseases (diabetes, hypertension, hepatic adipose
infiltration, etc.) that occurred before the patients
suffered from hyperlipidemia pancreatitis and the
occurrence of local or systemic complications (pan-
creatic pseudocyst, hypoproteinemia, infection, etc.)
during the treatment

2.5. Sample Collection. To test and confirm that fenofibrate
and octreotide acetate can synergistically inhibit the activa-
tion of the NF-κB P65 signaling pathway, alleviate inflamma-
tory cell infiltration and reduce the protein expression levels
of downstream inflammatory factors TNF-α and IL-6,
thereby exerting anti-inflammatory activity [15]. We col-
lected the whole blood samples of two groups of patients
before and after treatment and placed them in anticoagula-
tion tubes. After centrifugation at 3000 r/min, the superna-
tant was collected and collected in the corresponding EP
tubes. Whole blood and serum samples were kept separate
in a -80°C.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). TNF-α
and IL-6 protein levels in the serum were measured using
ELISA kits (Elabscience, Wuhan, China) according to the
manufacturer’s instructions. Microplate reader model is
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Denley Dragon Wellscan MK3, and the analysis software is
Ascent software for Multiskan.

2.7. Statistical Analysis. Statistical analyses were performed
using SPSS software version 26.0 (SPSS Inc., Chicago, IL,
USA). The data were expressed as the mean ± standard
deviation and evaluated for normality and homogeneity
using the Shapiro-Wilk test and Levene’s test. The compari-
son between groups was performed by t-test, the count data
were expressed as a percentage and number of cases, the
comparison between groups was performed by χ2 test, and
the correlation analysis was performed by Pearson correla-
tion analysis. Differences were considered significant at p <
0:05. All p values were two-tailed.

3. Results

3.1. Clinical Effect. Comparing the treatment effect of the two
groups within a course of treatment, the total effective rate of
the observation group reached 93.33%, while the control
group was only 73.33%. The treatment effect of the observa-
tion group was significantly better than the control group,
and the difference between the groups was statistically signif-
icant (p = 0:037, ∗p < 0:05; Table 1).

3.2. Serological Index Analysis of the Two Groups before and
after Treatment. Before treatment, there was no statistically
significant difference in neutrophil ratio, CRP, amylase,
lipase, AST, LDH, blood calcium, urea nitrogen, and TG

Table 1: Statistical analysis of the treatment effect of the two groups of patients (n, %).

Group Number (n) Effectivity Improvement Nullity Total effectiveness

Observation group 30 3 (10.00) 25 (83.33) 2 (6.67) 28 (93.33)

Control group 30 1 (3.33) 21 (70.00) 8 (26.67) 22 (73.33)

χ2 value 4.32

p value 0.037∗

∗p < 0:05: the difference between the groups was statistically significant.

Table 2

(a) Analysis of serum-related indicators in the two groups

Time Group Neutrophil ratio CRP Amylase Lipase AST

Before

Control group 0:79 ± 0:09 124:88 ± 68:81 272:85 ± 298:68 1071:97 ± 1945:65 52:61 ± 51:33

Observation group 0:8 ± 0:05 128:39 ± 62:7 202:27 ± 154:18 712:7 ± 869:95 33:53 ± 23:98
T -0.707 -0.207 1.15 0.923 1.844

p 0.483 0.837 0.256 0.36 0.072

After

Control group 0:62 ± 0:09 40:06 ± 41:64 72:92 ± 32:71 128:94 ± 142:5 32:74 ± 20:49

Observation group 0:59 ± 0:08 20:97 ± 18:06 71:57 ± 35:09 69:4 ± 63:57 23:19 ± 14:7
T 1.488 2.304 0.154 2.09 2.074

p 0.142 0.027∗ 0.878 0.041∗ 0.043∗

(b) Analysis of serum-related indicators in the two groups

Time Group LDH Blood calcium Urea nitrogen TG

Before

Control group 521:1 ± 242:9 2:15 ± 0:17 4:8 ± 1:95 5:66 ± 4:79

Observation group 451:03 ± 169:48 2:16 ± 0:22 4:36 ± 1:77 9:45 ± 12:2
T 1.296 -0.224 0.929 -1.583

p 0.2 0.823 0.357 0.119

After

Control group 197:83 ± 62:28 2:23 ± 0:18 3:85 ± 1:22 4:93 ± 2:83

Observation group 163:63 ± 51:4 2:34 ± 0:19 3:32 ± 1:17 3:57 ± 1:39
T 2.32 -2.485 1.708 2.376

p 0.024∗ 0.016∗ 0.093 0.022∗

∗p < 0:05: the difference between the groups was statistically significant.
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levels between the two groups (p > 0:05), which was compara-
ble. After treatment, the inflammatory indexes and TG levels
of the two groups of patients were significantly decreased,
and the blood calcium level was higher than before. However,
in contrast, the observation group increased and decreased
more than the control group. The differences in CRP, lipase,
AST, LDH, blood calcium, and TG levels were statistically sig-
nificant (∗p < 0:05, Tables 2(a) and 2(b)).

3.3. Comparison of Clinical Complications between the Two
Groups. Statistics of the adverse complications of the two

groups of patients during hospital treatment found that
the incidence of the observation group was 13.33%, and
the control group was 20.00%, although the incidence of
complications in the observation group was slightly lower.
But the difference between the two groups was not statis-
tically significant (p = 0:488, p > 0:05; Table 3). Among
them, the control group had the most infections, followed
by pleural effusion. In the observation group, the number
of cases of pleural and ascites effusion was the most, and
the other four complications had the same number
(Figure 1).

Table 3: Statistical analysis of complications during treatment of two groups of patients (n, %).

Group Number (n) Adverse complications No adverse complications Adverse complications rate

Observation group 30 4 26 13.33

Control group 30 6 24 20.00

χ2 value 0.48

p value 0.488
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Figure 1: Treatment-related local or systemic complications.
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Figure 2: The basic metabolic diseases of the two groups of patients.

Table 4: Pearson analysis between amylase, high-low-density
lipoprotein, and TG in HTGP patients.

HDL LDL TG

Amylase Pearson correlation 0.111 0.435∗∗ 0.052

Sig. (two-tailed) 0.4 0.001 0.694

N 60 60 60

Note: ∗∗At the level of 0.01 (two-tailed), the correlation is significant.

Table 5: Pearson analysis between lipase, high-low-density
lipoprotein, and TG in HTGP patients.

HDL LDL TG

Lipase Pearson correlation 0.158 -0.032 -0.096

Sig. (two-tailed) 0.227 0.811 0.466

N 60 60 60
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3.4. The Status of the Two Groups of Patients with Their
Metabolic Underlying Diseases before the Onset. Statistics
found that 80% of the patients in the observation group
had fatty liver, 53.3% of the patients had diabetes, and
33.3% had hypertension; the control group also showed a
similar trend (Figure 2). It can be considered that fatty liver
and diabetes are risk factors for hyperlipidemia pancreatitis.

3.5. Pearson Analysis. The results showed that amylase was
not related to high-density lipoprotein and TG levels
(p > 0:05) but was related to low-density lipoprotein levels
(p < 0:05) and was positively correlated (Table 4). Lipase

did not correlate with high-density lipoprotein, low-density
lipoprotein, and TG levels (Table 5).

3.6. Comparison of TNF-α and IL-6 Protein Levels. We mea-
sure the systemic inflammation index at the protein level.
ELISA results are shown in Figures 3 and 4.

4. Discussion

Nowadays, with the continuous improvement of people’s liv-
ing standards, the dietary structure has also undergone tre-
mendous changes. The incidence of hyperlipidemia is also
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Figure 3: Analyze the changes of TNF-α protein expression before and after treatment in the two groups, observation group (a) and control
group (b). Reanalysis of the protein expression level of TNF-α before treatment between the two groups of patients was not statistically
significant, proving that the two are comparable (c). Comparing the TNF-α levels of the two groups of patients after treatment, it was
found that the protein expression level of the observation group was lower than that of the control group, and the difference was
statistically significant (d) (n = 30, ∗∗p < 0:01,∗p < 0:05, NS: no significance).
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getting higher and higher, among which type I and type V
hyperlipidemia are the most common, and their main feature
is a significant increase in triglyceride levels [16]. Studies
have shown that the occurrence of hyperlipidemia pancreati-
tis is significantly positively correlated with the severity of the
disease and TG levels [17]. Acute pancreatitis can be induced
by TG levels exceeding 1000mg/dl (11.4mmol/l) [18]. Previ-
ous studies have pointed out that a large amount of high-
concentration free fatty acids can accelerate the activation
of trypsinogen and affect the microenvironment around pan-
creatic tissues [19], resulting in damage to pancreatic capil-
lary endothelial cells, promoting self-digestion of acinar

cells and increasing blood vessels. Permeability, at the same
time, stimulates the mass production of vasoconstrictors
and aggravates pancreatic edema and bleeding [20]. There-
fore, in this clinical study, we conducted an in-depth discus-
sion on the treatment strategy of patients with
hyperlipidemia pancreatitis and found that in the case of
both groups of patients using octreotide acetate, the observa-
tion group added with the PPARa agonist fenofibrate showed
a more significant anti-inflammatory effect [21]. In the
observation group, the abnormal neutrophil ratio and CRP
levels in the serum of patients in the observation group
decreased faster, and the indexes of lactate dehydrogenase
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Figure 4: Analyze the changes of IL-6 protein expression before and after treatment in the two groups, observation group (a) and control
group (b). Reanalysis of the protein expression level of IL-6 before treatment between the two groups was not statistically significant,
proving that the two are comparable (c). Comparing the IL-6 levels of the two groups of patients after treatment, it was found that the
protein expression level of the observation group was lower than that of the control group, and the difference was statistically significant
(d) (n = 30, ∗∗p < 0:01,∗p < 0:05, NS: no significance).
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and liver enzymes approached the normal range faster
(p < 0:05), and the clinical effective rate was higher. More
importantly, fenofibrate can significantly reduce blood lipid
levels in a short period, fundamentally remove risk factors
for disease, increase blood calcium concentration, and
improve the prognosis of patients with pancreatitis. This
research conclusion suggests that PPARa plays an important
role in lipid transport and metabolic regulation [22]. Studies
have shown that PPARa can effectively regulate the tran-
scription of constituent gene encoding fatty acid metabolism
enzymes and mitochondrial FA oxidation (FAO) activity.
This directly inhibits NF-κB P65-induced inflammation
genes and reduces the expression of C-reactive protein in
human adipocytes induced by the downstream factor (IL-1)
of the signaling pathway [23]. Fenofibrate, as a commonly
used agonist of PPARa, often inhibits the expression of
CD40 induced by TNF-α [24] and IL-6 through SIRT1-
dependent signaling pathways and exerts a significant anti-
inflammatory effect [25]. This shows that NF-κB P65 is a
key part of the anti-inflammatory pathway. Therefore, we
tried to search for octreotide-related research [26] and found
that animal experiments have confirmed that OCT may pro-
tect the pancreas from injury due to PQ by reducing serum
pancreatic injury biomarker levels and mitigating leukocyte
infiltration in the pancreatic tissue [12]. The signal pathway
involved in this article is shown in Figure 5. Therefore, after
clinically grouping the collected patient serum samples,
ELISA was used to determine the protein levels of TNF-α
and IL-6 downstream of NF-κB P65. The final results showed
that before treatment, there was no significant difference in

the expression levels of TNF-α and IL-6 between the observa-
tion group and the control group (p > 0:05).

After treatment, the levels of these two inflammatory fac-
tors in the patients’ serum were lower than before, and the
differences between them were statistically significant
(p < 0:05), which shows that whether it is octreotide acetate
alone or fenofibrate combined with octreotide acetate, there
is a certain effect on controlling the inflammatory infiltration
of patients with hyperlipidemia pancreatitis. The results of
this study indicate that the combination of fenofibrate and
octreotide acetate has a better therapeutic effect and has a
certain synergy in controlling inflammation. This result was
in full compliance with previous literature reports and our
research assumptions [27]. Using limited patient data, this
study also performed a Pearson correlation analysis between
patients’ serum amylase, lipase, high-density lipoprotein,
low-density lipoprotein, and TG. The results showed that
amylase had nothing to do with high-density lipoprotein
and TG levels (p > 0:05) but was related to low-density lipo-
protein levels (p < 0:05), and there was a positive correlation.
There is no obvious correlation between lipase and the above
three. This result was similar to that of Ni et al. in 2014 [28].
The results of this study further indicate that pancreatic cells
under the action of low-density lipoprotein are more prone
to damage and dysfunction [29], which induces a systemic
acute inflammatory response and increases the level of amy-
lase in the patient’s serum [30]. From this, we have reached
the conclusions listed below. However, since we were unable
to obtain the lysate of the patient’s pancreatic tissue to
quantitatively detect the NF-κB P65 itself, we could not
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Figure 5: The role of PPARa and octreotide as tightly interacting transcription factors in hyperlipidemia pancreatitis. IKK: IκB kinase; HTGP:
hyperlipidemia pancreatitis.
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directly confirm this conclusion, which is a shortcoming of
this study.

5. Conclusion

(1) Both fenofibrate and octreotide acetate exert their
antihyperlipidemic pancreatitis activity by inhibiting
the NF-κB signaling pathway, and their therapeutic
effects are synergistic

(2) Compared with octreotide acetate alone, fenofibrate
combined with octreotide acetate has a better thera-
peutic effect and is worthy of clinical promotion

(3) Diabetes, fatty liver, and low-density lipoprotein may
be related to risk factors leading to the onset of acute
hyperlipidemic pancreatitis

(4) For patients with hypertriglyceridemia pancreatitis
who suffer from diabetes and fatty liver at the same
time, we recommend combined therapy
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Peroxisome proliferator-activated receptor alpha (PPARA) is the molecular target of fibrates commonly used to treat dyslipidemia
and diabetes. Recently, the potential role of PPARA in other pathological conditions, such as cancers, has been recognized. Here,
using bioinformatics analysis, we found that PPARA was expressed at relatively low levels in pancancers, and Kaplan-Meier
analyses revealed that high PPARA protein expression was correlated with better survival of patients with colon cancer. In vitro
experiments showed that fenofibrate regulated cell cycle distribution, promoted apoptosis, and suppressed cell proliferation and
epithelial mesenchymal transition by activating PPARA. PPARA activation inhibited DNMT1 activity and abolished
methylation-mediated CDKN2A repression. Downregulation of cyclin-CDK complexes led to the restoration of CDKN2A,
which caused cell cycle arrest in the G1 phase via regulation of the CDKN2A/RB/E2F pathway. Finally, we demonstrated that
fenofibrate administration inhibited tumor growth and DNMT1 activity in vivo. The PPARA agonist, fenofibrate, might serve as
an applicable agent for epigenetic therapy of colon cancer patients.

1. Introduction

Colorectal cancer (CRC) ranks third in terms of morbidity
and fourth in terms of mortality. CRC is also the most com-
mon type of cancer worldwide, with almost 900,000 deaths
each year [1, 2]. Although new treatment options, including
immunotherapy and neoadjuvant chemotherapy, have
significantly improved patient prognosis, the 5-year survival
rate of CRC remains below 15% [3]. Thus, investigations of
the molecular mechanisms involved in cancer initiation are
necessary to develop new therapeutic strategies.

In addition to genetic alterations (i.e., deletion, amplifica-
tion, and translocation), epigenetic modifications play an
important role in malignant progression of tumors. CpG
islands (CGI) are contiguous groups of dinucleotides mainly
located at the 5′ end of a gene and are characterized by high
GC content [4]. Most CGIs in gene promoters are unmethy-
lated, allowing active transcription [5]. CGI methylation
changes are hallmarks of many human cancers and lead to
concomitant gene inactivation [6–8]. DNA methyltransfer-
ase 1 (DNMT1) is a major DNA methyltransferase responsi-

ble for methylation maintenance during DNA replication,
and inactivation of DNMT1 in mice results in early embry-
onic lethality [9]. DNMT3a and DNMT3b mainly act as de
novo methyltransferases [10].

CRCs are characterized by lower levels of absolute geno-
mic methylation compared with normal tissues, a character-
istic that contributes to high genomic instability and results
in cancer development [11]. In addition, promoter hyperme-
thylation of specific genes has been identified in CRCs, as
well as methylated CGIs that are associated with gene silenc-
ing. Hypermethylation in several tumor suppressor genes
such as RASSF1, PTEN, and CDKN2A is associated with
abnormal cellular activities, including aberrant cell aging,
proliferation, and death [12–14].

Peroxisome proliferator-activated receptor alpha (PPARA)
is a ligand-activated transcription factor that belongs to the
nuclear hormone receptor superfamily [15, 16]. Studies have
demonstrated that PPARA plays a critical role in lipid metab-
olism and the inflammatory response [17, 18]. Fenofibrate is a
selective PPARA agonist that regulates lipid transport and
metabolism, and is widely used in the treatment of
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hyperlipidemia [19]. In addition to the metabolic efficacy,
recent studies have revealed the antitumor function of PPARs
[20–24]. Studies have also confirmed the oncosuppressive
effect of fenofibrate in various human cancer cell lines through
different signaling pathways [25–27]. Reports also revealed the
inhibitory role of PPARA on DNMT1 activity in mouse
models [28]. In the present study, we demonstrated that the
PPARA agonist, fenofibrate, inhibited DNMT1-mediated
methylation of CDKN2A and exerted anticancer effects by
promoting cell apoptosis, inhibiting cell migration, and sup-
pressing cell proliferation via the CDKN2A/RB/E2F pathway.

2. Materials and Methods

2.1. Cell Culture. The colorectal cancer cell line HCT116, the
colon cancer cell lines SW480 and Caco-2, and the two nor-
mal intestine epithelial cell lines NCM460 and HIEC were
obtained from Chinese Academy of Sciences Committee
Type Culture Collection Cell Bank (Beijing, China).
HCT116 was cultured in complete DMEM (Thermo Fisher
Scientific, Waltham, MA), and the other cell lines were main-
tained in RPMI 1640 (Thermo Fisher Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher Scientific, Waltham, MA) and 1% penicil-
lin-streptomycin.

Inhibition of DNMT1 activity was conducted using 5μM
5-azacytidine (MedChemExpress, Shanghai, China), and the
treatment time was 24h. The pcDNA DNMT1 was trans-
fected into HCT116 and SW480 cells for upregulation of
DNMT1 expression. The pcDNA DNMT1 were synthesized
by GenePharma Co. Ltd. (Shanghai, China).

Cells were exposed to different concentrations of fenofi-
brate (Topscience Co., Ltd., Shanghai, China) for 48 hours,
and morphology changes were observed using a phase-
contrast microscope and imaged (200x).

2.2. Cell Viability Assay. Colon cancer cell lines SW480 and
the colorectal cancer cell line HCT116 were plated at a den-
sity of 5000 cells/mL in 96-well plates (100μL medium per
well) with three replicates. Cells were treated with fenofibrate
in the pharmacologic concentration range 0–260μM for
24 h and 48 h. Cell viability was detected using the cell
counting kit (YEASEN, Shanghai, China) according to the
instructions.

2.3. Colony Formation Assay.Cells were trypsinized, counted,
and seeded in a 6-well plate at 700 cells per well, treated with
different concentrations of fenofibrate. After 14 days, the vis-
ible colonies were counted and photographed.

2.4. Wound Healing Assay. HCT116 and SW480 cells were
grown on 6-well plates. Scratch was made using a 200μL
pipette tip when the cell confluence reached 80%-90%. After
scratching, cells were washed with phosphate-buffered saline
and then cultured in serum-free medium. The healing rate
was quantified with measurements of the gap size after the
culture using ImageJ software.

2.5. Cell Immunofluorescence.HCT116 and SW480 cells were
seeded in 6-well culture plates plated with cell climbing slices.

After being treated with fenofibrate for 24 h, cells were fixed
with 4% paraformaldehyde and permeabilized with 0.1% Tri-
ton X-100. Then, cells were incubated with primary antibod-
ies (E-cadherin, vimentin, PCNA). The chromosomes were
counter-stained with DAPI (Beyotime, Shanghai, China).
Images were viewed with a fluorescent microscope.

Apoptosis was analyzed by means of TUNEL assay using
the EdUTP TUNEL cell detection kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. Photo-
micrographs were taken under confocal microscopy.

2.6. EDU Staining. 5-Ethynyl-2′-deoxyuridine (EdU) stain-
ing assay was carried out on fenofibrate-treated cells utilizing
an EdU immunofluorescence staining kit (Ribobio, China)
according to the manufacturer’s instructions [29]. The results
were observed using an inverted fluorescence microscope
(200x).

2.7. Flow Cytometry Analysis. HCT116 and SW480 cell lines
were treated with various doses of fenofibrate for 24 h, then
stained with annexin V FITC and propidium iodide (PI)
(BD Biosciences, San Jose, CA). Cell apoptosis was analyzed
by flow cytometry (Cytomics FC500; Beckman Coulter,
Fullerton, CA).

The distribution of cell cycle phases was analyzed by the
cell cycle detection kit (Beyotime, China). Samples were fixed
with 75% ethanol at −20°C for 24 h. The fixed cells were
treated with RNaseA and stained with propidium iodide fol-
lowing the manufacturer’s instruction [30]. The cell cycle
analysis was studied by flow cytometry.

2.8. Animal Experiments. Animal experiments were per-
formed according to the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of Shang-
hai Tongji University, China. The nude mice were randomly
divided into 2 groups (n = 6), and each mouse was subcuta-
neously injected with 2 × 107 HCT116 cells in the right axilla.
Fenofibrate was suspended in saline and intragastrically
administered at 200mg/kg per mouse once a day. Mice were
anesthetized and sacrificed three weeks after fenofibrate
administration. Tumor size and mouse weight were recorded
during the experiment. Tissues were harvested for further
analysis.

Xenografted tissues were fixed with 4% paraformalde-
hyde and embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. Histopathological changes were
observed by microscopy (200x).

2.9. DNMT1 Content. The measurement of DNMT1 content
in fenofibrate-treated cells or tumor tissues was conducted
using Human or Mouse DNMT1 ELISA kit (HZBIO, Shang-
hai, China). Samples were added to each well in enzyme-
labeled coated plates and incubated at 37°C for 30 minutes.
After washing, coloration was developed using chromogen
reagents A and B; then, the reaction was terminated by stop
solution. The absorbance value was measured at 450nm
wavelength using a microplate reader (BioTek microplate
reader).
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2.10. Methylation-Specific PCR.Genomic DNA was extracted
using a genomic DNA extraction kit (TIANGEN). Eluted
DNA (20μL) was subjected to bisulfite modification using
the EpiTect Fast Bisulfite Conversion Kit (Qiagen). Methyla-
tion status of CDKN2A promoter was analyzed using the
methylation-specific primers (M) and nonmethylation-
specific primers (U). The amplification products were sepa-
rated by agarose gel electrophoresis and visualized by SYBR
Green staining under UV light. Primers (Table S1) used in
methylation-specific PCR (MSP) were the same as the
sequences described by Herman et al. [31].

2.11. Bioinformatics Analysis of Human Tumor Samples from
TCGA Dataset. RNA sequencing profiles and relevant clini-
cal information of pancancer samples were retrieved from

The Cancer Genome Atlas (TCGA) data portal in October,
2020. RNA-seq data was normalized by fragments per kilo-
base per million (FPKM) using log2 scale. Transcription
levels of DNMT1, DNMT3a, DNMT3b, PPARs, ACOX1,
and CDKN2A were analyzed. Survival probabilities were
computed by the Kaplan-Meier method. In addition, Cox
regression analysis was conducted to calculate the hazard
ratios of genes of interest in multiple cancer types. Moreover,
the correlation between clinical stage and gene expression
was evaluated via “ggpubr” package in R.

2.12. Western Blot Analysis. Total protein from cells or tis-
sues was extracted using RIPA lysate (Invitrogen, USA).
Equal amount of protein samples (40μg for cell samples
per lane and 80μg for tissue samples per lane) was run on
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Figure 1: Bioinformatics analysis of PPARA in pancancer: (a) the box plot showing the expression levels of PPARs, DNMT1, PRMT6,
ACOX1, and CDKN2A in tumorous tissues; (b) the forest graph showing the hazard ratio of PPARs, ACOX1, CDKN2A, methylation
transferase DNMT1, DNMT3a, and PRMT6 in various cancers; (c) box plots of PPARA expression detected in RNA-seq in colon cancer
specimens grouped into stage I + II and stage III + IV; (d) survival curve of patients with different PPARA protein expression levels in
colon cancer (P < 0:05); (e) the relative mRNA expression of PPARA, ACOX1, and methylation transferases was measured using qRT-
PCR in SW480, HCT116, Caco-2, HIEC, and NCM460 cell lines. The data is expressed as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001).
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sodium dodecylsulfate-polyacrylamide (SDS) gel and then
transferred to polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with 5% nonfat milk for 1 h and
then incubated overnight at 4°C with primary antibodies.
Anti-DNMT1 (1 : 500, Abcam, Cambridge, UK), anti-
PPARA (1 : 1000, Abcam, Cambridge, UK), anti-E2F1
(1 : 500, Cell Signaling Technology, Danvers, MA), anti-pRb
(1 : 500, Cell Signaling Technology, Danvers, MA), anti-
CDKN2A (1 : 500, Cell Signaling Technology, Danvers,
MA), anti-CyclinD1 (1 : 1000, Cell Signaling Technology,
Danvers, MA), anti-CDK4 (1 : 1000, Cell Signaling Technol-
ogy, Danvers, MA), anti-CDK6 (1 : 1000, Cell Signaling
Technology, Danvers, MA), and anti-RB (1 : 200, Santa Cruz
Biotechnology, CA) antibodies were used in this experiment.
Then, the PVDF membranes were incubated with corre-
sponding secondary antibodies at room temperature for 1 h.
Primary and secondary antibody diluent for WB was used
in this experiment (YEASEN, Shanghai, China). Signals were
detected using the Odyssey Two-color Infrared Laser Imag-
ing System (Li-Cor, Lincoln, NE).

2.13. Quantitative Real-Time PCR Analysis. Total RNA from
cells or tissues was extracted using the TRIzol reagent accord-
ing to the manufacturer’s instructions. Approximately 500ng
of extracted RNA was used to synthesize cDNA using the
reverse transcription kit (TaKaRa Biotechnology, Dalian,
China). Quantitative PCR was carried out in the Applied Bio-
systems 7500 Real-Time PCR System using 50ng of cDNA
and a SYBR Green PCR master mix (YEASEN, Shanghai,
China). Relative gene expression was calculated based on
2△△CT algorithm. All the primers were designed using the
principle of span exons to avoid genomic DNA contamina-
tion. Primer sequences utilized in this study are provided in
Table S2.

2.14. Statistical Analyses. Two-group comparisons were ana-
lyzed by Student’s t-test; multigroup comparisons were ana-
lyzed via one-way ANOVA. Spearman’s correlation analysis
was performed to evaluate expression correlation. Kaplan-
Meier analysis was carried out to analyze overall survival.
Multivariate analysis was performed using the Cox multivar-
iate regression analysis model. P values < 0.05 were
considered statistically significant. Statistical analysis was
performed with SPSS 17.0 software (IBM).

3. Results

3.1. Analysis of Gene Expression Patterns of PPARA and DNA
Methyltransferase in Human Colon Cancer. First, we per-
formed pancancer analyses to identify the mean expression
levels of PPARs in different types of tumors. The results indi-
cated that PPARA was lowly expressed in tumorous tissues,
as shown in Figure 1(a). Subsequently, the Cox proportional
hazards regression analysis was used to evaluate PPARs as
prognostic markers in various tumors. Genes with a hazard
ratio ðHRÞ > 1 were significantly correlated with patient out-
come. The forest plot in Figure 1(b) shows that in most
cancer types, PPARs, including PPARA, may serve as a prog-
nostic indicator of digestive tract cancers. Subsequently, we
focused on the clinical significance of PPARA expression.
PPARA was downregulated in colon cancer and correlated
with TNM stage in the TCGA COAD dataset (Figure 1(c)).
Furthermore, following the evaluation of PPARA protein
levels, the prognosis of patients with high PPARA or low
PPARA expression revealed that higher expression exhibited
a better prognosis (Figure 1(d)).

Recent reports have demonstrated that DNA hyperme-
thylation of tumor suppressor genes contributes to cancer
progression. In the current study, the mean expression levels
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Figure 2: Fenofibrate administration inhibited colon cancer cell proliferation. (a) HCT116 and SW480 cells were treated with a range of
concentrations of fenofibrate for 24 h. Cell viability was detected using CCK8. (b) EDU staining of cells was observed after incubation with
fenofibrate for 24 h (magnification 200x). Box plot showing the statistics of fluorescence intensity. (c) Colony formation of cancer cells
with or without fenofibrate treatment. (d) The PCNA immunofluorescence staining results of cells (magnification 200x). (e) The mRNA
expression level of PCNA was measured following fenofibrate treatment. Data was presented as mean ± SD. The experiment was repeated
three times with three replicates per experiment (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001).
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of the DNA methyltransferases DNMT1 and DNMT3a and
the protein arginine methyltransferase, PRMT6, were evalu-
ated in pancancers using bioinformatics analyses. High levels
of several methyltransferases were observed in various tumor
tissues (Figure 1(a)). The forest graph indicated the prognos-
tic value of DNMT1 in most cancers, with an HR > 1
(Figure 1(b)). In addition, colon cancer cell lines with high
endogenous expression of methyltransferases and low
endogenous expression of PPARA relative to normal
NCM460 and HIEC cells were selected for further in vitro
assays (Figure 1(e)).

3.2. The PPARA Agonist, Fenofibrate, Attenuated Cell
Viability and Proliferation. The effect of the PPAR agonist
on colon cancer cell proliferation was assessed by treating
5000 cells with various concentrations of fenofibrate (0–
300μmol/L) for 24 and 48 h. Cell survival was determined
using the CCK8 kit. As shown in Figure 2(a), fenofibrate
exerted an inhibitory effect on cell proliferation in HCT116
cells with an IC50 range of 180–200μmol/L (24 h) and
100–120μmol/L (48 h); fenofibrate also exerted an inhibitory
effect on cell proliferation in SW480 cells, with an IC50 range
of 160–180μmol/L (24 h) and 80–100μmol/L (48 h).

We selected suitable concentrations of fenofibrate (180
and 200μmol/L for HCT116 cells and 160 and 180μmol/L
for SW480 cells) for subsequent treatments. After incubation
with fenofibrate for 24 h, cells were stained with EDU (green)
and DAPI (blue). Treatment of fenofibrate decreased the
proportion of cells with green fluorescence in a dose-
dependent manner (P < 0:05) (Figure 2(b)). To further dem-
onstrate the inhibitory effect of fenofibrate on cell growth, the
colony formation assay was employed. Treatment of
HCT116 and SW480 cells with different doses of fenofibrate
reduced clone numbers, especially in the high-dose group
(Figure 2(c)). The expression level of PCNA, an endogenous
marker of mitogenesis, was detected between the low-dose,
high-dose, and vehicle-treated groups using qRT-PCR and
immunofluorescence staining. Reduced PCNA mRNA level
and protein level upon fenofibrate treatment suggested the
suppressive regulation of cell proliferation by fenofibrate
(Figures 2(d) and 2(e)).

3.3. The PPAR Agonist, Fenofibrate, Promoted Cell Apoptosis
In Vitro. To investigate whether PPARA activation promoted

cell apoptosis in vitro, colon cancer cells with or without
fenofibrate treatment were assessed by flow cytometry. The
data suggested that fenofibrate increased cell apoptosis and,
in particular, late apoptosis rates (Figure 3(a)). Subsequently,
we confirmed the proapoptotic effects of fenofibrate using
TUNEL staining, which detects the DNA breaks in apoptotic
cells. Figure 3(b) shows that fenofibrate administration
increased the number of positively stained cells (green fluo-
rescence). Moreover, the changes in cell shape after incuba-
tion with fenofibrate was examined using light microscopy.
The number of shedding cells was increased, accompanied
with morphological deformation and crumpled appearances.
Such morphological changes were observed in a time- and
dose-dependent manner (Figure 3(c)). The expression level
of Bax, a typical apoptosis-related protein which promotes
apoptosis was increased by treatment with fenofibrate, while
prosurvival protein Bcl-2 was decreased as shown by western
blotting (Figure 3(d)).

3.4. The PPAR Agonist, Fenofibrate, Inhibited Cell Migration
and Epithelial Mesenchymal Transition. Cell migration was
measured using the wound healing assay in fenofibrate-
treated cells. Data from the scratch healing assay are shown
in Figure 4(a). Fenofibrate significantly reduced the migra-
tory capacity of CRC cells, which exhibited delays in the clo-
sure of scratches. Next, we examined whether there was a
repressive effect of PPARA activation on epithelial
mesenchymal transition (EMT). The expression of several
EMT biomarkers of EMT was tested using qRT-PCR
(Figure 4(b)). The mRNA levels of vimentin and MMP9 in
the fenofibrate-treated group were reduced, while E-
cadherin levels were upregulated. To further confirm the
findings, expression changes in the EMT-associated markers
induced by fenofibrate were examined using immunofluores-
cence, and similar results were observed (Figure 4(c)). Taken
together, PPARA activation could exert an antitumor effect
by restraining cell migration and EMT.

3.5. The PPAR Agonist, Fenofibrate, Enhanced Tumor
Suppressor Gene Expression and Repressed DNMT1 Content.
The research of Luo et al. [28] substantiated that the loss of
PPARA resulted in abnormal expression of several methyl-
transferases and promoted CRC progression in a mouse
model. Therefore, we hypothesized that the PPARA agonist,

NC Low High NC Low High

HCT116 SW480

Bax 20KDa

Actin 44KDa

Bcl-2 26KDa

(d)

Figure 3: Fenofibrate treatment promoted colon cancer cell apoptosis. (a) Cell apoptosis was analyzed using flow cytometry. (b) TUNEL
staining of colon cancer cells was observed after treatment of fenofibrate for 24 h. TUNEL-stained (green) cells indicate apoptosis-positive
cells, DAPI (blue) indicates nucleated cells, and the merge column shows cells stained with TUNEL and DAPI. (c) Morphological changes
were observed of HCT116 and SW480 cells after treatment of fenofibrate for 24 h. (d) The protein expression of Bax and Bcl-2 in SW480
and HCT116 cells was measured using western blot.
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fenofibrate, could reduce the content of DNMT1 and rescue
the expression of methylation-silenced tumor suppressor
genes. First, we found using qRT-PCR that the DNMT1
mRNA level decreased when PPARA was activated following
fenofibrate treatment (Figure 5(a)).

Next, the expression of several tumor suppressor genes
was determined (Figure 5(b)). It has been documented that
the expression of silenced genes is correlated with promoter
hypermethylation. Studies showed that p21, p27, CDKN2A,
MLH1, and RASSF1A were reactivated in two cancer cell
lines after fenofibrate treatment. We further discovered that
the expression of the upstream regulators of DNMT1,
Oct4, Nanog, and Sox9 was decreased in fenofibrate-
treated cells and were correlated with stemness. In addition,
we measured the DNMT1 enzyme content in colon cancer
cells and found a significant reduction in enzyme
concentration upon high-dose treatment of fenofibrate
(Figure 5(c)).

3.6. Fenofibrate Recovered the Expression of CDKN2A via
Downregulation of DNMT1. To determine the mechanisms
of fenofibrate treatment on the demethylation of the
CDKN2A promoter, MSP was carried out to evaluate the

methylation status of the CDKN2A promoter. In the
Figure 6(a), M and U referred to the PCR products of meth-
ylated and unmethylated alleles, respectively. Analyses
showed that in the fenofibrate-free group, a methylation
product was observed, while no band was observed in the
fenofibrate-treated group. Thus, we inferred that the methyl-
ation status of the promoter was abolished by fenofibrate
treatment (Figure 6(a)).

5-Azacytidine is an effective inhibitor of DNMT1. To
investigate the effects of the overexpression or downexpres-
sion of DNMT1 on CDKN2A, colon cancer cells were treated
with 5-azacytidine, DNMT1 overexpression plasmid, and
fenofibrate. The results showed that DNMT1 downexpres-
sion resulted in increased CDKN2A mRNA and protein
levels, while DNMT1 overexpression caused a decreased level
of CDKN2A (Figures 6(b) and 6(c)). The expression changes
of CDKN2A induced by 5-azacytidine could be enhanced by
fenofibrate treatment. In addition, fenofibrate could reverse
the low expression of CDKN2A caused by DNMT1 overex-
pression plasmid. Taken together, these findings indicated
that the PPARA agonist, fenofibrate, could upregulate the
expression of CDKN2A by inhibiting gene hypermethylation
mediated by DNMT1.
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Figure 4: Fenofibrate inhibited cell migration and EMT. (a)Wound healing assay for demonstrating the inhibitory effect of fenofibrate on the
migration of colon cancer cells at 0, 24, 48, and 72 h following wounding. (b) The mRNA and protein expression levels of E-cadherin,
vimentin, and MMP9 were measured following fenofibrate treatment. Data was presented as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P <
0:001). (c) The expression of E-cadherin and vimentin in colon cancer cells was examined using immunofluorescence staining
(magnification 200x).
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3.7. Fenofibrate Regulates the Cell Cycle via the
CDKN2A/RB1/E2F1 Pathway. DNMT1 is responsible for
maintaining DNA methylation after each round of the cell
cycle. CDKN2A, a CDK inhibitor, acts as a negative regulator
of cell cycle process. In the current study, fenofibrate admin-
istration suppressed the expression of DNMT1 and relieved
the DNMT1-mediated silencing of CDKN2A. Therefore, we
investigated the molecular mechanism by which fenofibrate
regulated cell cycle distribution. PI staining was conducted
on control and drug-treated cells, and the results of cell cycle
analysis are shown in Figure 7(a). Fenofibrate treatment sup-
pressed the G1→S transition, induced G0/G1 phase cell
arrest, and blocked S phase entry. Since the activity of the
cyclin D/CDK4/CDK6 complex is essential to the G1/S tran-
sition and can be inhibited by CDK inhibitors, we detected
the changes in expression of cyclinD1, CDK4, and CDK6 in
cells following fenofibrate treatment. The results from west-
ern blot and qRT-PCR analyses suggested that fenofibrate
induced the activation of CDKN2A, resulting in low expres-
sion levels of CDKs (Figures 7(b) and 7(c)). During the G1
phase, the level of E2F1 was upregulated by the activated
cyclin-CDK complex and was released from the RB/E2F con-
tigs in response to abnormal growth stimulation.

To further validate our findings, the expression of key
factors involved in the RB/E2F signaling pathway was exam-
ined. The expression of total RB was upregulated, while the
levels of phosphorylated RB and E2F1 were reduced follow-
ing fenofibrate treatment. These results demonstrated that
fenofibrate treatment decreased the protein and transcript
levels of pRB and E2F through the downregulation of
cyclin-CDKs by activated CDKN2A.

3.8. The PPAR Agonist, Fenofibrate, Inhibited Tumor Growth
in an Animal Model. We established an animal model of
HCT116 cell-bearing nude mice. When tumor tissues
reached an average volume of 1mm3, mice were randomized
into two groups. Mice in the treatment group received
200mg/kg fenofibrate suspended in 200μL saline by gavage
every day. The control group was gavaged with an equal vol-
ume of saline. All mice bearing tumors survived during the

experiment. Tumor size was significantly smaller in the
drug-treated group compared to the cancer group.

The weight of each mouse was recorded twice weekly,
and the data are shown in Figure 8(a). Tumor xenografts
were sectioned and stained with H&E to observe the patho-
logical changes. Slides from fenofibrate-treated tissues
revealed necrotic lesions (Figure 8(b)). DMNT1 content in
tissue homogenates was measured by an ELISA assay.
Following fenofibrate treatment, DNMT1 enzyme level in
tissues from the treatment group was lower than that from
the vehicle group (Figure 8(c)). Additionally, fenofibrate
significantly downregulated the mRNA and protein levels
of DNMT1 and CDK4 and increased the expression levels
of PPARA and CDKN2A (Figures 8(d) and 8(e)). Taken
together, PPARA activation suppressed tumors in vivo by
upregulating the expression of CDKN2A.

4. Discussion

The role of PPARA in tumor initiation and development
remains controversial. Several studies have elucidated the
antitumor effect of PPARA in various cancers, including
breast cancer, prostate cancer, and ovarian cancer [32–34].
Some studies have drawn contradictory conclusions, suggest-
ing that prolonged administration of PPARA agonists might
cause hepatocarcinogenesis; however, the detailed mecha-
nism remains unclear [35]. In the present study, we analyzed
the expression levels of PPARs in pancancers and noted that
PPARA was expressed at low levels in several types of
tumors, including colon cancer. Colon cancer samples with
high PPARA protein expression were observed to have a bet-
ter prognosis than those with low PPARA levels. These
results suggested that PPARA might serve as a tumor
suppressor gene in colon cancer. Most recently, PPARA-
specific agonists were reported to exhibit anticancer effects
in a variety of tumors. Fenofibrate is a PPARA activator that
belongs to the fibrate class of drugs. An increasing number of
studies have revealed its potential role as an antitumor agent
that affects multiple biological pathways [36–39].
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Figure 5: Fenofibrate decreased the content of DNMT1 and increased the expression of tumor suppressor genes. (a) qRT-PCR analysis of
DNMT1 and PPARA mRNA expression in HCT116 and SW480 cells following fenofibrate treatment. Data was presented as mean ± SD
(∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (b) The mRNA expression of p21, p27, CDKN2A, MLH1, RASSF1A, APC, GSTP1, H4F2, ACOX1,
Oct4, Nanog, and Sox9 was measured. Data was presented as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (c) DMNT1 value was
measured using ELISA kit. Data was presented as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001).
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DNMT1 is responsible for maintaining global methyla-
tion and aberrant CGI methylation in human cancer cells,
whereas DNMT3a and DNMT3b are believed to act as main-
tenance and de novo methyltransferases. The elevated
expression of DNMT1 has been reported in colon adenocar-
cinomas, hepatocarcinomas, and lung cancer [40–42].

Hypermethylation of gene promoter regions leads to
transcriptional repression. Tse et al. [4] showed that pro-
moter methylation of tumor suppressor genes promoted car-
cinogenesis of colon cancer. In this study, we observed that
fenofibrate treatment increased PPARA expression and
decreased DNMT1 activity, accompanied with the elevated
expression of a series of established tumor suppressor genes,
including RASSF1A, MLH1, p21, and p27. CDKN2A mRNA
and protein levels were upregulated in both HCT116 and

SW480 fenofibrate-treated cells compared to controls. To
confirm the hypothesis that fenofibrate abrogated the hyper-
methylation of CDKN2A, we detected the methylation status
of its promoter using methylation-specific PCR. In reactions
using methylation-specific primers, no band for methylated
CDKN2A was observed in the fenofibrate-treated group.
Furthermore, the expression levels of DNMT1 and CDKN2A
were measured in colon cancer cells following treatment with
the DNMT1 inhibitor, 5-azacytidine, and DNMT1 overex-
pression plasmid. The results indicated that fenofibrate func-
tions as a repressor, similar to a methyltransferase inhibitor.

There are several reports suggesting that PPARA
activation inhibits cell proliferation by targeting the cyclin-
dependent kinase inhibitor, CDKN2A [43, 44]. In the present
study, we found that cells treated with fenofibrate were
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Figure 6: DNMT1 repressed CDKN2A expression by promoter hypermethylation. (a) MSP results showed the methylation status of
CDKN2A following fenofibrate treatment. (M: reactions using CDKN2A primers specific for methylated CpG sites; U: reactions using
CDKN2A primers specific for unmethylated CpG sites). (b) The mRNA expression of DNMT1 and CDKN2A in cells was measured using
qRT-PCR. Data was presented as mean ± SD (NC: untreated cell; 5-Aza: 5-azacytidine treated cell; DNMT1 oe: DNMT1 overexpression
cell; ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (c) The protein expression of CDKN2A and DNMT1 in SW480 and HCT116 cells was measured
using western blot.
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Figure 7: Fenofibrate modulated cell cycle via CDKN2A/RB/E2F transcript cascade. (a) Cell cycle distribution was examined using flow
cytometry. (b) The mRNA expression of RB, E2F1, CDK4, CDK6, and Cyclin D1 was measured using qRT-PCR. Data was presented as
mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (c) Western blot analysis of DNMT1, RB, pRB, E2F1, PPARA, Cyclin D1, CDK4, CDK6,
and CDKN2A expression in colon cancer cells.
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arrested in the G1 phase, and the number of G2/M cells was
reduced. Moreover, fenofibrate elevated the level of
CDKN2A by suppressing DNMT1 expression, reduced the
activation of cyclin D1/CDK complexes, and phosphorylated
RB. Cyclin D1/CDK complexes are cell cycle-related mole-
cules that facilitate the G1/S transition [45]. In quiescent
cells, hypophosphorylated RB protein interacts with E2F
and inhibits its transcription activity. Under growth stimula-
tion or cancerous states, cyclin-CDK complexes are activated
to induce RB phosphorylation. Phosphorylated RB then
releases the E2F transcription factor, which triggers the tran-
sition of the cell cycle from the G1 phase to the S phase,
thereby, enabling uncontrolled cell proliferation [46]. In
summary, the RB/E2F pathway was involved in fenofibrate-
mediated epigenetic changes on CDKN2A, which resulted
in the alterations in cell cycle distribution.

Some studies have shown that DNMT1 cooperated
directly with E2F1 and HDAC to accelerate aberrant methyl-
ation in tumors [47]. The free E2F1 is released by phosphor-
ylated RB and binds to its cognate sites on the DNMT1
promoter region, which played a positive role on DNMT1
expression in cell cycle process [48]. Elevated expression of
DNMT1 induced DNA hypermethylation of several tumor
suppressor genes, including CDKN2A. However, conflicting
results have emerged regarding the relationship between
DNMT1 and E2F1. In mesenchymal stem cells, the expres-
sion of E2F1 was not correlated with that of DNMT1. Com-
plete cell cycle arrest by serum starvation did not affect the
expression of DNMT1, while E2F1 expression was decreased
[49]. The above findings revealed that DNMT1 may not be a
responsive target of E2F1 during cell cycle arrest.

In the present study, we found that fenofibrate may act
in a similar manner as a methylation transferase inhibitor.
It reduced DNMT1 activity and E2F1 expression. The
mechanistic details behind PPAR agonist on DNMT1 inhi-
bition have not been determined. Whether DNMT1

downregulation caused decreases in free E2F1 requires fur-
ther investigation.

In addition, we demonstrated that fenofibrate inhibited
tumor progression by regulating cell apoptosis and migration.
The results from flow cytometry analysis and TUNEL assays
showed that fenofibrate caused an increase in late apoptosis
in a dose-dependent manner. However, the underlying mech-
anism for such findings was not determined in our study.

Cellular plasticity mediated by EMT regulatory circuits
enhances the invasive properties of cancer cells [50]. Tran-
scriptional repression of E-cadherin is frequently observed
in malignant tumor cells. Some studies have verified that
DNMT1 caused the suppression of E-cadherin through
hypermethylation of its promoter region [51]. We found that
E-cadherin expression was increased following fenofibrate
treatment in vitro; however, whether the upregulation was
correlated with reduced DNMT1 activity and promoter
demethylation requires further investigation.

Finally, we carried out tumor xenograft experiments using
HCT116 cells to investigate the antitumor efficacy of fenofi-
brate in vivo. Fenofibrate decreased the tumor volume signifi-
cantly compared to the vehicle-treated mice. The necrotic area
was identified in H&E-stained samples from fenofibrate-
treated mice. The expression of DNMT1, CDK4, and
CDKN2A was effectively reduced by fenofibrate treatment
compared with control cells. These results demonstrated that
fenofibrate could ablate tumors and retard tumor growth.

These findings, coupled with the reversibility of DNA
methylation, support the possibility of fenofibrate as a poten-
tial epigenetic treatment in colon cancer patients.

5. Conclusions

In conclusion, the present work illustrated that activation of
PPARA by fenofibrate administration protected against
colon cancer progression through epigenetic modifications.
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Figure 8: Fenofibrate suppressed tumor growth and DNMT1 content in vivo. (a) Representative images of subcutaneous xenografts from the
treatment and vehicle groups (n = 6mice per group). Subcutaneous xenograft growth curves of nude mice of the two groups. Body weight of
each mouse was recorded every three days. Data was presented as mean ± SD. (b) H&E staining of subcutaneous xenografts from the
treatment group and vehicle group (magnification 200x). (c) The DNMT1 value of tissues was examined using ELISA assay. Data was
presented as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (d) DNMT1, PPARA, CDK4, and CDKN2A mRNA expressions of
xenografts from two groups were detected using qRT-PCR. Data was shown as mean ± SD (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001). (e)
DNMT1, PPARA, CDK4, and CDKN2A protein levels in different groups were measured by western blot.
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Fenofibrate weakened DNMT1 activity and restored the
expression of the tumor suppressor gene, CDKN2A, which
suppressed cell proliferation by blocking the G1 to S transi-
tion through the RB/E2F pathway. In addition, fenofibrate
inhibited cancer cell invasion by regulating EMT. Therefore,
we conclude that fenofibrate could act as an adjuvant agent in
colon cancer treatment.
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PI: Propidium iodide
SDS: Sodium dodecylsulfate-polyacrylamide.
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In this study, we found that miR-22-3p expression was decreased in breast cancer (BC) cell lines and tissues. Overexpression of
miR-22-3p inhibited the proliferation and migration of BC cells in vitro and in vivo, while depletion of miR-22-3p exhibited the
opposite effect. Importantly, miR-22-3p could directly target PGC1β and finally regulate the PPARγ pathway in BC. In
conclusion, miR-22-3p/PGC1β suppresses BC cell tumorigenesis via PPARγ, which may become a potential biomarker and
therapeutic target.

1. Introduction

Breast cancer (BC) is the one of the most commonly diag-
nosed malignancies and the leading cause of cancer-related
death in women [1]. Despite the fact that significant advances
in surgical and medical management of BC have been exhib-
ited, the incidence and mortality still increased by 18% since
2008 [2]. Higher rates of metastasis, recurrence, and drug
resistance are the mainly reasons of poor prognosis and low
survival among BC patients. Therefore, further investigating
the molecular mechanism and discovery of the new bio-
markers remains urgently needed for the diagnosis and treat-
ment of BC.

MicroRNAs (miRNAs) are a class of single-stranded and
highly conserved small noncoding RNAs, participating in
numerous biological processes [3, 4]. miRNAs typically sup-
press gene expression at posttranscriptional levels by directly
recognizing complementary sequences in the 3′untranslated
region (3′-UTR) of target mRNAs. Various miRNAs have
been identified to play significant roles in the etiology of
BC. For example, miR-135-5p could inhibit TGF-β-induced
epithelial-mesenchymal transition and metastasis by target-
ing SMAD3 in BC [5]. miR-27a facilitates BC progression

via GSK-3β [6]. Specifically, low expression of serum miR-
22 was found significantly associated with short survival
and poor prognosis [7]. However, the role of miR-22 was
demonstrated both as a tumor suppressor and a promoter
in previous studies [8, 9].

As members of nuclear receptor superfamily, peroxisome
proliferator-activated receptors (PPARs) are ligand-activated
transcriptional factors (TFs). There are mainly three isotypes
of PPARs, including PPARα, PPARβ, and PPARγ [10]. They
are involved in cellular differentiation, cell proliferation, and
tumorigenesis. Among them, increasing evidence suggests
that PPARγ protects against tumors by inhibiting cell prolif-
eration. For example, PPARγ could inhibit the development
of lung adenocarcinoma through the regulation of tumor cell
proliferation and transmission-related molecules [11, 12].
PPARγ is prone to exert an antiangiogenic effect, which has
been known as a hallmark of cancer [13]. Downregulation
of PPARγ is associated with decreased terminal differentia-
tion and cell cycle arrest, which induces cell proliferation
and leads to tumorigenesis [14].

Peroxisome proliferator-activated receptor gamma coac-
tivators 1 alpha and beta (PPAGC1A/PGC1α and
PPARGC1B/PGC1β, respectively) are major regulators of
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mitochondrial biogenesis and cellular metabolism [15, 16],
playing important roles in the PPAR signaling network
[17]. PGC1β has been proved to be associated with several
cancers. For example, hepatic PGC1β acts as a transcrip-
tional gatekeeper of mitochondrial function to contribute
to hepatocellular carcinoma progression [18]. FOX-
O3/PGC1β signaling axis was proved essential to sustain
the pancreatic ductal adenocarcinoma cancer stem cell
properties [19]. Specifically, PGC1β was proved signifi-
cantly overexpressed in BC and could inhibit the apoptosis
of BC cells via the mTOR signaling pathway [20, 21].
PGC1β regulates HER2-overexpressing BC cell prolifera-
tion by metabolic and redox pathways [22]. PGC1β regu-
lates BC tumor growth and metastasis by SREBP1-
mediated HKDC1 expression [23]. In addition, PGC1β
could cooperate with PPARγ, allowing the subsequent
interaction between PPARγ and other transcription factors
[24]. PGC1β mediates PPARγ activation of osteoclastogen-
esis [25]. Therefore, we postulated that the PPAR signaling
network plays an important role in the development and
progression of BC.

In the present study, we found that miR-22-3p was
downregulated in BC and suppressed BC cell tumorigenesis.
Then, we demonstrated that PGC1β was regulated by miR-
22-3p. Moreover, we found that the effects of miR-22-
3p/PGC1β on BC were, at least in part, mediated by the
PPARγ signaling pathway.

2. Materials and Methods

2.1. Clinical Cancer Tissue Samples. Tumor tissues and their
adjacent normal tissues of 47 BC patients were collected
from the Department of Breast and Thyroid Surgery of
Shanghai Tenth People’s Hospital of Tongji University
(Shanghai, China). None of the patients received any local
or systemic treatment before surgery, and all tissue speci-
mens were immediately snap-frozen in liquid nitrogen
until further use. All studies in this manuscript were
approved by Institutional Ethics Committees of Shanghai
Tenth People’s Hospital. We have obtained informed con-
sent from all patients.
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Figure 1: miR-22-3p was decreased in BC cell lines and tissues. (a, b) miR-22-3p had low expression in BC tissues compared with adjacent
normal tissues. (c) miR-22-3p had low expression in BC cell lines. (d) Detection of colocalization of miR-22-3p in cytoplasm by RNA FISH
assay (magnification, ×400). Red, miR-200a-3p; blue, DAPI. ∗∗p < 0:1; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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2.2. Cell Culture. The human HEK293T and human BC cell
lines (MDA-MB-231, MCF-7, HCC-1937, and SKBR3) and
normal breast epithelial cell line (MCF-10A) were obtained
from Chinese Academy of Sciences (Shanghai, China). The
HEK293T, MDA-MB-231, MCF-7, HCC-1937, and SKBR3
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, USA) with 10% Fetal Bovine Serum
(FBS) (Gibco, USA), penicillin (100 units/ml), and strepto-
mycin (100μg/ml) (Enpromise, China). The MCF-10A cells
were cultured in Mammary Epithelial Basal Medium
(MEBM) (Cambrex, USA). All cells were cultured at 37°C
with 5% CO2.

2.3. Transfection Assay. We purchased miR-22-3p mimics,
miR-22-3p inhibitor, and nonspecific miR-negative control
(miR-NC) oligo from RiboBio (Guangzhou, China). When
the density of MDA-MB-231 or MCF-7 cells reached 80%,
cells were transfected with 100nmol/l miR-22-3p mimics,
miR-22-3p inhibitor, or miR-NC using Hieff Trans™ Lipo-
somal Transfection Reagent (Yeasen, China) according to
the manufacturer’s instructions. After 24-48 h of incuba-
tion, cells were harvested for further analysis.

2.4. Quantitative Real-Time Polymerase Chain Reaction (RT-
qPCR). Total RNA was extracted from frozen tissues and cul-
tured cells by Trizol reagent (Invitrogen, Carlsbad, CA,
USA), and the concentration and purity of RNA samples
was assessed with a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA). CDNA was synthesized by
a commercial cDNA synthesis kit (Yeasen, China). We con-
ducted RT-qPCR by using the SYBR Green PCR Kit (Yeasen,

China), and primer sequences were designed and synthesized
by RiboBio (Guangzhou, China). Expression of miRNAs was
assessed by threshold cycle (CT) values and analyzed using
the 2-ΔΔCt method. The sequences of primers can be provided
upon request.

2.5. MTT Assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was performed to detect
cell proliferation ability. After 24 h transfection, a density of
2000 cells per well was placed into 96-well plates. The cells
were detected in accordance with the manufacturer’s instruc-
tions using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay kit (Sigma, Santa Clara, CA,
USA). The 490 nm optical density was detected by a micro-
plate reader (BioTek, USA).

2.6. Colony Formation Assay. A density of 800-1000 cells per
well was transferred into 6-well plates. Cell colonies were
washed twice by using cold phosphate-buffered saline
(PBS), fixed with 75% ethanol, and stained with 0.1% crystal-
line purple until the colonies were visible. Then, colonies
were photographed and counted.

2.7. Wound Healing Assay. MDA-MB-231 and MCF-7 cells
were transfected with a range of constructs as indicated in
6-well plates. When the treated cells reached about 90% con-
fluency, a scratch was produced in the cell monolayer by
drawing a 200μl pipette tip over the surface of each well,
holding the tip perpendicular to the plate. The monolayers
were cultured in DMEM with 2% FBS. Pictures of wound
healing were taken at 0 h and 24 h at the same position to
observe cell movement.

2.8. Migration Assays. We used transwell chambers (Corn-
ing, Inc., Lowell, MA, USA) to measure the migration abil-
ity of the cells. Transfected cells were added into the upper
chamber with 200μl serum-free medium, and medium
with 10% FBS was added into the lower chamber. 12-
24 h later, cells were removed in the upper chamber by
cotton swab. Then, the cells on the opposite side of the fil-
ter were fixed with 75% ethanol for 10min, then stained
with 0.1% crystal violet for 10min. Representative pictures
were taken with a microscope (Leica Microsystems, Mann-
heim, Germany).

2.9. Dual-Luciferase Reporter Assay. According to our previ-
ous studies [26, 27], to confirm that miR-22-3p directly
targets PGC1β 3′-UTR, wild and mutant reporter plasmids
of PGC1β were individually designed and synthesized by
IBSBio (Shanghai, China). HEK293T cells were cotransfected
with the constructed reporter plasmids, together with miR-
22-3p mimics or miR-22-3p-NC using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, USA). 48 h later,
the luciferase activities were measured with the Dual-
Luciferase® Reporter Assay kit (Yeasen, China). Firefly to
Renilla luciferase ratio was calculated.

2.10. Western Blotting Analysis. Proteins were extracted
using RIPA lysis buffer (Beyotime, Jiangsu, China), and
the concentrations were detected by using the protein

Table 1: The relationship between the expression of miR-22-3p and
various clinicopathological variables.

Patients
characteristics

Total
miR-22-3p expression

p
value∗

High
(N = 12)

Low
(N = 35)

Age 0.7065

<60 20 5 15

≥60 27 7 20

TNM stage 0.0200∗

I and II 30 11 19

III and IV 17 1 16

Tumor size (cm) 0.0237∗

≤2 26 10 16

>2 21 2 19

Lymph node
metastasis

0.0423∗

Negative 32 11 21

Positive 15 1 14

Distant metastasis 0.0931

No 40 12 28

Yes 7 0 7

p value from a chi-square test (∗p < 0:05).
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Figure 2: Continued.
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assay kit (Beyotime, Jiangsu, China). Protein lysates were
separated by 10% sodium dodecyl sulfate-polyacrylamide
gels and then transferred to nitrocellulose membrane
(Beyotime, Jiangsu, China), which was incubated 1 h with
5% nonfat milk and immunoblotted overnight at 4°C with
primary antibodies: anti-PCNA (Proteintech, USA), anti-
PGC1β (Abclonal, China), anti-PPARγ (Abclonal, China),
anti-NK-κB (CST, USA), anti-C-myc (CST, USA), anti-
MMP2 (CST, USA), anti-MMP9 (CST, USA), anti-cyclin
D1 (Abcam, USA), and anti-cyclin E (Abcam, USA). The
next day, the membranes were incubated in secondary
antibodies for 1 h at room temperature. Dilutions of all
antibodies used in this study were 1 : 1000. Signals of pro-
tein bands were scanned by Odyssey Infrared scanning
system (Li-Cor, Lincoln, NE, USA).

2.11. FISH Assay. Ribo™ Fluorescent In Situ Hybridization
Kit (Ribo, China) was used in FISH assay. Specific probes
for the miR-22-3p were designed and synthesized by IBSBio
(Shanghai, China). 4,6-Diamidino-2-Phenylindole (DAPI)
was used to stain cell nuclei. A fluorescence microscope
(Olympus BX53 Biological Microscope) was used to capture
the images of cells.

2.12. Statistical Analysis. The significance of differences
between groups was assessed by GraphPad Prism V8.3.0
(GraphPad, CA, USA). All experiments were repeated for
three times. Data were obtained from three independent
experiments which are presented as the means ± standard
deviation (SD). Student’s t-test (double-tailed) was used to
draw a comparison between groups, and p value < 0.05 was
considered significant.

3. Results

3.1. miR-22-3p Was Decreased in BC Cell Lines and Tissues.
Results obtained from TGCA databases showed that expres-

sion of miR-22-3p was decreased in BC (Figure S1A). The
expression of miR-22-3p was assessed by RT-qPCR in 47
pairs of BC tissues and adjacent normal tissues. Results of
RT-qPCR showed that the expression of miR-22-3p was
significantly decreased in BC tissues (35/47, 74.5%)
(Figures 1(a) and 1(b)). In addition, we examined the
expression of miR-22-3p in BC cell lines (MDA-MB-231,
MCF-7, HCC-1937, and SKBR3) and normal breast
epithelial cell line (MCF-10A). Consistent with the findings
in BC specimens, the miR-22-3p expression was
downregulated in BC cell lines (Figure 1(c)). To better
explore the function and mechanism of miR-22-3p, RNA
fluorescence in situ hybridization (FISH) analysis was
performed to detect the localization of miR-22-3p. The
FISH analysis revealed that miR-22-3p was mostly stained
in the cytoplasm of BC cell lines (Figure 1(d)). After
analyzing the relationship between the expression of miR-
22-3p and the clinical pathological variables in 47 BC
patients, we found that high expression of miR-22-3p was
negatively associated with TNM stage, lymph node
metastasis, and tumor size but had no correlation with age
and distant metastasis (Table 1). The -2ΔΔct value of miR-
22-3p expression in BC tissues greater than that in adjacent
normal tissues was considered high expression.

3.2. miR-22-3p Suppressed Cell Proliferation of BC Cells.
MDA-MB-231 and MCF-7 cells were transfected with miR-
22-3p mimics or inhibitor. RT-qPCR was used to verify the
transfection efficiency (Figures 2(a) and 2(b)). The prolifera-
tion ability of BC cells transfected was measured by MTT
assays and colony formation assays. Overexpression of
miR-22-3p could suppress the proliferation of MDA-MB-
231 and MCF-7 cells while miR-22-3p depletion showed
opposite ability (Figures 2(c)–2(f)). Consistent with the
results above, western blotting analysis demonstrated that
expression of proliferation marker PCNA was inhibited by

miR-22-3p-inhibtor
miR-NC

miR-22-3p-mimics

PCNA

ACTIN

+ – –
– + –
– – +

+ – –
– + –
– – +

MDA-MB–231 MCF-7

MV
(kDa)

–29

–42

(g)

MDA-MB-231 MCF-7
0

1

2

3

4

Re
la

tiv
e e

xp
re

ss
io

n 
of

PC
N

A
 (n

or
m

al
iz

ed
 to

 ac
tin

)

miR-22-3p-inhibitor
miR-NC
miR-22-3p-mimics

⁎⁎⁎⁎

⁎⁎

⁎⁎

⁎⁎

(h)

Figure 2: miR-22-3p suppressed cell proliferation of BC cells. (a, b) Expression of miR-22-3p was confirmed by RT-qPCR in MDA-MB-231
and MCF-7 cells. (c, d) Effect of miR-22-3p on proliferation in MDA-MB-231 and MCF-7 cells by MTT assay. (e, f) Effect of miR-22-3p on
proliferation in MDA-MB-231 and MCF-7 cells by colony formation assay. (g, h) Effect of miR-22-3p on proliferation in MDA-MB-231 and
MCF-7 cells by western blotting. ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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Figure 3: miR-22-3p suppressed cell migration of BC cells. (a–c) Wound healing assays were performed in MDA-MB-231 cell line treated
with miR-22-3p mimics or miR-22-3p inhibitor (miR-NC as negative control). (d–f) Cell migration assays were performed in MDA-MB-
231 cell line treated with miR-22-3p mimics or miR-22-3p inhibitor (miR-NC as negative control). ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p <
0:0001.
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Figure 4: PGC1β is a direct target of miR-22-3p. (a, c) Putative complementary sites within miR-22-3p and PGC1β predicted by
bioinformatics analysis (TargetScan). (b, d) Dual-luciferase reporter assays demonstrated that PGC1β is a direct target of miR-22-3p. (e)
PGC1β mRNA level was determined by RT-PCR in MDA-MB-231 and MCF-7 cells with different treatment. (f–h) Representative
western blots and quantification of PGC1β and PPARγ in MDA-MB-231 and MCF-7 cells with different treatment. β-Actin was used as
an internal control. ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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8 PPAR Research



miR-22-3p-inhibitor
+

si-NC

miR-NC
+

si-NC

miR-22-3p-inhibitor
+

si-PGC1𝛽

miR-NC
+

si-PGC1𝛽

M
D

A
-M

B-
23

1

100 𝜇m 100 𝜇m100 𝜇m100 𝜇m

(e)

0

50

100

150

MDA-MB-231

M
ig

ra
tio

n 
ce

ll 
nu

m
be

r (
%

)

miR-22-3p-inhibitor+si-NC
miR-NC+si-NC
miR-22-3p-inhibitor+si-PGC1𝛽
miR-NC+si-PGC1𝛽

⁎⁎

⁎⁎⁎

(f)

PPAR𝛾

PGC1𝛽

ACTIN

miR-22-3p-inhibtor
miR-NC

si-PGC1𝛽
si-NC

+ – + –
– + – +
– – + +
+ + – –

+ – + –
– + – +
– – + +
+ + – –

MDA-MB-231 MCF-7

MV
(kDa)

–55

–113

–42

(g)

Figure 5: Continued.

9PPAR Research



miR-22-3p mimics, (Figures 2(g) and 2(h)). All results above
suggested miR-22-3p could suppress proliferation in BC
cells.

3.3. miR-22-3p Suppressed Cell Migration of BC Cells. We
further explore the biological functions of miR-22-3p in
BC migration. Through wound healing assay, limited
migration was seen in the miR-22-3p high-expression
group compared to the controls undergoing wound heal-
ing after 48 hours. Opposite results were observed in the
miR-22-3p depletion group (Figures 3(a)–3(c)). Consis-
tently, results of transwell migration assays showed that
elevated miR-22-3p decreases cell migration in MDA-
MB-231 (Figures 3(d)–3(f)).

3.4. PGC1β Is a Direct Target of miR-22-3p. In accordance
with the prediction of TargetScan, PGC1β was found to
be the potential target of miR-22-3p (Figures 4(a) and
4(c)). There are two possible binding sites between miR-
22-3p and PGC1β. By constructing plasmid and mutant
vectors containing 3′-UTRs with wild-type and mutant
sequences, dual-fluorescein reporter assay confirmed that
PGC1β was the direct target of miR-22-3p (Figures 4(b)
and 4(d)). To verify the interaction between miR-22-3p
and PGC1β, we detect the expression of PGC1β in
MDA-MB-231 and MCF-7 cells transfected with miR-22-
3p mimics or miR-22-3p inhibitor. The results indicated
that the mRNA level of PGC1β was negatively regulated
by miR-22-3p (Figure 4(e)). Consistently, western blotting
results indicated that the protein level of PGC1β was sig-
nificantly downregulated after transfection of miR-22-3p
mimics and upregulated after transfection of miR-22-3p
inhibitor (Figures 4(f)–4(h)). These results indicated that
PGC1β is a direct target of miR-22-3p. Interestingly, when

the protein level of PGC1β changed, PPARγ showed the
opposite trend. The above results prompted us to explore
whether miR-22-3p/PGC1β suppresses BC cell tumorigen-
esis via PPARγ.

3.5. miR-22-3p Suppressed the Proliferation and Migration of
BC Cells via PGC1β. We designed rescue assays in MDA-
MB-231 and MCF-7 cells to further verify whether miR-
22-3p affects the biological function of BC cells through
PGC1β. After being transfected with specific siRNA of
PGC1β (si-PGC1β), cell proliferation and migration ability
of MDA-MB-231 and MCF-7 cells was suppressed. Mean-
while, si-PGC1β partially reversed the prohibitive effect of
miR-22-3p inhibitor on cell proliferation and migration
(Figures 5(a)–5(f)). Furthermore, the upregulation effect
of the miR-22-3p inhibitor on the PGC1β protein level
was partially inverted by si-PGC1β (Figures 5(g)–5(i)).
Thus, we confirmed that miR-22-3p suppresses cell prolif-
eration and migration of BC cells via directly targeting
PGC1β.

3.6. Inhibition of PPARγ Attenuates Suppression of miR-22-
3p on BC Cells. Given the fact that PPARγ has been
reported to act as a tumor suppressor in several cancers
and PPARγ silencing increased the expression of C-myc,
NF-κB, CyclinD1, cyclin E, MMP2, and MMP9 in BC cells
[28, 29]. We further explored the changes of the above
factors after being transfected with miR-22-3p mimics.
As expected, the protein level of PGC1β, C-myc, NF-κB,
CyclinD1, cyclin E, MMP2, and MMP9 decreased while
the protein level of PPARγ increased with miR-22-3p
silencing (Figure 6(a)). To further prove the necessity of
the PPARγ signaling pathway in miR-22-3p-mediated reg-
ulations, we followed the changes of miR-22-3p
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Figure 5: miR-22-3p suppressed the proliferation and migration of BC cells via PGC1β. (a–d) Knockdown of PGC1β partially reversed miR-
22-3p inhibitor-induced promotion of proliferation in MDA-MB-231 and MCF-7 cells determined by MTT assay and colony assay. (e, f)
Knockdown of PGC1β partially reversed miR-22-3p inhibitor-induced promotion of migration in MDA-MB-231 and MCF-7 cells
determined by transwell assay. (g–i) Western blotting analysis for PGC1β/PPARγ protein level in MDA-MB-231 and MCF-7 cells. ∗p <
0:05; ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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overexpressing BC cells in the presence or absence of a
potent specific PPARγ inhibitor (GW9662). Western blot
analysis showed that the downregulation of C-myc, NF-
κB, CyclinD1, cyclin E, MMP2, and MMP9 induced by
miR-22-3p was inverted by PPARγ inhibition with
GW9662 (Figure 6(b)). Considering the results above, we
think that the effects of miR-22-3p/PGC1β on BC were,
at least in part, mediated by the PPARγ signaling pathway.

3.7. miR-22-3p Suppressed BC Tumor Growth In Vivo. We
established a xenograft tumor model by hypodermic injec-
tion of MDA-MB-231 cells stably infected by lentivirus (lv-
miR-22-3p or lv-vector) (Figure 7(a)). The tumors were col-
lected and measured, showing that miR-22-3p could mark-
edly decrease the tumor volume compared with the
negative control (Figures 7(b) and 7(c)). Western blotting

and IHC results indicated that the expression of PGC1β
decreased while the expression of PPARγ increased in the
higher miR-22-3p expression group. Taking all results
in vivo and in vitro together, we confirmed that miR-22-
3p/PGC1β suppresses BC cell tumorigenesis via PPARγ.
The mechanism is generated in Figure 7(g).

4. Discussion

miRNAs have been demonstrated to be involved in vari-
ous physiological and pathological processes. Here, we
firstly find that the expression of miR-22-3p was lower
in BC tissues than in adjacent normal tissues in TCGA data-
set. Then, we found that miR-22-3p was significantly down-
regulated in human 47 BC samples and associated with
tumor size, TNM stage, and lymph node metastasis.
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Figure 6: Inhibition of PPARγ attenuates suppression of miR-22-3p on BC cells. (a) Upregulated miR-22-3p increased the expression of
PPARγ and decreased the expression of PGC1β, C-myc, NF-κB, CyclinD1, cyclin E, MMP2, and MMP9. (b) Downregulation of C-myc,
NF-κB, CyclinD1, cyclin E, MMP2, and MMP9 induced by miR-22-3p was inverted by PPARγ inhibition (GW9662).
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Overexpression of miR-22-3p markedly suppressed cell pro-
liferation and migration of MDA-MB-231 and MCF-7 cells,
indicating that miR-22-3p functions as a tumor suppressor
BC. To further investigate the biological roles of miR-22-3p
in BC, we demonstrated that miR-22-3p directly targets
PGC1β by the results of the dual-luciferase reporter assays.

PGC1β, which has been reported to exert an important
role in cancer metabolism and progression, is encoded by
the gene PPARGC1β. Previous experimental results have
confirmed that PGC1β was significantly overexpressed in
BC. Moreover, PGC1β could promote proliferation and
migration while inhibiting the apoptosis of BC cells, sug-
gesting it to have a tumor-promoter role in BC [20–23].
Several studies have shown that PPARγ is involved in
inflammation, lipid metabolism, glucose homeostasis, and
tumorigenesis [30, 31]. Specifically, recent studies showed
that PPARγ could inhibit cell proliferation and induces
apoptosis of BC in vitro and in vivo [32–34].

To our best knowledge, this is the first study to dem-
onstrate that the miR-22-3p/PGC1β/PPARγ axis regulates
the proliferation and migration of BC cells. Our findings
suggested that PGC1β was directly regulated by miR-22-
3p. More interesting, the protein level of PPARγ increased
while the protein level of C-myc, NF-κB, CyclinD1, cyclin
E, MMP2, and MMP9 decreased after being transfected
with miR-22-3p mimics. To further prove the necessity
of the PPARγ signaling pathway in miR-22-3p-mediated
regulations, we used a potent specific PPARγ inhibitor
(GW9662) in rescue assays. As expected, downregulation of
C-myc, NF-κB, CyclinD1, cyclin E, MMP2, and MMP9
induced by miR-22-3p was inverted by PPARγ inhibition
with GW9662.

Taken together, our findings suggested that the effects of
miR-22-3p/PGC1β on BC were, at least in part, mediated by

the PPARγ signaling pathway. These results provided a
potential novel biomarker and a therapeutic target for BC.
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Figure 7: miR-22-3p suppressed BC tumor growth in vivo. (a) Overexpression of miR-22-3p in MDA-MB-231 cells was verified by RT-
qPCR. (b) Representative images of xenograft tumors in nude mice. (c) The growth curves of xenografts. (d) Extract protein from tumors
and measuring the expression of PGC1β/PPARγ by western blotting. (e, f) Immunohistochemistry (IHC) staining of PGC1β/PPARγ in
xenografts. (g) The mechanism diagram was generated to illustrate the mechanism of miR-22-3p-PGC1β-PPARγ in BC. ∗p < 0:05; ∗∗∗∗p
< 0:0001.
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Peroxisome proliferator-activated receptors (PPARs) and part of their target genes have been reported to be related to the
progression of hepatocellular carcinoma (HCC). The prognosis of HCC is not optimistic, and more accurate prognostic markers
are needed. This study focused on discovering potential prognostic markers from the PPAR-related gene set. The mRNA data
and clinical information of HCC were collected from TCGA and GEO platforms. Univariate Cox and lasso Cox regression
analyses were used to screen prognostic genes of HCC. Three genes (MMP1, HMGCS2, and SLC27A5) involved in the PPAR
signaling pathway were selected as the prognostic signature of HCC. A formula was established based on the expression
values and multivariate Cox regression coefficients of selected genes, that was, risk score = 0:1488 ∗ expression value of MMP
1 + ð−0:0393Þ ∗ expression value of HMGCS2 + ð−0:0479Þ ∗ expression value of SLC27A5. The prognostic ability of the three-
gene signature was assessed in the TCGA HCC dataset and verified in three GEO sets (GSE14520, GSE36376, and GSE76427).
The results showed that the risk score based on our signature was a risk factor with a HR (hazard ratio) of 2.72
(95%CI ðConfidence IntervalÞ = 1:87 ~ 3:95, p < 0:001) for HCC survival. The signature could significantly (p < 0:0001)
distinguish high-risk and low-risk patients with poor prognosis for HCC. In addition, we further explored the independence and
applicability of the signature with other clinical indicators through multivariate Cox analysis (p < 0:001) and nomogram analysis
(C‐index = 0:709). The above results indicate that the combination of MMP1, HMGCS2, and SLC27A5 selected from the PPAR
signaling pathway could effectively, independently, and applicatively predict the prognosis of HCC. Our research provided new
insights to the prognosis of HCC.

1. Introduction

Liver cancer is a common malignancy and its mortality rate
ranks fourth among cancer-related deaths [1]. About 80% of
patients with primary liver cancer belong to the hepatocellular
carcinoma (HCC) category. HCC is a rapidly developing dis-
ease with poor prognosis. Currently, less than 18% of HCC
patients have an overall survival (OS) time of more than 5 years
[2]. In addition, due to the heterogeneity and the lack of effec-
tive prognostic markers for HCC, it is difficult to accurately
predict the prognosis of patients with HCC [3, 4]. It is urgent
to study the prognostic markers of HCC to ensure that patients
could receive more appropriate and effective treatment.

For many cancer types, the identification of specific
molecular markers can solve the problem of prognosis differ-
entiation caused by tumor heterogeneity and provide
patients with more suitable and effective treatment. For
example, the KRAS gene mutation shows a high prediction
accuracy for the prognosis of patients with metastatic colo-
rectal cancer [5], and accumulated studies have established
that the methylation level of the promoter of MGMT can be
used to predict the efficacy of temozolomide in patients with
glioma [6]. However, there are currently no available molec-
ular markers for HCC in clinical applications.

Peroxisome proliferator-activated receptors (PPARs) are
nuclear receptors as transcription factors that regulate

Hindawi
PPAR Research
Volume 2021, Article ID 6642939, 10 pages
https://doi.org/10.1155/2021/6642939

https://orcid.org/0000-0003-3089-0967
https://orcid.org/0000-0002-9995-9080
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6642939


physiological activities such as invasion, immune tolerance,
metabolism, and inflammation [7, 8]. Numerous studies have
revealed that tumorigenesis and cancer progression are usu-
ally accompanied by abnormal regulation of the PPAR sig-
naling pathway [9–12]. In addition, in recent studies on
HCC prognostic markers, it has been repeatedly reported
that the PPAR signaling pathway is dysregulated in high-
risk HCC patients with poor prognosis [13–15]. Although
the PPAR signaling pathway has been reported as one of
the prognostic characteristic pathways of HCC, no one has
screened the prognostic markers for HCC from the genes
involved in this pathway.

In the context of the above research, this study was ded-
icated to select a prognostic multigene biomarker in HCC
from PPAR-related genes. Based on 365 HCC samples
included in TCGA, we analyzed the correlation between the
mRNA levels of 69 PPAR-related genes and the overall sur-
vival of patients. A combination of three genes (MMP1,
HMGCS2, and SLC27A5) was selected as a prognostic
marker. Next, the performance of the prognostic marker
was evaluated and validated in three validation sets from
the GEO database. At the same time, the effects of this
marker and other clinical indicators on the OS of HCC were
analyzed and compared. Finally, a nomogram was developed
to provide the possibility of clinical application of the prog-
nostic multigene biomarker.

2. Materials and Methods

2.1. Sample Acquisition and Data Preprocessing. The 365 pri-
mary HCC samples with survival information in the TCGA
cohort were selected as the training set. The level 3 values
of mRNA and corresponding clinical data of HCC were col-
lected from Xena, University of California, Santa Cruz
(UCSC) database. The values of gene expression were the
counts obtained by the RSEM algorithm. Used UCSC Xena
HUGO probeMap to map genes to reference genomes. For
details of the processing method, please refer to the website
of the TCGA Genome Characterization Center of the Uni-
versity of North Carolina. In addition, removed low-
expressed genes that were not expressed in more than 75%
of patients and whose average values of expression were less
than 1.

The validation sets were three HCC datasets in the GEO
database: GSE14520 (n = 221), GSE36376 (n = 223), and
GSE76427 (n = 115) (n represents the number of samples).
We chose the normalized mRNA data. For details, please
refer to the “_series_matrix.txt” files of the three datasets in
GEO. Gene annotation was completed according to the
annotation files provided by the microarray sequencing plat-
forms (that is, GSE14520 corresponds to GPL3921, and
GSE36376 and GSE76427 both correspond to GPL10558).
When a gene matched multiple probes, the average expres-
sion value of multiple probes was selected as the expression
value of the gene.

In addition, 69 PPAR signaling pathway-related genes
were obtained from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (KEGG pathway ko03320).

2.2. Screening and Evaluating Prognostic Genes. To find an
efficient prognostic gene combination for HCC from 69
genes related to the PPAR signaling pathway, firstly, based
on the expression values of these 69 genes, we used the uni-
variate Cox regression algorithm to analyze the OS of HCC
patients. The genes with p < 0:05 were considered as genes
related to the OS of HCC. Subsequently, based on the candi-
date genes selected in the previous step, using the lasso Cox
regression algorithm, and applying tenfold cross-validation
to select the best penalty coefficient, the best combination
of HCC prognostic genes could be obtained [16].

To evaluate the effectiveness of the prognostic gene com-
bination we selected, we used Equation (1) to establish a
prognostic model:

Risk score = 〠
n

i

xi ∗ βi, ð1Þ

where xi indicates the expression value of gene i; mean-
while βi means the coefficient of gene i generated from the
multivariate Cox regression analysis. The risk score of each
HCC sample was calculated according to Equation (1), and
the samples were divided into high- and low-risk groups
according to the median value of the risk score. To assess
the survival difference between the two groups to show the
efficiency of our prognostic genes, a log-rank test analysis
was performed. In addition, we evaluated the specificity and
sensitivity of the multigene marker in predicting the 1-, 3-,
and 5-year survival rates of HCC and compared them with
other clinical indicators such as age, gender, AFP, and
TNM staging, and the method used was a time-dependent
receiver operating characteristic (ROC) curve. The predictive
effect of the multigene marker eventually was verified in the
GSE14520, GSE36376, and GSE76427 datasets.

2.3. Detecting the Independence of the Multigene Signature.
To find out whether this multigene marker could be indepen-
dent of other clinically commonly used prognostic indicators
of HCC, we applied univariate and multivariate Cox regres-
sion analysis methods to analyze the survival of HCC
patients. As for the clinical factors that might affect the prog-
nosis of HCC, we selected six indicators: age, gender, AFP,
TNM staging, histological grade, and vascular tumor inva-
sion. Risk score and age were treated as continuous variables,
while the remaining variables were categorical variables.
Clinical indicators associated with survival were initially
identified; then, the association between risk scores and other
survival-associated clinical indicators was assessed with a
log-rank test. A nomogram was constructed using those var-
iables that were identified as independent predictors, which
the predictions of 1-, 3-, and 5-year survival rates were cor-
rected by correcting for the consistency between true and
predicted values.

2.4. Statistical Methods. The R software (version 3.6.1) was
used for all analyses in the present study. Microarray data
were analyzed with the “GEOquery” package, while the
“edgeR” package was employed for differential gene screen-
ing. The “survival::coxph” function was used to conduct
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univariate and multivariate Cox analyses, while lasso Cox
regression analyses were performed with the web-based tool
(ESurv) [17]. The “survdiff” function from the “survival” pack-
age was utilized for log-rank testing, and time-dependent ROC
analyses were similarly conducted with the “timeROC” pack-
age. Heatmaps were prepared with the “ggplot::heatmap”
function, while the “forestplot” package was used to generate
forest plots, and the nomogram was established and imple-
mented with the “rms” package.

3. Results

3.1. PPAR-Related Prognostic Genes for HCC. Our study was
carried out through the procedure which is shown in
Figure 1. To determine genes related to the OS of HCC from
the PPAR signaling pathway, we analyzed the transcriptome
data of 365 primary HCC samples in TCGA and used univar-
iate cox regression analysis. Twenty-five PPAR-related genes
were identified as being related to the OS of HCC (p < 0:05).
Finally, three prognostic genes (including MMP1, HMGCS2,
and SLC27A5) were obtained by lasso Cox regression analysis
from candidate prognostic genes (Figure 2).

3.2. Prognostic Model Establishment and Evaluation. A prog-
nostic model was next established to evaluate the relevance of
MMP1, HMGCS2, and SLC27A5 as predictors of HCC
patient outcomes based upon the expression of these three
genes. Regression coefficients for each gene were obtained
through a multivariate Cox regression analysis, yielding the
following model: risk score = 0:1488 ∗ expression value of M
MP1 + ð−0:0393Þ ∗ expression value of HMGCS2 + ð−0:0479
Þ ∗ expression value of SLC27A5. The predictive efficacy of
this model was then assessed by assigning risk scores to 365
HCC patient samples in the TCGA database (Supplemental
file 1). In this analysis, patients in the high-risk group exhib-
ited as significantly poorer prognosis relative to patients in
the low-risk group (p < 0:0001; Figure 3(a)). Specifically,
high-risk patients had a median OS of 17.8 months, whereas
low-risk patients had a median OS of 22.0 months. Time-
dependent ROC analyses were additionally performed to
assess 1-, 3-, and 5-year OS, yielding corresponding area
under the curve (AUC) values of 0.702, 0.694, and 0.652, con-
sistent with satisfactory model performance (AUC > 0:5;
Figure 3(b)). Additionally, high-risk scores were associated
with the earlier happened death incident of the patient, coin-
ciding with higher MMP1 expression and lower HMGCS2

HCC TCGA cohort
371primary tumor samples, 20530 genes 

365 primary tumor samples; 15872 genes
(A cutoff of 1 count and no more than 25% patients

containing no expression was chosen.)

Remove low or no expression genes.
Remove tumor samples without survival information.

PPAR signaling pathway gene set

Final prognostic model (3 genes) Independence of the prognostic model

Kaplan-meier curve and ROC analysis

Building and validating apredictive nomogram

Validation of prognostic model in
GSE14520, GSE36376, and GSE76427 Kaplan-meier curve and ROC analysis

69 genes included in PPAR signaling pathway
 gene set (KEGG ko03320)

Univariate cox regression analysis

25 genes significantly related to OS (P < 0.05)

Lasso cox regression analysis

3 prognositic genes (MMP1, HMGCS2, SLC27A5)

Multivariate cox
regression analysis

Figure 1: The flow chart about the study of PPAR-related gene signature in predicting survival of HCC.
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and SLC27A5 expression (Figure 3(c)). These data suggested
thatMMP1 was not advantageous for the prognosis of HCC,
whereasHMGCS2 and SLC27A5 were. To compare the prog-
nostic efficacy of our risk scores to other clinical factors,
time-dependent ROC analyses were additionally performed
based upon patient 1-year OS. Of the analyzed risk factors,
risk scores exhibited the best prognostic efficacy, yielding
an AUC value of 0.702 (Figure 3(d)). As such, these data indi-
cate that we were able to successfully establish a PPAR-
related HCC prognostic model in which MMP1, HMGCS2,
and SLC27A5 serve as effective predictors of HCC patient
outcomes.

3.3. Verification of the Prognostic Efficacy of the Multigene
Signature. To ensure that this multigene signature was not
prognostic as a consequence of data overfitting, we validated
this signature using three independent datasets GSE14520,
GSE36376, and GSE76427. The median OS of patients in the
high-risk group (32.8 months in GSE14520 (Figure 4(a)),
63.7 months in GSE36376 (Figure 4(d)), and 11.8 months
in GSE76427 (Figure 4(g))) was significantly decreased (p =
0:00014, p = 0:0087, and p = 0:045) relative to that of patients
in the low-risk group (53.7 months in GSE14520, 82.7
months in GSE36376, and 16.6 months in GSE76427), con-
sistent with the results from our training dataset. In the three
datasets, the AUC values for 1-, 3-, and 5-year OS were 0.693,
0.696, and 0.640 (Figure 4(b)); 0.784, 0.693, and 0.652
(Figure 4(e)); and 0.566, 0.632, and 0.784, respectively
(Figure 4(h)). Furthermore, in line with the results from the
TCGA cohort, higher risk scores were consistent with the
earlier happened patient’s death incident and with higher
MMP1 and lower HMGCS2 and SLC27A5 expression
(Figures 4(c), 4(f), and 4(i)). These results suggest that this
PPAR-related risk model was robust across platforms.

3.4. The Independence of the Prognostic Multigene Signature.
To confirm the independent predictive value of this multi-
gene signature, we next explored the relationship between

HCC patient clinical characteristics, risk score, and outcomes
in the TCGA cohort. In univariate Cox regression analyses,
TNM stage and risk score were both significantly associated
with patient OS (p < 0:001). Correlations between vascular
tumor invasion and OS approached but did not reach signif-
icance (p = 0:056). These three factors were then incorpo-
rated as covariates in a multivariate Cox regression analysis
which revealed both risk score (HR = 2:29, 95%CI = 1:45‐
3:61, p < 0:001) and TNM stage (HR = 2:14, 95%CI = 1:41‐
3:25, p < 0:001) to be independent prognostic factors for
HCC patient OS (Figure 5(a)). Additionally, we found that
whether a patient exhibited early (stage I+II, Figure 5(b)) or
advanced (stage III+IV, Figure 5(c)) stage disease and whether
or not they exhibited vascular invasion (Figures 5(d) and 5(e))
were predictive of patient survival, underscoring the indepen-
dent prognostic value of our multigene signature.

3.5. Nomogram Establishment and Evaluation. To assess the
ability of our model to reliably predict the clinical prognosis
of HCC, we next established a nomogram incorporating
TNM stage and risk scores as two independent prognostic
factors associated with HCC patient 1-, 3-, and 5-year OS
(Figure 6(a)). This nomogram yielded a C-index value of
0.709. Calibration plots for all three of these survival time
points additionally indicated that the nomogram exhibited
good predictive ability (Figure 6(b)). As such, we were able
to successfully confirm the reliability and potential clinical
value of our multigene signature.

4. Discussion

The role of PPARs in the development of cancers including
HCC has been revealed by a growing body of research litera-
ture [18]. In HCC, current studies on the sensitivity to che-
motherapy of PPARs [19] and the correlation between
PPARs’ target genes and the survival of patients with HCC
[20] suggest that finding prognostic markers from PPAR-
related genes is more clinically meaningful. Therefore, in this
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Figure 2: Prognostic gene screening was conducted through lasso Cox regression analyses. Positive and negative regression coefficients,
respectively, correspond to positive and negative correlations between numbers (a). The best parameter (λ) in the lasso analysis was then
selected (b).
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study, to find out the PPAR-related prognostic markers of
HCC, we used the HCC patient data collected in TCGA to
analyze the 69 genes involved in the PPAR signaling pathway.
Finally, the combination of MMP1, HMGCS2, and SLC27A5
was screened out as a multigene marker for the prognosis of
HCC. The prognostic performance of the marker we selected
was good, and the verification in the GEO validation sets
shows that there was no sample bias.

In this study, among the three PPAR-related prognos-
tic genes screened, MMP1 is unfavorable for the progno-
sis of HCC, while HMGCS2 and SLC27A are favorable
(Figure 3(c)). These results were verified by using the
Pathology Atlas of the Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/). MMP1 is a member of the
matrix metalloproteinase family which has been reported as
a risk factor for cancer development [21–23]. In addition,
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Figure 4: Prognostic model validation. The prognostic efficacy of this model was assessed with the GSE14520 (a–c), GSE36376 (d–f), and
GSE76427 (g–i) verification datasets.
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Figure 5: Risk scores are an independent predictor of patient outcomes. Forest plots corresponding to univariate and multivariate Cox
regression analyses of the relationship between HCC patient OS and various clinical indicators and risk scores (a). Patients were classified
based upon whether they exhibited vascular invasion and based upon their TNM stage. Risk score performance in each patient
subcategory was then assessed (b–e).
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Liao et al. explored the prognostic value of MMP1 in HCC
[24], and the results were consistent with this article. Regard-
ing HMGCS2, it is confirmed by researchers as a cancer
suppressor [25]. In HCC, the reduction of HMGCS2 is
accompanied by a poor prognosis and promotes cancer cell
migration [26]. SLC27A is an isozyme of very long-chain
acyl-CoA synthetase (VLCS) expressed in the liver. In the
current study, the effect of SLC27A in HCC or any other can-
cer has not been reported. In summary, regarding theMMP1
and HMGCS2 selected in this article, studies have reported
their possible role in the prognosis of HCC. Judging from
the current reports, the prognostic genes we selected are rel-
atively reliable. As for SLC27A, which has not yet reported its
role in HCC or any other cancer, our research presents new
possibilities.

5. Conclusions

In summary, we found that the PPAR-associated multigene
signature selected in this study was able to reliably serve as

an independent predictor of HCC prognosis. This signature
is robust owing to the cross-platform and cross-batch predic-
tions conducted herein. Overall, our study highlights new
potential directions for preclinical research and for the
implementation of personalized medicine-based approaches
to evaluating HCC patient prognosis and treatment.

Data Availability

The mRNA and corresponding phenotype data were
obtained from UCSC Xena (https://tcga.xenahubs.net/down-
load/TCGA.LIHC.sampleMap/HiSeqV2.gz; https://tcga.xena-
hubs.net/download/TCGA.LIHC.sampleMap/LIHC_clinical-
Matrix) and GEO (GSE14520_GPL3921, GSE36376_
GPL10558, and GSE76427_GPL10558).

Conflicts of Interest

The authors have declared that no competing interest exists.

Points

Risk score

TNM stage

Total points

1−year survival probability

3−year survival probability

5−year survival probability

0 10 20 30 40 50 60 70 80 90 100

1.2 1 0.8 0.6 0.4 0.2 0

I + II

III + IV

−0.2 −0.4 −0.6 −0.8 −1 −1.2 −1.4

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

0.950.90.80.70.60.5

0.80.70.60.5

0.80.70.60.5

(a)

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Nomogram−predicted probability
of 1−year OS

A
ct

ua
l 1

−y
ea

r O
S 

(p
ro

po
rt

io
n)

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Nomogram−predicted probability
of 3−year OS

A
ct

ua
l 3

−y
ea

r O
S 

(p
ro

po
rt

io
n)

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Nomogram−predicted probability
of 5−year OS

A
ct

ua
l 5

−y
ea

r O
S 

(p
ro

po
rt

io
n)

(b)

Figure 6: The established nomogram exhibited good predictive ability. This nomogram was generated using a combination of risk scores and
TNM stage to predict HCC patient OS (a). Calibration charts corresponding to the prediction of 1-, 3-, and 5-year survival in the training
cohort. Horizontal and vertical axes, respectively, correspond to the predicted and actual survival probability (b).
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Hepatic ischemia-reperfusion injury (HIRI) is a common phenomenon in liver transplantation and liver surgery. This article
is aimed at clarifying the role of pemafibrate in HIRI through JAK2/STAT3β/PPARα. In the experiment, we divided Balb/c
into seven groups, namely, normal control (NC), Sham, PEM (1.0mg/kg), IRI, IRI + PEM (0.1mg/kg), IRI + PEM
(0.5mg/kg), and IRI + PEM (1.0mg/kg). We used biochemical assay, histopathological evaluation, immunohistochemistry,
RT-PCR and qRT-PCR, ELISA analysis, and other methods to determine the level of serum AST, ALT, IL-1β, and TNF-α
in the liver at three time points (2 h, 8 h, and 24 h) after reperfusion of apoptosis factor, autophagy factor, and the
JAK2/STAT3/PPARα content in tissues. Our experiment results showed that the pemafibrate can effectively reduce the
level of hepatic IR injury. In addition, pemafibrate has anti-inflammatory, antiapoptotic, and antiautophagy effects, which
are mediated by the JAK2/STAT3β/PPARα pathway.

1. Introduction

Hepatic ischemia-reperfusion injury (HIRI) is the injury
caused by reperfusion after liver ischemia [1, 2]. After the
blood supply to liver tissue was interrupted due to liver
ischemia, the subsequent blood reperfusion brings in a
large number of inflammatory cells, which leads to serious
damages to the structure and function of the liver [3–5].
Ischemia-reperfusion injury is a complicated pathophysio-
logical process. A large number of studies have shown that
HIRI, involving amounts of cells and multiple molecular
mechanisms, is characterized by oxidative stress and the
release of reactive oxygen species (ROS) [3, 6–8]. ROS is
the starting point that causes a cascade of reactions dom-
inated by inflammatory cells, cytokine release, apoptosis,
and autophagy [9, 10]. This damage not only affects the
liver but also has serious negative effects on the brain,
heart, kidneys, and gastrointestinal tract, which is a com-
plex systemic process.

When senescent macromolecular substances appear in
and damage the cells, the cells will initiate programmed cell
death. Autophagy, a kind of programmed cell death, is a
complex process that ensures the normal function of cells
and recirculates the digested materials to efficiently main-
tain the normal activities of cells [11]. Although autophagy
is considered to be a self-protection mechanism, excessive
upregulation can also cause cell death [12]. Apoptosis,
another kind of programmed cell death, has very obvious
morphological characteristics, including cell volume reduc-
tion, nuclear chromatin shrinkage, and the formation of
apoptotic bodies. There are two core molecular families of
the apoptosis pathway: the BCL-2 family and the Caspase
family [13].

Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) participate in signal transduction
induced by a number of cytokines and interferons in vivo.
After receiving the signal from JAK2, STAT3 forms the
dimer after phosphorylation and enters the nucleus to reg-
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ulate the transcription of related genes. STAT3 is mainly
involved in regulating cell proliferation, differentiation,
apoptosis, and inflammation [14–16]. There are two sub-
types of STAT3: STAT3α and STAT3β. Interestingly, stud-
ies have shown that STAT3α and STAT3β have opposite
effects on cancer, but the role of STAT3β in cells is still
controversial [17].

Peroxisome proliferator-activated receptor (PPAR) is a
member of the nuclear receptor superfamily [18]. As a
transcription factor, PPAR establishes a link between tran-
scription and signal molecules, including PPARα, PPARβ,
and PPARγ. PPARα is highly expressed in the liver, intes-
tinal epithelial cells, and cardiac muscle cells and plays an
important role in fatty acid oxidation. It will combine with
retinoid X receptor (RXR) to form a heterodimer, activate
the PPAR Response Element (PPRE) located in the
upstream of the target gene, and participate in the regula-
tion of nuclear factor κB (NF-κB) and activator protein 1
(AP-1) [18, 19]. Pemafibrate, a new type of selective
PPARα modulator (SPPARM α), enhances PPARα’s activ-
ity and has high selectivity by introducing side chains into
fibric acid. These side chains later form a Y-shaped struc-
ture and fill in the ligand binding site of PPARα, thereby
promoting massive activation of PPARα. Compared with
other fibrates, pemafibrate has a feature of basic EC50
value and higher selectivity. Pemafibrate could better aim
at specific targets and reduce the risk of binding multiple
sites.

Although there are many studies on HIRI, neither the
molecular mechanism nor effective drugs to this injury was
still not identified. Therefore, to find out the specific drugs
that can alleviate HIRI and to clarify the drug action mecha-
nism are urgent problems to be solved at present. We
hypothesized that pemafibrate can alleviate HIRI by inhibit-
ing inflammation, apoptosis, and autophagy and conducted
the following experiments.

2. Materials and Methods

2.1. Reagents. The pemafibrate was purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA) and used by
adding 10% DMSO and 90% corn oil in our experiments.
The microplate test kits used for measuring the levels of ala-
nine aminotransferase (ALT) and aspartate aminotransferase
(AST) were bought from the Jiancheng Bioengineering Insti-
tute (Jiancheng Biotech, Nanjing, China). Enzyme-linked
immunosorbent assay (ELISA) kits were acquired from Ano-
gen (Ontario, Canada). The PrimeScript RT Reagent Kit and
SYBR Premix Ex Taq were purchased from TaKaRa Biotech-
nology (Dalian, China).

During the whole experimental process, we used many
antibodies, including anti-Bax, anti-caspase 3, anti-caspase
9, anti-Beclin-1, PPARα (Proteintech, Chicago, IL, USA),
anti-TNF-α, anti-Bcl-2, anti-microtubule associated protein
1 light chain 3 (LC3), anti-JAK2, anti-STAT3, anti-p-
STAT3 (Cell Signaling Technology, Danvers, MA, USA),
anti-IL-6, and anti-IL-1β (Antibody Revolution, San Diego,
CA, USA).

2.2. Animal Preparation. The protocol of this study was
approved by the Animal Care and Use Committee of Shang-
hai Tongji University. We handled and took care of the
animals under the guidance of the National Institutes of
Health Guidelines and tried our best to minimize the pain
and suffering of mice throughout the whole experiment.
We raised the male Balb/c mice (6–8 weeks old, 23 ± 2 g) pur-
chased from the Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China) in a clean and temperature-controlled
environment at 24°C ± 2°C under a 12 h : 12 h/light : dark
cycle. In the environment, standard laboratory food and
water were available freely for mice.

2.3. Experimental Design. We divided the one hundred and
two mice randomly into seven groups as follows:

(1) Normal Control (NC). Six mice were only injected
with vehicle (10% DMSO and 90% corn oil)

(2) Sham. Eighteen mice took laparotomy after anesthe-
sia, and their abdominal cavity was stitched without
IRI

(3) PEM (1.0mg/kg). Six mice were only injected with
1.0mg/kg PEM

(4) IRI. Eighteen mice suffered ischemia and reperfusion

(5) IRI +PEM (0.1mg/kg). Before IRI, eighteen mice
were injected with 0.1mg/kg PEM for 5 days

(6) IRI +PEM (0.5mg/kg). Before IRI, eighteen mice
were injected with 0.5mg/kg PEM for 5 days

(7) IRI +PEM (1.0mg/kg). Before IRI, eighteen mice
were injected with 1.0mg/kg PEM for 5 days [20–22]

Given the pharmacokinetics and initial experiment of
PEM for 5 days before IRI, a certain dose of PEM determined
by a previous study and initial experiments was injected into
mice’s abdomens. At 2 h, 8 h, or 24 h after IRI, we randomly
killed six mice in each group and then collected blood and
liver tissues for further experiments.

2.4. Establishment of a Hepatic IRI Mouse Model. In this
experiment, we established a warm hepatic IRI animal model.
Before surgery, we kept mice not taking food for twelve hours
but allowed them to drink water freely, then used sodium
pentobarbital (40mg/kg, 1.25%) (Nembutal, St Louis, MO,
USA) to anesthetize the mice by intraperitoneal injection.
When the algesia of these mice disappears completely, we
started to perform laparotomy. After disinfecting the skin
with alcohol, we made an incision along the linea alba and
entered into the abdominal cavity through the incision. After
spotting the liver, we turned the hepatic lobes over to expose
the first porta hepatis. Following that, we clipped the portal
vein, hepatic artery, and common bile duct with microarter-
ial clamps to block the hepatic blood flow. Once hepatic
ischemia occurred, the color of liver lobes turned immedi-
ately from dark red to pale red. Then, we placed the mice
on an electric blanket to maintain their body temperature
with a humid saline gauze covered on their incisions. We
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removed the clamps after blocking the blood flow for 45min
and then let the blood flow back to the liver, by which the
liver completed a reperfusion process. In the final step, we
stitched the abdominal cavity and placed these mice on elec-
tric blankets [23, 24].

2.5. Biochemical Assays. We collected the orbital blood sam-
ples of the mice who had suffered hepatic ischemia and reper-
fusion processes, then extracted serum from the samples by
centrifuging at 2,000 × g at 4°C for 10min and stored it at
−80°C. Following the instructions of the manufacturer proto-
cols, we used the microplate test kits (Olympus AU1000,
Olympus, Tokyo, Japan) to detect serum levels of ALT and
AST and used the ELISA kits to measure serum levels of
IL-1β and TNF-α.

2.6. Histopathological Evaluation.We removed the liver from
the abdomen cavity of mice, then put the liver tissue in 4%
paraformaldehyde for twenty-four hours for renovation. On
the next day, we dehydrated it with ethanol of different con-
centrations. After that, we embedded paraffin into the tissues
and cut them into slices about 3μm thick. Finally, we stained
the slices with hematoxylin and eosin (H&E) to observe the
degree of damage.

2.7. Immunohistochemistry.We put these liver slices in a bak-
ing oven at 60°C for 20min to remove the residual wax on
them and then rehydrated the slices with xylene and ethanol.
After that, we retrieved the antigen by heating the slices at
95°C for 10min and then cooled them to 25°C. Blocking
endogenous peroxidase activity was achieved by immersing
the slices in hydrogen peroxide (H2O2) solution (3%) for
20min at 37°C. In order to avoid generating high back-
grounds, we used 5% bovine serum albumin to block nonspe-
cific binding sites for 1 h. Then, the liver slices were incubated
overnight with primary antibodies against Bcl-2 (1 : 500), Bax
(1 : 500), Beclin-1 (1 : 500), and LC3 (1 : 500) at 4°C. In the
next morning, we added the slices into a secondary antibody
which can bond the primary antibodies specifically and incu-
bated them for 1 h at 37°C. The efficacy of antibody binding
can be detected by a diaminobenzidine kit. Lastly, we
observed slices under an optical microscope.

2.8. Reverse Transcription Polymerase Chain Reaction (RT-
PCR) and Quantitative Real-Time PCR (qRT-PCR). All
RNAs of liver tissues were extracted by TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and then
reversely transcribed into cDNA. We performed qRT-PCR
by SYBR Premix EX Taq under the guidance of the manufac-
turer instructions to detect the level of mRNA with a 7900HT
Fast PCR System (Applied Biosystems, Foster City, CA,
USA). The primers were β-actin, forward GGCTGTATT
CCCCTCCATCG, reverse CCAGTTGGTAACAATGCCA
TGT; IL-1β, forward GAATGCCACCTTTTGACAGTG,
reverse TGGATGCTCTCATCAGGACAG; IL-6, forward
CTGCAAGAGACTTCCATCCAG, reverse AGTGGTATA
GACAGGTCTGTTGG; TNF-α, forward CAGGCGGTGCC
TATGTCTC, reverse CGATCACCCCGAAGTTCAGTAG;
Bcl-2, forward GCTACCGTCGTCGTGACTTCGC, reverse
CCCCACCGAACTCAAAGAAGG; Bax, forward AGAC

AGGGGCCTTTTTGCTAC, reverse AATTCGCCGGA
GACACTCG; Caspase 3, forward CTCGCTCTGGTACG
GATGTG, reverse TCCCATAAATGACCCCTTCATCA;
Caspase 9, forward GGCTGTTAAACCCCTAGACCA,
reverse TGACGGGTCCAGCTTCACTA; Beclin-1, forward
ATGGAGGGGTCTAAGGCGTC, reverse TGGGCTGTG
GTAAGTAATGGA; LC, forward GACCGCTGTAAGGA
GGTGC, reverse AGAAGCCGAAGGTTTCTTGGG; and
P62, forward GAGGCACCCCGAAACATGG, reverse
ACTTATAGCGAGTTCCCACCA.

2.9. Western Blot Analysis. We extracted the protein from
liver tissue by homogenizing with radioimmunoprecipita-
tion assay lysis buffer (Kaiji Biology, Nanjing, China),
phenylmethane-sulfonyl fluoride, and protease inhibitors.
The protein concentration was measured by a bicinchoninic
acid assay (Kaiji Biology). Before performing electrophoresis,
we boiled the protein samples at 100°C for 5min, then used
10% or 12.5% SDS-PAGE to separate proteins from protein
samples during electrophoresis at 120V. Next, we chose the
wet transfer method to transfer proteins onto polyvinylidene
fluoride membranes (Hybond™; Escondido, CA, USA). One
hour later, we used 5% nonfat milk to block the nonspecific
binding sites for at least 1 hour, then incubated the mem-
branes overnight at 4°C with the following primary antibod-
ies: anti-β-actin (1 : 1,000), anti-IL-6 (1 : 500), anti-TNF-α
(1 : 500), anti-Bcl-2 (1 : 1,000), anti-Bax (1 : 1,000), anti-
caspase 3 (1 : 500), anti-caspase 9 (1 : 500), anti-Beclin-1
(1 : 1,000), anti-LC3 (1 : 1,000), anti-JAK2 (1 : 1000), anti-
STAT3 (1 : 1000), and anti-p-STAT3 (1 : 1000). In the next
morning, we used the 0.1% Tween-contained PBST to wash
the membranes for three times, then incubated the mem-
branes with the secondary antibody for 1 h at 37°C, and
washed the membranes with PBST for another three times.
The aforementioned secondary antibody could be anti-
mouse or anti-rabbit antibodies (1 : 2000). Finally, we used
an Odyssey two-color infrared laser imaging system (Licor,
Lincoln, NE, USA) to observe the chromogenic results.

2.10. Statistical Analysis. In order to ensure the veracity of
our study, we performed all experiments at least three times
and presented the data as mean ± SD. We analyzed the data
and results of the serum levels of ALT, AST, Western blot,
ELISA, and qRT-PCR were analyzed by Student’s t-test or
two-way analysis of variance (followed by post hoc Dunnett’s
test). When the P values are less than 0.05, we consider the
results as statistically significant. All statistical graphs were
drawn by GraphPad Prism 8 (GraphPad Software, Inc., San
Diego, CA, USA).

3. Results

3.1. Pemafibrate and Surgery Will Not Produce Side Effects on
the Structure and Function of the Liver. In order to determine
whether liver damage is only caused by the model and
whether pemafibrate is hepatotoxic, we detected ALT and
AST in the blood samples of the NC group, Sham group,
and pemafibrate (1.0mg/kg) group of mice. The results
showed that there was no significant statistical difference in
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the levels of AST and ALT (Figure 1(a)). Observation on the
mouse liver tissues with H&E staining found that the struc-
ture and function of the liver tissues were not remarkably
changed in H&E-stained sections (Figure 1(b)). Therefore,
we believe that the concentration of pemafibrate and surgery
do not affect liver function.

3.2. Pemafibrate Pretreatment Can Relieve Liver IRI. By com-
paring H&E-stained sections, ALT and AST levels in Sham,
IR, low-dose, medium-dose, and high-dose groups, we found
that in the three time points, the liver tissues of the IRI group
were significantly damaged. However, the level of transami-
nase of the pemafibrate pretreated group decreased, and the
effect of high concentration of pemafibrate in alleviating
damage was better than that of low concentration, which
was dose-dependent (Figure 2(a)). Observation by optical
microscope found that there was no obvious damage in the
Sham group, but the liver tissue in the IRI group showed
structural changes, such as ballooning, necrosis, and inflam-
matory cell infiltration. Especially at the time point of 8 h, the
liver injury in the IRI group was more severe. However, these
changes were relieved in the PEM-treated group. In short,
these experimental results once again corroborate the afore-
mentioned conclusion: liver damage is mainly caused by
the vascular ligation instead of the surgical operation. In
addition, H&E results indicate that pemafibrate can alleviate
the inflammatory damage and necrosis of IRI (Figure 2(b)).

3.3. Pemafibrate Inhibits Inflammation. Based on the above
H&E staining results, the expression levels of common
inflammatory factors—IL-1β, IL-6, and TNF-α—were
detected. We tested the expression levels in liver tissues by
ELISA (Figure 3(a)) and found that in the three time periods,
the expression level of IRI group was significantly higher
than that of the Sham group. However, under the interven-
tion of pemafibrate, the level of inflammatory factors
decreased in a dose-dependent manner. The qRT-PCR
(Figure 3(b)) and Western blot analysis (Figures 3(c) and
3(d)) results also showed that IL-1β and TNF-α were signif-
icantly increased. And IHC showed that the levels of IL-1β
and TNF-α were lower than those of the IR group, showing
a downward trend (Figure 3(e)). These results indicated that
pemafibrate can inhibit the release of inflammatory factors
such as IL-1β, IL-6, and TNF-α.

3.4. Pemafibrate Inhibits Programmed Cell Death in HIRI,
including Apoptosis and Autophagy. There are extensive
programmed cell deaths in HIRI, including in ways of apo-
ptosis and autophagy. The experimental results of extracting
mRNA for qRT-PCR and observing the distribution of
molecules in the sliced liver tissue were found to be consis-
tent with that of WB (Figure 4(a)). We selected BCL-2, Bax,
Caspase 3, and Caspase 9 to detect the degree of apoptosis
in HIRI. Western blot result showed that, compared with
the level of IR group, the degree of Bcl-2 had a rising trend,
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and degrees of Bax, Caspase 3, and Caspase 9 decreased sig-
nificantly (Figures 4(b) and 4(c)). Another form of cell death
in HIRI is autophagy. With the use of common detection
molecules for autophagy including Beclin-1, LC3 and P62,
and Western blot to observe the expression trend of each
molecule under different intervention conditions, we found
that the expression of P62 at 1.0mg/kg was higher than
0.01mg/kg, and Beclin-1 and LC3 showed a downward
trend. The IHC results are the same as the previous two
(Figure 4(d)). In conclusion, pemafibrate can relieve apopto-
sis and autophagy in liver ischemia-reperfusion injury.

3.5. Pemafibrate Protects the Liver by Regulating the
JAK2/STAT3β/PPARα Signaling Pathway. We tested JAK2,
Stat3, and p-Stat3 and found that the expression level of
JAK2 in the PEM-treated group was lower than that in the
IRI group, and the levels of Stat3α and Stat3β did not change
significantly. The expression saw a different trend of p-Stat3α
and p-Stat3β, increasing considerably at level of p-Stat3α but
falling markedly at level of p-Stat3β, compared with the IRI
group. When pemafibrate acts as a PPARα agonist, Western
blot results indicate that under the action of different concen-
trations of pemafibrate, the expression of PPARα in liver
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Figure 2: Pemafibrate can significantly alleviate the changes of liver structure and function after ischemia-reperfusion. (a) In three time
points, the transaminase level of IRI mice increased significantly and improved after treatment, showing a dose-dependent. ALT and AST
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tissues increased sequentially (Figures 5(a) and 5(b)). These
results, further verified in immunohistochemistry experi-
ments (Figure 5(c)), indicate that pemafibrate can inhibit
the JAK2/STAT3β/PPARα signaling pathway.

4. Discussion

We measured the serum levels of ALT and AST in 1.0mg/kg
PEM group, normal control group, and Sham group and
compared the changes of liver tissue structure after H&E
staining, in order to ensure that the drug dose did not dam-
age the liver. We showed that 1.0mg/kg PEM had no obvious
toxic effect on liver. After verifying that the drug has no toxic
effect on the liver, we established the hepatic IRI mouse
model. The results showed that the levels of both in the IRI
group were significantly increased, but pemafibrate could
inhibit this change. At the same time, liver necrosis induced

by HIRI was observed under light microscope, and the accu-
mulation of inflammatory cells was improved after PEM
treatment.

There are many mechanisms for the occurrence and
development of HIRI, such as ATP depletion, endothelin
(ET)/nitric oxide ratio imbalance, Ca2

+ overload, and macro-
phage activation [25]. In this process, a large amount of ROS
is released, which stimulates the cascade of immune cells.
Immune cells are composed of Kupffer cells, natural killer
cells, and dendritic cells. Activated macrophages secrete a
large number of inflammatory factors, such as IL-1β, IL-6,
and TNFα [4, 26, 27]. Based on previous studies, we detected
the levels of IL-1β, IL-6, and TNF-α in liver tissues and
observed the liver tissues under a microscope. A number of
inflammatory cells infiltrated, and inflammatory factors
significantly increased, which means it proved that the liver
tissues after IRI did have structural changes. But pemafibrate
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Figure 3: PEM pretreatment inhibits the production of IL-1β, IL-6, and TNF-α in hepatic IRI. (a) The serum IL-1β and TNF-α levels were
measured by ELISA and given asmean ± SD at 2, 8, and 24 hours after reperfusion in mice. (b) The relative mRNA levels of IL-1β, IL-6, and
TNF-α were evaluated in each group, as shown by qRT-PCR. (c, d) Protein expression of IL-1β, IL-6, and TNF-α was detected by Western
blot. (e) Immunohistochemistry was used to detect TNF-α and IL-1β expression in liver tissues (original magnification, ×200). The IOD sum
was analyzed with the Image-Pro Plus software 6.0. Data was presented as themean ± SD (n = 6, #P < 0:05 for Sham versus IRI, ∗P < 0:05 for
IRI + PEM 0.1mg/kg versus IRI, !P < 0:05 for IRI + PEM 0.1mg/kg versus IRI + PEM 0.5mg/kg, and +P < 0:05 for IRI + PEM 0.5mg/kg versus
IRI + PEM 1.0mg/kg; (a, b, d) two-way ANOVA; (e) Student’s t-test). Expression levels of IL-1β, TNF-α, and IL-6 were significantly increased
in IRI mice. PEM pretreatment dramatically reduced the levels, particularly at 1.0mg/kg.
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can alleviate inflammation and protect the liver to a certain
extent.

The release of ROS could stimulate autophagy and apo-
ptosis in the liver [9, 10]. We determined Beclin-1 and LC3
as well as P62 (autophagy markers) and Bcl-2 family as well
as Caspase family (apoptosis markers) by qRT PCR, WB,

and immunohistochemistry [13, 28]. We found that PEM
injection enabled the injured liver to produce more P62 and
Bcl-2 and reduce Beclin-1, LC3, Bax, Caspase 9, and Caspase
3. These results indicated that PEM could alleviate the pro-
grammed cell death. Autophagy is a continuous cytological
behavior. In the study of the molecular mechanism of
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Figure 4: PEM pretreatment ameliorates apoptosis and autophagy in hepatic IRI. (a) The relative mRNA levels of Bcl-2, Bax, Caspase 3,
Caspase 9, Beclin-1, LC3, and P62. (b, c) Protein expression of apoptosis- and autophagy-related proteins. (d) Immunohistochemistry was
used to detect Bcl-2, Bax, Beclin-1, and LC3 expression in liver tissues (original magnification, ×200). The IOD sum of brown area to total
area was analyzed with the Image-Pro Plus software 6.0. Data was presented as the mean ± SD (n = 6, #P < 0:05 for Sham versus IRI, ∗P <
0:05 for IRI + PEM 0.1mg/kg versus IRI, !P < 0:05 for IRI + PEM 0.1mg/kg versus IRI + PEM 0.5mg/kg, and +P < 0:05 for IRI + PEM
0.5mg/kg versus IRI + PEM 1.0mg/kg; (a, c) two-way ANOVA; (d) Student’s t-test). In the IRI group, the expression of P62 and Bcl-2
was significantly lower than that in the NC group, while the others were significantly higher. PEM could reverse this change.
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autophagy, a large number of autophagy-related proteins
have gradually been discovered and given the same name.
These ATG proteins play an important role in both the initi-
ation of autophagy and the production of autophagosomes
[29, 30]. P62 and LC3 are also key proteins for autophagy.
P62 is considered to be an autophagy-specific substrate that
can interact with LC3 to enter the autophagosome and is
degraded by the lysosome in the autophagosome. Beclin-1
combines with BCL-2 to form a Beclin-1/BCL-2 complex
[31, 32]. It can be seen that autophagy and apoptosis are
closely related. In the process of apoptosis, mitochondria
are considered to be at the center of apoptosis regulation.
Bcl-2 and Bax, as important members, participate in regulat-
ing, releasing Cyto C, and recruiting Caspase 9 [33, 34].
Caspase 9 belongs to the apoptosis-initiating subclass, but
Caspase 3 belongs to the apoptotic effect subclass [35, 36].
In other words, Caspase 9 is located at the upstream of
Caspase 3 and can regulate its protein level.

Since the expression level of STAT3α : STAT4 β is 4 : 1,
most studies ignore the role of STAT3β and regard
STAT3α as STAT3 study [33, 34]. The two subtypes were
determined to further understand the expression of the
two subtypes. In our experiment, compared with the IRI
group, the levels of JAK2 and p-STAT3α decreased, while
the p-STAT3β remarkably increased, and STAT3 had no
change. The significant difference between the two isoforms
of p-STAT3 indicated that the two have opposite effects,
and p-STAT3β has a positive effect on liver damage, which

meant that the upstream stimulator acts on JAK2 and then
stimulates p-STAT3β, not STAT3β and STAT3α. This might
be related to p-STAT3β:p-STAT3α heterodimer and p-STA-
T3α:p-STAT3α homodimer [34]. The decrease of JAK2
resulted in the decrease of p-STAT3α and the increase of
monomerized p-STAT3β. According to previous researches,
JAK2/STAT3β plays an important role in the immune
response. The activation of macrophages caused by IRI injury
produces a substantial number of inflammatory mediators,
such as IL-1β, IL-6, and TNF-α [37–39]. These inflammatory
factors can act on receptors on the surface of liver cells, acti-
vate JAK2 after entering the cells, and phosphorylate
STAT3β [40] (Figure 6). Multiple previous studies have
shown that the activation of PPARα by IL-6 is mediated by
the JAK2/STAT3 pathway [41–43].

Pemafibrate is also important in autophagy and apoptosis
[44, 45]. The mechanism of pemafibrate is still unclear, but
the inhibitory effect on autophagy is not mediated by SIRT
[46]. As a PPARα agonist, PEM might activate ATG and
TEFEB, both essential parts of the autophagy process, and
inhibit autophagy [46–49]. TEFEB is also involved in
immune response and inflammatory response [50]. When
PPARα is knocked out, the agonist is not able to reverse
the inhibition of autophagy or to induce lipid degradation
and lipid phagocytosis [51]. PPARα binds to RXR to form
a dimer to regulate of the target genes. The inhibited
expression of PPARα would lead to the weakened antia-
poptotic effect of the drug and the lost of protection of
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Figure 5: PEM modulates the phosphorylation of JAK2/STAT3β in hepatic IRI. (a, b) Protein expression of PPARα, JAK2, STAT3, and p-
STAT3. (c) The quantitative analysis of Western blot results of JAK2/STAT3β/PPARα. Data was presented as themean ± SD (n = 6, #P < 0:05
for Sham versus IRI, ∗P < 0:05 for IRI + PEM 0.1mg/kg versus IRI, !P < 0:05 for IRI + PEM 0.1mg/kg versus IRI + PEM 0.5mg/kg, and
+P < 0:05 for IRI + PEM 0.5mg/kg versus IRI + PEM 1.0mg/kg; (b) two-way ANOVA; (c) Student’s t-test). The expression of PPARα and
p-STAT3β was notably increased, but JAK2 saw a steep drop.
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mitochondria [52]. DOX-DNA complex and DOX-TOP2β
complex can inhibit the expression of PPARα, cause cell
apoptosis, and promote the release of ROS. PEM is also
closely related to inflammation [53–59]. The myocardial
IRI will lower the level of PPARα and increase the secre-
tion of ROS by myocardium [60, 61]. After the expression
of PPARα was inhibited, mice are more susceptible to oxi-
dative stress. Our experimental results also showed that
PEM can alleviate autophagy and apoptosis, and the key
molecules such as Bcl-2, Bax, Caspase 3, Caspase 9, LC3,
P62, and Beclin-1 all had corresponding changes. Besides,
the level of IL-1β, IL-6, and TNF-α rose with the increase
of PPARα. These results suggested that the effect of PEM
was dose-dependent, which indicated that the anti-inflam-
matory, antiapoptotic, and antiautophagic effects of three
doses (0.1m/kg, 0.5mg/kg, and 1.0mg/kg) increase in
turn.

In summary, our study found that HIRI stimulates liver
Kupffer cells to release amount of inflammatory factors,
which enter liver cells by binding to cell membrane receptors.
These inflammatory mediators promote the secretion of
JAK2 and the phosphorylation of STAT3α and inhibit the
phosphorylation of STAT3β. When pemafibrate intervened,
the above reaction was reversed. Increased levels of p-
STAT3β activate PPARα, thereby inhibiting cell apoptosis
and autophagy. There are some limitations in our research.
For example, the relationship between pemafibrate and
JAK2/STAT3 β still needs further study. Whether pemafi-
brate is safe in clinical treatment is unknown. Its therapeutic
effect needs to be compared with the commonly used drugs
in clinic.

5. Conclusions

Our study found that pemafibrate can effectively inhibit IR
damage to the liver of Balb/c mice. In our experiments,
pemafibrate significantly reduces serum ALT and AST levels
and relieves liver pathophysiological changes. In addition,
pemafibrate inhibits the release of inflammatory factors,
including IL-1β, IL-6, and TNF-α, as well as cell deaths such
as apoptosis and autophagy by regulating JAK2/STAT3β/P-
PARα. In conclusion, our research suggests that pemafibrate
could be a potential therapeutic agent for HIRI.
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Ovarian carcinoma (OV) is a lethal gynecological malignancy. Most OV patients develop resistance to platinum-based
chemotherapy and recurrence. Peroxisome proliferator-activated receptors (PPARs) are the ligand activating transcription factor
of the nuclear receptor superfamily. PPARs as important transcriptional regulators regulate important physiological processes
such as lipid metabolism, inflammation, and wound healing. Several reports point out that PPARs can also have an effect on the
sensitivity of tumor cells to platinum-based chemotherapy drugs. However, the role of PPAR-target related genes (PPAR-TRGs)
in chemotherapeutic resistance of OV remains unclear. The present study is aimed at optimizing candidate genes by integrating
platinum-chemotherapy expression data and PPAR family genes with their targets. The gene expression profiles were obtained
from Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) database. A total of 4 genes (AP2A2, DOCK4,
HSDL2, and PDK4) were the candidate differentially expressed genes (DEGs) of PPAR-TRGs with platinum chemosensitivity.
After conducting numerous survival analyses using different cohorts, we found that only the upexpression of DOCK4 has
important significance with the poor prognosis of OV patients. Meanwhile, DOCK4 is detected in plasma and enriched in
neutrophil and monocyte cells of the blood. We further found that there were significant correlations between DOCK4
expression and the levels of CD4+ T cell infiltration, dendritic cell infiltration, and neutrophil infiltration in OV. In addition, we
verified the expression level of DOCK4 in OV cell lines treated with platinum drugs and found that DOCK4 is potentially
responsive to platinum drugs. In conclusion, DOCK4 is potentially associated with immune cell infiltration and represents a
valuable prognostic biomarker in ovarian cancer patients.

1. Introduction

Ovarian cancer (OV) is the fifth-leading cause of mortality
among women with gynecological tumors in modern society.
There are more than 240 000 women diagnosed with OV
each year in the world. OV mainly comprises three large
types, namely, epithelial, germ cell, and specialized stromal
cell tumors, of which epithelial ovarian cancer is the most
common type of ovarian cancer. Epithelial ovarian cancer
can be further classified into five histological subtypes
including high-grade serous, low-grade serous, endometri-
osis, clear cell, and mucinous ovarian carcinoma. Since 70%

of advanced cancer patients are diagnosed at stage III or IV,
they suffer from poor prognosis with tumor metastases,
relapses, and even death from the disease [1, 2]. Nowadays,
tumor debulking surgery followed by platinum-taxane che-
motherapy is the primary treatment. However, the platinum-
resistant cancer recurrence rate is close to 25% within six
months [3, 4]. The lack of effective adjuvant therapeutics
requires a greater understanding of the biology of its progres-
sion. Despite intensive research efforts, the overall survival
(OS) of patients has been slightly improved over the past years.
Reliable biomarkers, as a potential improvement for OV
patients involving detection, diagnosis, prognosis, response
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to therapy, and outcome, are urgently required. Therefore, this
article hopes to find out the prognostic biomarkers related to
ovarian cancer chemotherapy sensitivity by studying the rela-
tionship between peroxisome proliferator-activated receptors
(PPARs) and OV chemotherapy sensitivity.

PPARs are ligand-activated transcription factors which
belong to the nuclear receptor superfamily including PPARα,
PPARβ/δ, and PPARγ three isoforms [5, 6]. PPARs interact
with other transcription regulators to regulate the transcrip-
tion of its target genes involved in energy metabolism and
important cellular biological functions like inflammation,
cellular proliferation, and differentiation [7, 8]. In recent
years, it has been reported that PPARs can also have an effect
on the sensitivity of tumor cells to platinum-based chemo-
therapy drugs [9]. Increasing evidence shows that PPARs
are important regulators of innate immunity and inflamma-
tory response [10]. Given these crucial biological process reg-
ulatory roles of PPARs, abnormal expression of PPARs is
associated with chronic diseases, such as diabetes, obesity,
and cardiovascular disease [11]. Likewise, several previous
studies suggested that PPAR involved processes were corre-
lated with tumorigenesis including terminal differentiation,
cell cycle arrest, and apoptosis of cancer cells [12]. In addi-
tion, the excessive activation of PPARs can lead to the
increase of regulatory T cells and immunosuppression.
However, the role of PPARs in ovarian cancer was poorly
understood. Therefore, it will contribute to the prognosis to
evaluate gene expression patterns in various cancers.

To further explore the roles of PPAR-target related genes
(PPAR-TRGs) in OV prognosis, we collected GEO database
(GSE51373, GSE63885) from primary patients that under-
went chemotherapy to analyze the differences in chemother-
apeutic sensitivity of platinum, then screened the candidate
genes from the PPAR gene database, and finally used TCGA
database for prognostic survival analysis; we found that
DOCK4 is the regulatory gene of PPARs which is associated
with chemotherapy sensitivity and OV prognosis. This article
will further analyze and study DOCK4, Rho GTPases, a
receptor for calcium adhesions, which can drive the cytoskel-
eton reorganization, which is widely studied in cell adhesion
and migration [13]. The DOCK family is a nonclassical type
of cancer-associated Rho GTPase exchange factor. DOCK4,
as a key guanine nucleotide exchange factor, is involved in
regulation of the small GTPase Rac1 and a Ras-like small
GTPase Rap1. It is increasingly recognized that DOCK4
induced Rac activation and Wnt/β-catenin pathway to stim-
ulate cell polarization, migration, and invasion, which are
associated with cancer progression and metastasis. For
instance, DOCK4 forms a complex with ELMO and SH3YL1
to induce Rac-dependent cell migration [14].

To investigate the deregulation of PPAR target gene
DOCK4 and involved mechanism in ovarian cancer, we use
public data to analyze the characteristics of chemotherapy
sensitivity and prognostic survival analysis and then found
that there were significant correlations between DOCK4
expression and the levels of CD4+ T cell infiltration, den-
dritic cell infiltration, and neutrophil infiltration in ovarian
cancer. Meanwhile, DOCK4 is detected in plasma and
enriched in neutrophil and monocyte cells of the blood.

The results identify that DOCK4 is promising to become a
prognostic biomarker related to OV chemotherapy.

2. Materials and Methods

2.1. Patient Information

2.1.1. TCGA Cohort. The data used for our analysis based on
datasets of The Cancer Genome Atlas Research Network
(TCGA) is retrieved from UCSC (http://xena.ucsc.edu/
public). In whole, we include a total ofN = 304 ovarian cancer
samples of RNA-Seq data (Illumina HiSeq pancan normalized
data) with nonzero OS time from the latest TCGA sequencing
sample. The clinical information of OV samples was revised
by the TCGA Pan-Cancer Clinical Data Resource (TCGA-
CDR) [15].

2.1.2. Validation Cohort. Two independent cohorts (AOCS,
MSKCC) are enrolled in this project as validation cohort
datasets. The AOCS (Australian Ovarian Cancer Study)
cohort (n = 278) samples (1992–2006) have more than 5
years of follow-up clinical information. The MSKCC cohort
(n = 195) samples (1990–2003) have more than 5 years of
follow-up. The mRNA expression data are as follows: AOCS
cohort (GSE9891) and MSKCC cohort (GSE26172) using the
Affymetrix human U133A microarray downloaded from
GEO datasets.

2.1.3. Platinum-Treated Patients. Information of patients
receiving platinum chemotherapy is downloaded from GEO
datasets (GSE51373 (n = 28) and GSE63885 (n = 75)). We
divide the patients in each dataset into two groups:
chemotherapy-sensitive (GSE51373—18 samples, GSE63885—
41 samples) and chemotherapy-resistant (GSE51373—10
samples, GSE63885—34 samples) groups on the basis of their
Platinum-Free Interval (PFI), defined as the time between the
last dose of first-line carboplatin-based chemotherapy and the
date of tumor progression; patients were defined as “resistant”
(PFI < 6months), “partially sensitive” (PFI 6-12 months), and
“sensitive” (PFI > 12months). “Partially sensitive” is included
in the sensitive group [16].

2.2. Data of PPAR Family Genes and Their Targets. The can-
didate genes about the PPAR family transcription factors and
their target genes are downloaded from the PPAR gene data-
base [17]. The PPAR target genes used in this study are
selected by those experimentally verified targets. After
removing redundant genes, there were 130 genes involved
in this study with the candidate genes PPAR-TRGs of the
PPAR family transcription factors and target genes.

2.3. Platinum-Treated Cell Lines. To investigate the cellular
responses of ovarian cancer cells to cisplatin, we performed
transcriptome analysis in 46 ovarian cancer cell lines treated
with GI50 doses of cisplatin (data from GSE47856). (GI50 is
the cisplatin dosage required to cause a 50% reduction in the
increase in viable cell number over 48 h as compared with
untreated control cells).

2.4. Immune Cell Infiltration Analysis. TIMER (https://
cistrome.shinyapps.io/timer/) is a database designed for

2 PPAR Research

http://xena.ucsc.edu/public
http://xena.ucsc.edu/public
https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/


analyzing immune cell infiltration in multiple cancers [18].
This database employs pathological examination-validated
statistical methodology in order to estimate tumor immune
infiltration by neutrophils, macrophages, dendritic cells, B
cells, and CD4/CD8 T cells. We further executed Kaplan-
Meier curve analyses to explore the survival of PPAR-TRG
candidates and immune cells. In addition, this webserver
could analyze the correlation relationship between gene
expression and immune cells.

2.5. DOCK4 Prognosis Analysis. The Kaplan-Meier plotter
offers a means of readily exploring the impact of a wide array
of genes on patient survival in 21 different types of cancer,
with large sample sizes for the ovarian (n = 2190) cancer
cohorts [19]. We therefore used this database to explore the
association between DOCK4 expression and outcome in
patients with ovarian cancer. The candidate gene survival
analysis used R packages “survival,” “survminer,” “glmnet,”
and “dplyr.” The cutoff of p value was 0.05 by using log-
rank p value.

2.6. Statistical Analysis. Kaplan-Meier plotter and TIMER
databases were used for generating survival plots in respec-
tive analysis, with data including either HR and p values or
p values derived from a log-rank test. Statistical analyses were
performed using R software v3.5.0 and GraphPad Prism
v5.00. We used the multivariable Cox proportional hazard
model to analyze prognosis-related multivariate of ovarian
cancer. We used a limma package to analyze the mRNA gene
expression for different expression genes. The selection of
cutoff was 0.05 in this study. In addition, we used R packages
“survival,” “survminer,” “glmnet,” and “dplyr” to produce
survival plots.

3. Results

3.1. Optimization of Candidate Genes of PPAR Family Genes
with Their Targets by Integrating Platinum-Chemotherapy
Expression Data and Survival Signature. For the sake of
obtaining candidate genes related to PPARs and platinum
chemosensitivity, we collected platinum-chemotherapy
expression data of OV in GEO database (GSE51373 (n = 28
) and GSE63885 (n = 75)) and divided each dataset into the
chemotherapy-sensitive (GSE51373—18 samples,
GSE63885—41 samples) and chemotherapy-resistant
(GSE51373—10 samples, GSE63885—34 samples) groups.
Compared with the sensitive group, 269 DEGs were platinum
sensitive in OV. It is increasingly recognized that PPARs as
transcription regulators play critical roles in a great amount
of cellular function. Based on previous studies, we collected
143 candidate gene PPAR-TRGs from the PPAR gene data-
base (http://www.ppargene.org/.). There were only 4 PPAR-
TRGs (AP2A2, DOCK4, HSDL2, and PDK4) out of 269
DEGs, which are associated with platinum chemosensitivity
in ovarian cancer. Subsequently, we analyzed the survival
analysis of these 4 genes by using the clinical information
of RNA-Seq ovarian cancer patients from TCGA database.
Finally, we found that only the upexpression of DOCK4 has
significant clinical outcome with the poor prognosis of OV
patients. We conducted our study as described in the flow
chart (Figure 1). Therefore, we have reason to believe that
DOCK4might be the potential prognosis biomarker for ovar-
ian cancer.

3.2. Overexpression of DOCK4 Predicts Poor Prognosis for
Ovarian Cancer. In order to decipher the prognostic value
of DOCK4 in patients with OV, we explored the link between
the expression of DOCK4 and clinical outcome from TCGA

GEO platinum-treated sample cohorts (OV)
GSE51373 (n = 28),GSE63885 (n = 75)

DEGs with platinum chemosensitivity
PPAR-target related genes

(PPAR-TRGs)

PPAR-TRGs with platinum chemosensitivityTCGA sample cohort (n = 304)
(mRNA expression and survival)

PPAR-TRGs with platinum chemosensitivity and prognosis

DOCK4

Cell line
validation 

Expression patterns
(pan-cancers)

Survival analysis
and validation

(different cohorts)

Immune infiltration
analysis 

DOCK4 as a prognosis biomarker in OV

Figure 1: The flow chart shows the scheme of our study on mRNA prognostic signatures for OV (ovarian cancer).
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patient dataset with only RNA-Seq expression data (n = 304)
(Figure 2(a)). We found that DOCK4 upexpression was asso-
ciated with a worse prognosis in ovarian cancer. To verify
DOCK4 clinical significance in ovarian cancer, we used other
datasets such as array expression data (n = 1656) and RNA-
Seq expression data (n = 374) by using the webserver of
Kaplan-Meier plotter (https://kmplot.com/analysis/). The
overall survival analysis results of array data (Figure 2(b))
and RNA-Seq data (Figure 2(c)) from Kaplan-Meier plotter
indicated that DOCK4 gene upexpression was a poor
prognosis of ovarian cancer patients. The analysis results
from different data indicate that downexpression of DOCK4
correlates with better clinical outcome. For further validation,
we employed other two independent cohorts (AOCS (1992–
2006), MSKCC (1990–2003)) from the GEO database to assess
how DOCK4 expression relates to prognosis in OV, revealing
its elevation to be significantly linked with a poorer prognosis
in OV (Figures 2(d) and 2(e)). In general, the upexpression of
DOCK4 is correlated with OS in OV patients. These results
thus clearly demonstrate that DOCK4 expression significantly
correlated with poorer outcome in ovarian cancer and might
be a potential prognostic biomarker for OV.

3.3. Assessment of DOCK4 Expression Pattern in Pan-
Cancers. To evaluate the possibility of DOCK4 as a prognos-
tic marker in different tumors, we applied different cancer
tissue RNA-Seq datasets from TCGA datasets. The webserver
of Kaplan-Meier plotter (https://kmplot.com/analysis/) was
applied to do overall survival analysis by using RNA-Seq
expression data of 33 tumors. The survival analysis result
suggested high-expression DOCK4 gene as a potential poor

prognosis biomarker among sarcoma (SARC), stomach ade-
nocarcinoma (STAD), and uterine corpus endometrial carci-
noma (UCEC) (Figures 3(a)–3(c)), while low-expression
DOCK4 gene as a potential poor prognosis biomarker among
kidney renal clear cell carcinoma (KIRC) and head and neck
squamous cell carcinoma (HNSC) (Figures 3(d) and 3(e)). In
order to detect DOCK4 expression pattern among different
tumors, the webserver of UALCAN (http://ualcan.path.uab
.edu/analysis.html) was employed to present DOCK4 gene
expression pattern among 33 tumors with TCGA RNA-Seq
expression data (Figure 3(f)), which indicated that DOCK4
gene does not have low expression in ovarian cancer. Fur-
thermore, compared with normal tissues, DOCK4 was rela-
tively upexpressed in many cancer types including ESCA,
HNSC, KIRC, KIRP, LIHC, PPAD, PCPG, SKCM, and
STAD, while it is downexpressed in BLCA, BRCA, CESC,
CHOL, COAD, GBM, KICH, LUAD, LUSC, PRAD, READ,
SARC, THCA, THYM, and UCEC (Figure 3(g)). In sum-
mary, DOCK4 has the potential to become a general bio-
marker in many tumors.

3.4. DOCK4 Expression in Plasma. To further explore the
future application of DOCK4 as a prognostic indicator to
the clinic, in view of the previously known fact that DOCK4
is highly expressed in OV tissues, we further tested the
expression level of DOCK4 in the blood and found that
DOCK4 can be detected as a secreted protein in peripheral
blood in different datasets. In addition, DOCK4 is specifi-
cally enriched in neutrophils (Figure 4), which indicated
that DOCK4 could be a secreted protein detected in
peripheral blood.
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Figure 2: The prognostic value of DOCK4 in OV. Kaplan-Meier curves show the association between DOCK4 expression and overall
survival, using data from (a) TCGA, (b, c) Kaplan-Meier plotter, and (d, e) GEO in ovarian cancer.
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Figure 3: The survival analysis of DOCK4 in various cancers and expression patterns of DOCK4 across TCGA cancer types. (a–e) Kaplan-Meier
curves show the correlation betweenDOCK4 expression and overall survival of SARC, STAD, UCEC, KIRC, andHNSC patients, respectively. (f)
The summary of the expression pattern of DOCK4 across 33 tumors. ACC: adrenocortical carcinoma; BLCA: bladder urothelial carcinoma;
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COAD: colon adenocarcinoma; DLBC: lymphoid neoplasm diffuse large B cell lymphoma; ESCA: esophageal carcinoma; GBM: glioblastoma
multiforme; HNSC: head and neck squamous cell carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP:
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3.5. DOCK4 Expression Correlates with Immune Cell
Infiltration. Since DOCK4 is mainly enriched in neutrophils,
it is necessary for us to study its relationship with other
immune cells. Therefore, we analyzed the relationship
between DOCK4 expression and the degree of immune cell
infiltration OV in the TIMER database. In 6 types of immune
cells including B cells, CD4+ T cells, CD8+ T cells, neutro-
phils, macrophages, and dendritic cells, we found that
DOCK4 expression weakly positively correlated with the
levels of CD4+ T cell infiltration, dendritic cell infiltration,
and neutrophil infiltration in OV (Figure 5(a)). We further
found CD4+ T cell infiltration to be significantly associated
with OV prognosis (Figure 5(b)).

We explored the OV prognosis relevance of tumor
immune subsets, with multiple covariates including age, eth-
nicity, DOCK4 expression, and tumor stages in a multivari-
able Cox proportional hazard model. We found that only
variables including age, CD4+ T cell, dendritic cell, neutro-

phils, macrophage, andDOCK4 can be included in the model
(Table 1).

This suggests that DOCK4 plays a moderate role in inter-
acting with immune cell infiltration in ovarian cancer. Cer-
tainly, further work will be necessary to identify the role of
DOCK4 in immune activity regulation in ovarian cancer.

3.6. DOCK4 Expression in Ovarian Cell Lines with Platinum
Treatment. We further want to verify the reactivity of
DOCK4 to platinum treatment in vitro. 46 ovarian cancer cell
lines were treated with cisplatin (data from GSE47856), and
we observed the changes in DOCK4 expression levels. We
found that DOCK4 expression in OVCA420 and FU-OV-1
cell lines was significantly inhibited in the cisplatin-treated
group compared with the control group (Figure 6). DOCK4
expression in other cell lines was not significantly different
which might be due to the dissimilarity between cell lines
in vitro and tumor in vivo (S1). Therefore, to some extent,
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Figure 5: Assessment of the correlation between DOCK4 expression and immune cell infiltration. (a) DOCK4 expression is correlated with the
level of immune infiltration in ovarian cancer. (b) Kaplan-Meier plots of immune infiltration and DOCK4 expression levels in ovarian cancer.

Table 1: Multivariate analysis associated with overall survival in ovarian cancer patients (n = 547).

Parameters Coefficient HR (95% CI) p

Age 0.022 1.022 (1.012-1.033) 0.000

CD4+ T cell -11.633 0.000 (0.000-0.004) 0.000

Macrophage 5.307 201.833 (0.897-45431.169) 0.055

Dendritic cell -3.703 0.025 (0.001-0.947) 0.047

Neutrophil 9.762 17362.900 (4.858-62051075.704) 0.019

DOCK4 0.248 1.281 (1.092-1.503) 0.002
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we believe that DOCK4 might be sensitive to the treatment of
platinum drugs and can be used as a prognostic indicator for
certain types of OV selection of platinum chemotherapy drugs.

4. Discussion

PPARs as ligand-activated transcriptional factors play domina-
tive biological functions such as glucose and lipid metabolism.
However, PPAR-TRGs involved in platinum chemosensitivity
and prognosis remain to be interpreted further. Ovarian cancer
is the fifth common cancer accompanied with poor prognosis
of which the 5-year relative survival is less than 45% [20]. Con-
sequently, constructing molecular signatures of prognosis
shows high priority to improve the treatment of these patients.
This study mainly focused on illuminating the role of PPAR-
TRGs in platinum chemosensitivity and prognosis of ovarian
cancer to establish the molecular signature for clinical applica-
tion. In this study, 4 DEGs were identified as the candidate
genes of PPAR-TRGs with platinum chemosensitivity by ana-
lyzing chemotherapy-sensitive and chemotherapy-resistant
samples. Meanwhile, our results suggest that DOCK4, a Rho
GTPase exchange factor for Rac, is negatively correlated with
the survival of ovarian cancer patients, supporting previous
reports that the abnormal expression of DOCK4 has been asso-
ciated with tumor migration and metastasis in breast cancer
and lung adenocarcinoma [21, 22]. Since DOCK4 as a member
of the DOCK family is targeted by PPARs which shows close
association with numerous cancer types, we characterized the
expression of DOCK4 in 24 cancers. The result shows that
DOCK4 is upexpressed in 9 cancer species and downexpressed
in 15 cancer species which may be due to the distribution and
function ofDOCK family 11 members which are variant in dif-
ferent tissues and cells. These results indicate that DOCK4
might be a general biomarker for many cancer types. Further

survival analysis demonstrated that DOCK4 indeed correlates
with prognosis of some cancer types. Therefore, much more
efforts are required to clarify the relationship between the
DOCK family and the cancer process.

Given that DOCK4, the promising biomarker for progno-
sis of ovarian cancer patients, could be detected in blood con-
tributing to clinical treatment, we then investigated the
expression pattern of DOCK4 in blood samples consistent
with DOCK4 encoding a secreted protein. Our results showed
thatDOCK4 could be detected in the peripheral blood of ovar-
ian cancer patients. It is widely recognized that the infiltration
of tumor-infiltrating lymphocytes (TILs) has been positively
associated with prognosis and platinum chemosensitivity in
a great deal of cancers, including ovarian cancer [23–25]. In
parallel with the importance of immune response in cancers,
our results further confirmed that DOCK4 was mainly
enriched in neutrophils. Several reports have confirmed that
neutrophils participate in the regulation of inflammation and
the induction of angiogenesis within the tumor. On the other
hand, numerous studies have indicated that PPARs play
important roles in innate immunity and inflammatory
response which are involved in tumor progression and cancer
cell metabolism. In particular, PPARβ/δ also has an effect on
proangiogenic effects in several researches [26]. Therefore,
the role of DOCK4 in neutrophils remains to be explored in
ovarian cancer progression. We further found that the expres-
sion of DOCK4 is correlated with the levels of CD4+ T cell
infiltration, dendritic cell infiltration, and neutrophil infiltra-
tion in these ovarian cancer patients. Combined with previous
studies, our results demonstrated that DOCK4 targeted by
PPARδ has a hand in immunological construction. Therefore,
much more efforts are demanded to reveal the mechanism of
DOCK4 targeted by PPARδ in ovarian cancer patients’
immune cells, especially neutrophils.
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Figure 6: Changes in DOCK4 expression levels in some ovarian cancer cells treated with cisplatin.
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Since ovarian cancer is a heterogeneous disease encom-
passing a group of neoplasms with distinct clinicopathologi-
cal and genetic features [27], the cancer sample size should be
enlarged and classified into different groups for extended
research. Furthermore, other experimental methods in vivo
and in vitro would be considered to characterize the regula-
tion mechanism of DOCK4 in ovarian cancer. Other mem-
bers of the DOCK family might be further explored to
contribute to the related research of ovarian cancer.

5. Conclusion

In this study, we firstly identified a potential function suggest-
ing the chemotherapy-sensitive role ofDOCK4 in ovarian can-
cer, which might be correlated with immune cell infiltration.
Altogether,DOCK4might be a candidate prognosis biomarker
for ovarian cancer patients. The function and mechanism of
DOCK4 in ovarian cancer need further research.
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Hepatic ischemia and reperfusion injury is characterized by hepatocyte apoptosis, impaired autophagy, and oxidative stress.
Fenofibrate, a commonly used antilipidemic drug, has been verified to exert hepatic protective effects in other cells and animal
models. The purpose of this study was to identify the function of fenofibrate on mouse hepatic IR injury and discuss the
possible mechanisms. A segmental (70%) hepatic warm ischemia model was established in Balb/c mice. Serum and liver tissue
samples were collected for detecting pathological changes at 2, 8, and 24 h after reperfusion, while fenofibrate (50mg/kg,
100mg/kg) was injected intraperitoneally 1 hour prior to surgery. Compared to the IR group, pretreatment of FF could reduce
the inflammatory response and inhibit apoptosis and autophagy. Furthermore, fenofibrate can activate PPAR-α, which is
associated with the phosphorylation of AMPK.

1. Introduction

Ischemia/reperfusion (I/R) injury is a major concern during
surgical procedures such as liver resection, trauma, and
transplantation, which can lead to liver injury or even failure
for its inevitable interruption and subsequent restoration of
circulation [1, 2]. Hepatic IR is a complex phenomenon,
and its various mechanisms have been investigated exten-
sively.As themain target, hepatocytes are attackedbyhypoxia,
nutrient deprivation, andoxidative stress in ischemia/reperfu-
sion injury [3]. IR-resulted hepatocytes thenproduce damage-
associated molecular patterns (DAMPs), which trigger
immune responses and inflammation [4]. Proinflammatory
cytokine-mediated apoptosis and reactive oxygen species-
(ROS-) induced necrosis is the leading cause of hepatocyte
death in IRI [5]. Autophagy is an intracellular self-digestive

lysosomal recycling pathway, and its role in hepatic IR injury
has been widely studied [4, 6].

Fenofibrate belongs to the group of fibrate drugs, which
are generally used in the treatment of dyslipidemia and com-
bined hyperlipidemia patients [7]. Also, fenofibrate is known
as peroxisome proliferator-activated receptor-α (PPARα)
agonist, the nuclear receptor superfamily member, which
was discovered in 1990 [8]. As an activator of nuclear recep-
tor, fenofibrate regulates gene/protein interactions that are
involved in various pathophysiological processes, such as
regulation of β-oxidation of fatty acids, inflammation, oxi-
dative stress, and even tumorigenesis and cancer progression
[9, 10]. Several studies have shown anti-inflammatory, anti-
oxidant, and antiapoptotic effects of fenofibrate to attenuate
I/R injury in the brain, heart, kidney, and intestine [11–14].
But to date, no literatures have been reported for the liver
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protection of fenofibrate in hepatic I/R injury of mice.
Moreover, the specific mechanisms of fenofibrate in IR
remain unclear.

AMPK, adenosine monophosphate–activated protein
kinase, a key sensor of cellular nutrient supply and energy
status, plays crucial roles in regulating cellular growth and
metabolism and is related to processes such as autophagy in
eukaryotes [15]. It was observed that the activation of the
AMPK pathway inhibited macrophage activation to prevent
inflammation response [16]. Fenofibrate has a therapeutic
effect on HFD-induced kidney injury, through the activation
of AMPK and induction of subsequent downstream effectors:
autophagy and antioxidants [17]. Experiment demonstrated
that fenofibrate activates AMPK in endothelial cells, leading
to reduce inflammation, as well as inhibition of apoptosis
[18]. The activation of AMPK is a trigger to downstream
mediators, including PPAR-α, and they together participate
in mechanisms like inflammation, apoptosis, autophagy,
and oxidative stress that are involved in IR. There are reasons
to believe fenofibrate may function through activating the
AMPK/PPAR-α pathway.

Herein, we evaluated the value of fenofibrate in hepato-
cellular protection during hepatic ischemia/reperfusion
injury. The present study investigated whether and how
fenofibrate administration would affect liver functions and
its underlying mechanisms in a well-established murine
IR model based on our previous research [19]. We hypoth-
esized that FF could function by inhibiting inflammation
response, apoptosis, and autophagy in a PPAR-α- and
AMPK-dependent manner.

2. Materials and Methods

2.1. Reagents. Fenofibrate was purchased from Kingmorn
Life Science (Shanghai, China) and suspended with 10%
DMSO. ALT and AST regent kits were obtained from
Jiancheng Bioengineering Institute (Nanjing, China). The
enzyme-linked immunosorbent assay (ELISA) kits were
acquired from eBioscience (San Diego, CA, USA). The
RNA polymerase chain reaction (PCR) kit was from Takara
Biotechnology (Dalian, China). The antibodies for PPAR-α,
IL-6, Bax, Bcl-2, Beclin-1, P62, LC3, Casepase-9, Caspase-3,
and Nrf-2 were provided by Proteintech (Chicago, IL,
USA). The TNF-α and IL-1β antibodies were from Abcam
(Cambridge, MA, USA). The AMPK and p-AMPK antibodies
were from CST (Danvers, MA, USA). The TdT-mediated
dUTP nick end labeling (TUNEL) apoptosis assay kit was
from Roche (Roche Ltd., Basel, Switzerland).

2.2. Animals.Male Balb/c mice weighing 23 ± 2 g and aged 6–
8 weeks old were obtained from Shanghai SLAC Laboratory
Animal Co. Ltd. (Shanghai, China). The mice were group-
housed in standard plastic cages at ambient temperature
(23 ± 1°C) and 55% humidity with a 12 h light-dark cycle,
having access to food and water ad libitum. All animal exper-
iments were carried out in accordance with the National
Institutes of Health Guidelines and with approval of the Ani-
mal Care and Use Committee of Shanghai Tongji University.

2.3. Treatment Protocol. 78 mice were randomly assigned to
one of five groups as follows: (a) normal control group
(n = 6); (b) sham group (n = 18); (c) I/R without any pretreat-
ment (n = 18); (d) I/R with pretreatment of FF (50mg/kg);
and (e) I/R with pretreatment of FF (100mg/kg). Fenofibrate
was administered by intravenous route 1 h before surgery. A
total of six mice were selected to sacrifice from each group
(except normal control group) at 2, 8, and 24 hours after
reperfusion to obtain blood and tissue samples.

Blood samples were collected and then placed at 4°C for
5 hours. Serum was separated by centrifugation of the
blood at 4600 × g (4°C) for 10 minutes. Serum was col-
lected, aliquoted, and stored at −80°C until the biochemical
analysis. A portion of the median and left liver lobes was
quickly isolated and preserved in 4% paraformaldehyde
solution for at least 24 hours at 4°C for histopathological
assessment while the remaining liver tissue was collected,
snap frozen with liquid nitrogen, and stored at −80°C for
the subsequent experiments.

2.4. I/R Model Establishment. A model of segmental (70%)
hepatic warm IR was used, as previously described [6]. Food
was withheld for a period of 12h before surgery, but mice had
free access to water. Mice were anesthetized with 1.25%
sodium pentobarbital (Nembutal, St. Louis, MO, USA) by
injection intraperitoneally, and then a midline laparotomy
was performed.

The hepatoduodenal ligament was dissected, and a
microvascular atraumatic clamp was placed on the portal
pedicle to the median and left lobe of the liver for partial
hepatic ischemia. After 45 minutes, the clamp was removed
to initiate liver reperfusion and the wound was sewn with
4–0 silk. Sham groups were subjected to the same procedure
but without vascular occlusion. A constant warm body tem-
perature was needed to be maintained during the procedure.

2.5. Determination of Serum Parameters. Serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
were measured with commercially available colorimetric
assay kits as described by the manufacturers of Jiancheng
Bioengineering Institute. The amount of IL-1β and TNF-α
was determined using ELISA kits, following the manufac-
turer’s instructions.

2.6. Histopathological Evaluation. The prepared liver speci-
mens were dehydrated with ethanol and embedded in paraf-
fin. Samples were sliced into 5μm thick sections and stained
with hematoxylin and eosin (H&E). Inflammation and tissue
damage were confirmed with a light microscope.

2.7. Western Blot Analysis. Total protein of liver tissue was
extracted from liver tissues stored in liquid nitrogen with
radioimmunoprecipitation assay (RIPA) lysis buffer mixed
with protease inhibitors (PI) and phenylmethyl-sulfonyl
fluoride (PMSF). Protein concentration was quantified using
the bicinchoninic acid protein assay kit (Kaiji, China). Equal
amounts of total protein were separated on 7.5–12.5% SDS-
polyacrylamide gels and then transferred onto 0.22μm poly-
vinylidene fluoride membranes. Nonspecific binding sites
were blocked with PBS containing 5% nonfat milk for at least
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1h at room temperature, and the membranes were incubated
overnight at 4°C with the following primary antibodies and
dilutions: β-actin (1 : 1,000), TNF-α (1 : 1,000), IL-1β
(1 : 1,000), IL-6 (1 : 1,000), LC3 (1 : 500), Beclin-1 (1 : 500),
Bcl-2 (1 : 1,000), Bax (1 : 1,000), caspase3 (1 : 1,000), caspase9
(1 : 1,000), P62 (1 : 1,000), PPAR-α (1 : 500), AMPK
(1 : 1,000), p-AMPK (1 : 1,000), and Nrf-2 (1 : 1,000). The
next day, membranes were washed three times for 10min
each using PBST (PBS containing 0.1% Tween 20) and
then incubated with secondary antibodies at 1 : 2000 for
1 h at room temperature protected from light. Membranes
were then washed 3 times with PBST and scanned with
the Odyssey two-color infrared laser imaging system (LI-
COR, Lincoln, NE, USA). The gray values were quantified
using ImageJ analysis software.

2.8. Immunohistochemistry. Paraffin-embedded liver sections
were dewaxed in xylene and dehydrated with gradient alco-
hol. Antigen retrieval was performed by citrate buffer and
incubated in a 95°C water bath for 20min. To block endoge-
nous peroxidases, the sections were incubated with 3%
hydrogen peroxide for 10min at room temperature. Sections
were washed with PBS three times and then treated with 5%
bovine serum albumin (BSA) for 20min to block nonspecific
proteins. Next, the liver specimens were incubated overnight
at 4°C with the following primary antibodies and dilutions:
anti-TNF-α, anti-IL-1β, anti-Bcl-2, anti-Bax, anti-Beclin-1,
anti-PPAR-α, and anti-Nrf-2 (all 1 : 200), anti-LC3, and
p-AMPK (1 : 100), followed by incubation in secondary
antibody (1: 50) for 1 h at 37°C. A diaminobenzidine (DAB)
kit was used to analyze antibody binding under a light micro-
scope. The stained area was measured by using Image-Pro
Plus software (version 6.0).

2.9. RNA Isolation and Quantitative Real-Time PCR (RT-
qPCR). Total RNA was extracted from stored frozen liver
specimens using TRIzol reagent (Tiangen Biotech, China).
RNA was reverse-transcribed into cDNA with a Reverse-
Transcription Kit (TaKaRa Biotechnology, China). Gene
expression was measured using SYBR Premix Ex Taq
(TaKaRa Biotechnology, China), and cDNA was quantified
with the 7900HT Fast Real-Time PCR System (Applied Bio-
systems, CA, USA). Oligonucleotide primer sequences are
listed in Table 1. The relative expression levels were ana-
lyzed using the 2−△△Ct method and normalized relation
to β-actin.

2.10. TUNEL Staining. The hepatocyte apoptosis was
determined by TUNEL assay. Followed by dewaxing and
rehydrating, the prepared 5μm sections were then digested
with 20μg/ml proteinase K for 30min. After washing 4
times with PBS, the sections were added with TUNEL
reaction mixture. Finally, the positive areas were observed
by the light microscope.

2.11. Statistical Analysis. Experimental data were presented
as the mean ± standard deviation (SD), and experiments
were repeated at least three times. Statistical differences
between groups were analyzed by Student’s t-test and one-
way analysis of variance (ANOVA) followed by Tukey’s post

hoc test. P < 0:05 was considered statistically significant. Sta-
tistical analyses were performed, and the graphic charts were
plotted by GraphPad Prism 6 software.

3. Results

3.1. FF Improved Hepatic Structure and Function of Mice
Subjected to IR Injury. The levels of biomarkers of hepatic
function, ALT and AST, in serum were significantly elevated
in the IR group at 3 time points (Figure 1(a)). This indicated
the successful establishment of a segmental hepatic IR model.
In parallel, we observed the aminotransferase was at its high-
est level at 8 h. ALT and AST at the same time points were
markedly lower in the fenofibrate-treated groups. The varia-
tion, which was more pronounced in the high-dose com-
pared with the low-dose group. To further determine the
drug effect on HIRI, we performed H&E staining. The path-
ological changes showed that in the sham group, liver tissue
structure remained intact, whereas marked congestion,
edema, necrosis, massive neutrophil infiltration, and accu-
mulation appeared in the IR group at the three time points
(especially in the 24 h group) (Figure 1(b)). Pretreatment
with FF at 50 and 100mg/kg alleviated the liver histopatho-
logical alterations in IR groups. From the above results, it
could be concluded that fenofibrate exerted a protective effect
on liver injury, and the higher the dose, the better the effect.

Table 1: Oligonucleotide sequences of primers used for qRT-PCR.

Gene DNA strand Primer sequence (5′-3′)

β-Actin
Forward GGCTGTATTCCCCTCCATCG

Reverse CCAGTTGGTAACAATGCCATGT

TNF-α
Forward CAGGCGGTGCCTATGTCTC

Reverse CGATCACCCCGAAGTTCAGTAG

IL-1β
Forward GAAATGCCACCTTTTGACAGTG

Reverse TGGATGCTCTCATCAGGACAG

Bax
Forward AGACAGGGGCCTTTTTGCTAC

Reverse AATTCGCCGGAGACACTCG

Bcl-2
Forward GCTACCGTCGTCGTGACTTCGC

Reverse CCCCACCGAACTCAAAGAAGG

Casepase-9
Forward GGCTGTTAAACCCCTAGACCA

Reverse TGACGGGTCCAGCTTCACTA

Casepase-3
Forward CTCGCTCTGGTACGGATGTG

Reverse TCCCATAAATGACCCCTTCATCA

Beclin-1
Forward ATGGAGGGGTCTAAGGCGTC

Reverse TGGGCTGTGGTAAGTAATGGA

LC3
Forward GACCGCTGTAAGGAGGTGC

Reverse AGAAGCCGAAGGTTTCTTGGG

P62
Forward GAGGCACCCCGAAACATGG

Reverse ACTTATAGCGAGTTCCCACCA

PPAR-α
Forward AACATCGAGTGTCGAATATGTGG

Reverse CCGAATAGTTCGCCGAAAGAA

p-AMPK
Forward ATTGGATTTCCGAAGTATTGATG

Reverse CCTGGTCTTGGAGCTACGTCA
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3.2. FF Prevented Hepatic and Systemic Inflammation
Induced by Hepatic IR. It has been suggested that the
release of inflammatory factors strongly promotes HIR
injury. So, TNF-α, IL-6, and IL-1β, the proinflammatory
cytokines, were detected to explore the effect of FF on
inflammation in terms of serology, protein levels, and gene
transcription. As shown by ELISA results, the expression of
TNF-α and IL-1β in serum was significantly higher than
that in the sham group and peaked at 8 hours after reper-
fusion (Figure 2(a)). The protein levels also increased in
the IR group as shown by western blotting (Figure 2(c)).
In addition, the results of immunohistochemistry (IHC)
staining and the mRNA expression of PCR were consistent
with the results mentioned above (Figures 2(b) and 2(d)).
Pretreatment of mice with fenofibrate significantly dimin-
ished the expression of inflammatory factors subjected to
IR at all time points, and this effect was evident at
100mg/kg dose. Besides, in H&E staining, the IR group

exhibited more inflammatory cell infiltration than the other
groups (Figure 1(b)). In summary, inflammatory cascades
induced by hepatic ischemia/reperfusion injury in mice
could be inhibited by fenofibrate.

3.3. FF Improved Apoptosis Induced by HIR. Large area of
hepatocyte apoptosis is one of the serious consequences of
hepatic IR. Therefore, alleviated apoptosis becomes an
essential part of IRI treatment. First of all, TUNEL staining
assay was used to evaluate the degree of apoptotic death
from samples at 8 hours after reperfusion. The results indi-
cated that apoptotic hepatocytes were largely observed in tis-
sues of the IR group, while TUNEL-positive cells were
significantly decreased in the fenofibrate pretreatment group
(Figure 3(a)). Performing qRT-PCR, western blotting, and
IHC to detect the expression of apoptosis-related markers,
we found that the mRNA and protein expressions of Bax,
Caspase-3, and Caspase-9 were elevated in the IR group
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Figure 1: Fenofibrate pretreatment ameliorated hepatic function in IR-induced liver injury. (a) The levels of serum ALT and AST are
presented as mean ± SD (n = 6; ∗P < 0:05 for IR vs. sham; #P < 0:05 for IR+FF (50) vs. IR; +P < 0:05 for IR+FF (100) vs. IR; ^P < 0:05 for
IR+FF (50) vs. IR+FF (100)). (b) Liver sections were stained with H&E and examined under light microscopy (magnification, 200x).
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Figure 2: Continued.
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and downregulated in IR+FF (50mg/kg and 100mg/kg)
groups at each time points after reperfusion. Meanwhile,
Bcl-2, an antiapoptotic protein, showed a marked drop in
the IR group but was obviously upregulated in fenofibrate
preconditioning groups (Figures 3(b) and 3(c)). The expres-
sion of Bax and Bcl-2 on IHC staining, distinctly shown in
Figure 3(d), presented a similar trend as on PCR and west-
ern blotting. In conclusion, fenofibrate can also reduce apo-
ptosis in IR-induced liver injury.

3.4. FF Inhibited Hepatocyte Autophagy. It is well known
that autophagy plays a vital role in hepatic IR injury.
Autophagy-associated markers including LC3, Beclin-1,
and P62 were evaluated to further assess the potential role
of FF in IR injury. The expression of Beclin-1 and LC3 in
hepatic tissues was detected by real-time PCR. The results
revealed that hepatic IR obviously activated the transcrip-
tion of Beclin-1 and LC3 compared to the sham group.
The expression of antiautophagy protein P62 presented
an opposite trend to LC3 and Beclin-1. When FF was
taken to the mice, Beclin-1 and LC3 expressions were
downregulated and P62 expressions were upregulated.
(Figure 4(a)). Western blotting results were in accordance
with this trend (Figure 4(b)). Analyses of IHC further con-
firmed the antiautophagy effect of FF (Figure 4(c)). Thus,
we deduced from our results that FF could inhibit autoph-
agy in a dose-dependent manner during hepatic IR injury
in mice.

3.5. FF Attenuated the Downregulation of the PPAR-α during
HIR. Fenofibrate, as a PPARα agonist, showed potential
hepatoprotective effects on IR from the above results. To
explore the underlying mechanism of fenofibrate, we mea-
sured PPAR-α levels in the liver. The results suggested that
PPAR-α levels were downregulated in IR groups, and fenofi-
brate preconditioning could markedly increase the PPAR-α
expression, consistent with the expression of Bcl-2 and P62.
And the high-dose group (100mg/kg) performed obviously
(Figures 5(a)–5(c)).

3.6. FF Activated the Phosphorylation of AMPK and the
Expression of Nrf-2. To verify our hypothesis, we further
assessed the AMPK expression conditions. We could see that
fenofibrate did not affect the total expression of AMPK
between the four groups. However, phosphorylated AMPK
(p-AMPK) showed a clear difference between the IR group
and IR+FF (50mg/kg, 100mg/kg) groups, which may indi-
cate that fenofibrate could activate the phosphorylation of
AMPK. These conclusions could be confirmed by PCR, west-
ern blotting, and IHC (Figures 5(a)–5(c)). As it is known that
the oxidative stress damage is also one of the major drivers of
IR injury, we detected the protein Nrf-2, a nuclear transcrip-
tion factor associated with antioxidant effect, and found that
fenofibrate preconditioning increased the expression and
accumulation of Nrf-2 (Figures 5(b) and 5(c)). In conclusion,
fenofibrate could take effect by activating the phosphoryla-
tion of AMPK and increasing Nrf-2 expression.
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Figure 2: Fenofibrate reduced the expression of inflammatory cytokines. (a) Serum IL-1β and TNF-α were detected by ELISA. (b) Relative
IL-1β and TNF-α mRNA levels were determined by qRT-PCR. (c) Western blot analysis of TNF-α, IL-6, and IL-1β protein levels. The
western blot results were quantified with ImageJ 8.0 software. (d) Immunohistochemical staining (200x) showed expression of IL-1β and
TNF-α protein in liver tissues at 8 hours after reperfusion. Final evaluations were made using Image-Pro Plus 6.0 software to calculate
the IOD of the positive staining area. Data are presented as mean ± SD (n = 6; ∗P < 0:05 for IR vs. sham; #P < 0:05 for IR+FF (50) vs. IR;
+P < 0:05 for IR+FF (100) vs. IR; ^P < 0:05 for IR+FF (50) vs. IR+FF (100)).
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4. Discussion

Hepatic IR injury is a clinically relevant processes that occurs
in liver resection, trauma, and transplantation, which is the
paradoxical damage increasing upon reperfusion of ischemic
organs [20]. Hence, the underlying mechanisms need to be
explored and potential strategies offered for the liver I/R pro-
phylaxis and treatment should be suggested. Fenofibrate, as a
known agonist of PPAR alpha, has been commonly used as a
clinical drug to modify blood lipids for treatment of hypertri-
glyceridemia, hyperlipidemia, and cholestatic liver disease
like primary biliary cirrhosis [21]. Fenofibrate is verified to
ameliorate liver injury such as sunitinib-induced liver dam-
age and concanavalin- or diet-induced hepatitis [22, 23]. It
exhibits potential anti-inflammatory, antioxidant, and antia-
poptotic properties. In the current study, we would like to
confirm the role of fenofibrate on hepatic I/R in mice and
explore the mechanisms behind.

For the above purpose, we used a well-established Balb/c
mice model of hepatic IR injury. Ischemia-reperfusion pro-
cess resulted in elevated serum ALT and AST levels, both of
which are indicators of early acute hepatic damage, while
fenofibrate pretreatment decreased liver enzyme activities,
and this protective effect was dose-related. These results were
further validated by the findings of pathological changes. The
necrotic area and massive inflammatory cell infiltration indi-
cated that FF could reduce the severity of liver injury caused
by hepatic IR.

The physiological and pathophysiological processes
involved in hepatic IR injury are complicated. During the ini-
tial phase, the oxidative phosphorylation levels of hepato-
cytes decrease due to oxygen deficiency, thus affecting the

generation of adenosine triphosphate (ATP). The levels of
mitochondrial reactive oxygen species (ROS) production in
hepatocytes are out of control under abnormal circumstances
such as ATP depletion [2]. Kupffer cells in the liver are acti-
vated by ROS, to further induce the release of proinflamma-
tory cytokines, such as IL-6, IL-1β, and TNF-α [24].
Neutrophils and T cells accumulate and are activated by the
Kupffer cells, then stimulate more inflammatory factors,
which exacerbate ischemic injury [25]. Besides, proinflam-
matory cytokines in turn drive the generation of ROS, form-
ing a vicious cycle [4]. In the present study, we first analyzed
the expression of inflammatory cytokines in serum and liver
tissues by ELISA, western blotting, qRT-PCR, and IHC. Our
findings clearly showed that fenofibrate administration
attenuated hepatic IR-induced release of TNF-α, IL-6, and
IL-1β. And the favorable anti-inflammatory profiles are
potentiated in the high-dose group (100mg/kg).

The proinflammatory cytokine TNF-α plays a pivotal
role in various signaling pathways according to previous
studies, which could result in extrinsic hepatocyte apoptosis
in HIR injury [26]. Moreover, ROS resulting in mitochon-
drial permeability transition (MPT) can lead to the intrinsic
apoptosis pathway. Apoptosis is involved in hepatic IRI
[27]. The proapoptotic protein Bax is mostly present in the
cytoplasm but migrates to the outer mitochondrial mem-
brane under stimulation, which can lead to the release of
intermembrane proteins cytochrome C (Cyto C) to initiate
apoptosis. Then, Cyto C subsequently promotes caspase acti-
vation and elicits cell death via the intrinsic mitochondrial
apoptotic pathway [28]. Bcl-2, the antiapoptosis protein,
localized to intracellular mitochondria membranes can
restrain the release of cytochrome C during apoptosis to play
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Figure 3: Fenofibrate attenuated IR-induced apoptosis. (a) After 8 h reperfusion, liver tissues were stained by TUNEL and observed under
microscopy (magnification, 200x). Final evaluations were made using Image-Pro Plus 6.0 software to calculate the percentage of positive
cells. (b) Relative Bax, Bcl-2, Caspase-3, and Caspase-9 mRNA levels were determined by qRT-PCR. (c) Western blot analysis of Bax, Bcl-2,
cleaved Caspase-3, and cleaved Caspase-9 levels. The western blot results were quantified with ImageJ 8.0 software. (d) Bax and Bcl-2
protein expressions in liver tissues at 8 hours after reperfusion are shown by immunohistochemical staining (200x). Final evaluations
were made using Image-Pro Plus 6.0 software to calculate the IOD of the positive staining area. Data are presented as mean ± SD (n = 6;
∗P < 0:05 for IR vs. sham; #P < 0:05 for IR+FF (50) vs. IR; +P < 0:05 for IR+FF (100) vs. IR; ^P < 0:05 for IR+FF (50) vs. IR+FF (100))
(reproduced from Ji et al. [19]).
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Figure 4: Fenofibrate inhibited autophagy activity during IR injury. (a) Relative Beclin-1, LC3, and P62 mRNA levels were determined by
qRT-PCR. (b) Western blot analysis of Beclin-1, LC3, and P62 protein levels. The western blot results were quantified with ImageJ 8.0
software. (c) Beclin-1 and LC3 protein expression in liver tissues at 8 hours after reperfusion was shown by immunohistochemical staining
(200x). Final evaluations were made using Image-Pro Plus 6.0 software to calculate the IOD of the positive staining area. Data are
presented as mean ± SD (n = 6; ∗P < 0:05 for IR vs. sham; #P < 0:05 for IR+FF (50) vs. IR; +P < 0:05 for IR+FF (100) vs. IR; ^P < 0:05 for
IR+FF (50) vs. IR+FF (100)) (reproduced from Ji et al. [19]).
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Figure 5: Continued.
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a protective role [29]. In our experiments, fenofibrate attenu-
ating apoptosis was verified by the results of TUNEL. Next,
we detected the expression of protein in connection with
apoptosis, including Bcl-2, Bax, Caspase-3, and Caspase-9,
to ensure how fenofibrate functioned to reduce the damage
of HIRI. As expected, we further found the decreased levels
of Bax while increased Bcl-2 in FF-administration groups.
Caspase-9 and Caspase-3 had similar trends to those
observed for Bax. The above results indicated FF could allevi-
ate hepatocyte apoptosis induced by hepatic IR injury.

There are profound interactions between autophagy and
apoptosis: they can mutually reinforce and inhibit in many
physical activities [4, 30]. Bcl-2 is the intermediary between
apoptosis and autophagy, which is participated in the forma-
tion of Beclin-1/Bcl-2 complex. Bcl-2 protein binds to Beclin-
1 through its BH3 domain [31]. Under the circumstance of
apoptosis, Bcl-2 is inactivated and the complex is divided
[32]. Subsequently, the free Beclin-1 promotes the induction
of autophagy. Increased Bcl-2 could combine with free
Beclin-1 and decrease the conversion of LC3 I to LC3 II,
which further blocked autophagosome formation [33, 34].
P62 is another autophagy-related protein, which is selectively
incorporated into autophagosomes through direct binding to
LC3-II and is efficiently degraded in the autophagy [35]. We
measured the signature proteins involved in autophagy, such
as Beclin-1, LC3, and P62. The results of qRT-PCR, western
blotting, and IHC showed that the upregulation of Beclin-1

and LC3 could be reversed by fenofibrate pretreatment. This
was also the case for P62. So, we concluded that fenofibrate
could attenuate autophagy during IR.

Next, we need to explore the mechanisms of fenofibrate
on how to attenuate the injury of IR. PPAR-α is a key tran-
scription factor that mediates the nucleus–mitochondrial
interactions to regulate inflammation, lipid metabolism,
and mitochondrial functions in various tissues and cells,
and it has become a main target in NFALD [36, 37]. PPAR-
α activation increases the expression of sirtuin-1 (SIRT1),
which inhibits NF-κB, depending on the AMPK pathway
and thus reducing inflammation [38, 39]. Dealing with
hyperlipidemia, fenofibrate decreased TNFα and IFN-γ, but
the levels had increased in PPARα knockout mice [40]. It
was reported that PPAR-α activation could decrease IR-
induced liver, heart, and brain injury by suppressing inflam-
mation, apoptosis, and lipid peroxidation [41, 42]. Further-
more, PPAR-α can promote the expression of Bcl-2 and
subsequently inactivate apoptosis [43]. An experimental
study suggested that fenofibrate could inhibit apoptosis
through SIRT1-mediated deacetylation of FoxO1 [44].
PPAR-α can also regulate hepatocyte autophagy. Evidence
showed that PPAR-α activation attenuated the immune
response and protect liver from acute failure through autoph-
agic activation [45]. A study reported that SIRT3, as the
upstream of PPAR-α, can regulate the expression of PPARα
to affect autophagy [46]. However, the role of FF in mouse
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Figure 5: The protective effect of fenofibrate during hepatic IR injury is closely related with the activation of PPAR-α. (a) Relative PPAR-α
and p-AMPK mRNA levels were determined by qRT-PCR. (b) Western blot analysis of AMPK, p-AMPK, PPAR-α, and Nrf-2 levels. The
western blot results were quantified with ImageJ 8.0 software. (c) Levels of p-AMPK, PPAR-α, and Nrf-2 in liver tissues at 8 hours after
reperfusion are shown by immunohistochemical staining (200x). Final evaluations were made using Image-Pro Plus 6.0 software to
calculate the IOD of the positive staining area. Data are presented as mean ± SD (n = 6; ∗P < 0:05 for IR vs. sham; #P < 0:05 for IR+FF (50)
vs. IR; +P < 0:05 for IR+FF (100) vs. IR; ^P < 0:05 for IR+FF (50) vs. IR+FF (100).
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IR injury was largely unknown. Therefore, we need to deter-
mine the expression of PPAR-α to assess whether it also took
part in IR injury and found that PPAR-α expression was
upregulated in fenofibrate preconditioning groups.

AMPK is a serine/threonine kinase that can be activated
by ATP depletion, antioxidant interference, and ROS pro-
duction [47]. In hepatocytes, AMPK activation is necessary
for response to diverse metabolic stresses like inflammation,
hypoxia, and oxidative stress [48]. Moreover, activating the
AMPK pathway could attenuate oxidative stress and exhibit
further protective effects through preventing ROS produc-
tion [49]. There are plenty of evidence showing that via the
AMPK signaling pathway, acute liver injury, nonalcoholic
fatty liver diseases, and even hepatocellular carcinoma can
be attenuated [50–53]. Also, Padrissa-Altes et al. found that
the upregulation of AMPK activity acted in hepatic cold
ischemia and reperfusion [54]. AMPK is known to suppress
inflammation, through reducing proinflammatory marker
and NF-κB levels [55]. In addition, AMPK activation can
ultimately contribute to the inhibition of apoptosis via inhi-
biting proinflammatory cytokines or ROS production.
AMPK signaling activation promoted autophagy in hepato-
cyte, which related to the mTOR signal transduction pathway
to control autophagic proteolysis [32]. As mentioned above,

AMPK is associated with ROS and can also stimulate nuclear
accumulation of Nrf2 [56]. Nrf2, which is an essential tran-
scription factor for modulating the intracellular adaptive
antioxidant response to oxidative stress. It was regarded to
be vital for defending against oxidative stress and inflamma-
tion through antioxidant cascades [57]. Accumulating evi-
dence from studies indicates that the Nrf2/HO-1 pathway is
closely involved in alleviating hepatic I/R injury [58, 59].
We indeed observed that Nrf2 expression and accumulation
were enhanced in the fenofibrate treatment groups, in which
AMPK was phosphorylated. Nevertheless, the detailed mech-
anism of Nrf-2 remains to be determined by searching for
downstream or upstream gene proteins. In our study, we just
elucidate its relevance to HIR in brief.

It has been reported that AMPK, the activation of which
is a trigger to downstream mediators such as SIRT-1, PGC-
1α, and PPAR-α, helps modulate hepatic lipid metabolism
for the improvement of liver injury [60]. It is well-
documented that phosphorylated AMPK (p-AMPK) can
activate PPARα [61]. AdipoRon, a drug for restoration of
DKD, performed protective role against lipotoxicity and oxi-
dative stress by enhancing the AMPK/PPARα pathway [62].
Liu et al. clarified that autophagy induction in a D-GalN/LPS
model appeared to form a hepatoprotective mechanism that
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activation increased accumulation of Nrf-2 to reduce ROS generation. FF shows hepatoprotective effects against IR injury by inhibiting
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may involve AMPK and PPARα [52]. Furthermore, AICAR,
an activator of AMPK, enhanced PPAR-α expression by pro-
moting PPAR-α transcriptional activity, while treating with
compound C, an AMPK inhibitor, could reverse the expres-
sion of PPAR-α, which illustrated that PPAR-α activation
was in an AMPK-dependent way [52, 61, 63]. Results showed
that compared with the IR group, total AMPK stayed
unchanged while p-AMPK was significantly upregulated in
the FF group, in which the expression of PPAR-α was
increased. In the meantime, the expression of apoptosis-
and autophagy-related proteins was consistent with our idea.
We concluded that fenofibrate protected the liver from dam-
age by activating the AMPK/PPAR-α pathway and accord-
ingly inhibited apoptosis and autophagy.

Thus, our study showed that fenofibrate can activate
PPAR-α via the phosphorylation of AMPK, which could alle-
viate apoptosis and autophagy in hepatic IR injury 6). How-
ever, there are several limitations to our study. Fenofibrate
and its exact targets and pathway in HIR still require further
investigation. Lots of trials need be conducted to verify
whether fenofibrate can effectively protect the liver from IR
injury clinically.

5. Conclusion

Taken together, fenofibrate alleviated hepatic ischemia/re-
perfusion injury in mice effectively. Fenofibrate reduced
the release of inflammatory cytokines and inhibited hepa-
tocyte apoptosis, autophagy, and ROS. And this protective
effect is partly based on the activation of the AMPK/P-
PAR-α pathway.

Data Availability

The data used to support the findings of this study are
available within the article.

Conflicts of Interest

The authors declare no conflicts of interest in this work.

Authors’ Contributions

Jie Zhang and Ping Cheng contributed equally to this work
and share the same first authorship. Jie Zhang, Ping Cheng,
Weiqi Dai, Jie Ji, Liwei Wu, Jiao Feng, Jianye Wu, and
Qiang Yu conducted the experiments and analyzed the data.
Jingjing Li and Chuanyong Guo provided the reagents and
materials. Jie Zhang and Ping Cheng wrote the manuscript.

Acknowledgments

This research was supported by the Yangfan Project of
Shanghai Science and Technology Commission (No.
20YF1443300), Natural Science Foundation of Shanghai
(No. 19ZR1447700), the Health System Innovation Plan of
Shanghai Putuo District Science and Technology Committee
(No. PTKWWS201801; PTKWWS201903), the WBN Liver
Disease Research Fund of China Hepatitis Prevention Foun-
dation (No. CFHPC2019031), the Minhang District Central

Hospital Foundation of Shanghai (No. 2018MHJC08), and
the National Natural Science Foundation of China (No.
81670472).

References

[1] C. Peralta, M. B. Jimenez-Castro, and J. Gracia-Sancho,
“Hepatic ischemia and reperfusion injury: effects on the liver
sinusoidal milieu,” Journal of Hepatology, vol. 59, no. 5,
pp. 1094–1106, 2013.

[2] J. Bi, J. Zhang, Y. Ren et al., “Irisin alleviates liver ischemia-
reperfusion injury by inhibiting excessive mitochondrial fis-
sion, promoting mitochondrial biogenesis and decreasing
oxidative stress,” Redox Biology, vol. 20, pp. 296–306, 2019.

[3] M. E. Guicciardi, H. Malhi, J. L. Mott, and G. J. Gores, “Apo-
ptosis and necrosis in the liver,” Comprehensive Physiology,
vol. 3, no. 2, pp. 977–1010, 2013.

[4] W. A. Dar, E. Sullivan, J. S. Bynon, H. Eltzschig, and C. Ju,
“Ischaemia reperfusion injury in liver transplantation: Cellular
and molecular mechanisms,” Liver International, vol. 39, no. 5,
pp. 788–801, 2019.

[5] K. Chen, J. J. Li, S. N. Li et al., “15-Deoxy-Δ12,14-prostaglandin
J2 alleviates hepatic ischemia-reperfusion injury in mice via
inducing antioxidant response and inhibiting apoptosis and
autophagy,” Acta Pharmacologica Sinica, vol. 38, no. 5,
pp. 672–687, 2017.

[6] W. Wang, L. Wu, J. Li et al., “Alleviation of hepatic ischemia
reperfusion injury by oleanolic acid pretreating via reducing
HMGB1 release and inhibiting apoptosis and autophagy,”
Mediators of Inflammation, vol. 2019, Article ID 3240713, 10
pages, 2019.

[7] K. McKeage and G. M. Keating, “Fenofibrate,” Drugs, vol. 71,
no. 14, pp. 1917–1946, 2011.

[8] I. Issemann and S. Green, “Activation of a member of the ste-
roid hormone receptor superfamily by peroxisome prolifera-
tors,” Nature, vol. 347, no. 6294, pp. 645–650, 1990.

[9] T. Morinishi, Y. Tokuhara, H. Ohsaki, E. Ibuki, K. Kadota,
and E. Hirakawa, “Activation and expression of peroxisome
proliferator-activated receptor alpha are associated with
tumorigenesis in colorectal carcinoma,” PPAR Research,
vol. 2019, Article ID 7486727, 9 pages, 2019.

[10] C. Zhang, Y.-W. Liu, Z. Chi, and B. Chen, “Ligand-activated
peroxisome proliferator-activated receptor β/δ facilitates cell
proliferation in human cholesteatoma keratinocytes,” PPAR
Research, vol. 2020, Article ID 8864813, 9 pages, 2020.

[11] I. A. Bukhari, A. A. Almotrefi, O. Y. Mohamed, A. A. Al-Masri,
and S. A. Sheikh, “Protective effect of fenofibrate against ische-
mia-/reperfusion-induced cardiac arrhythmias in isolated rat
hearts,” Fundamental & Clinical Pharmacology, vol. 32,
no. 2, pp. 141–146, 2018.

[12] N. S. Patel, R. di Paola, E. Mazzon, D. Britti, C. Thiemermann,
and S. Cuzzocrea, “Peroxisome proliferator-activated Recep-
tor-α contributes to the resolution of inflammation after renal
ischemia/reperfusion injury,” Journal of Pharmacology and
Experimental Therapeutics, vol. 328, no. 2, pp. 635–643, 2009.

[13] P. Losey, E. Ladds, M. Laprais et al., “The role of PPAR activa-
tion during the systemic response to brain injury,” Journal of
Neuroinflammation, vol. 12, no. 1, 2015.

[14] Q. Zhao, Z. Cui, Y. Zheng et al., “Fenofibrate protects
against acute myocardial I/R injury in rat by suppressing
mitochondrial apoptosis as decreasing cleaved caspase-9

14 PPAR Research



activation,” Cancer Biomarkers, vol. 19, no. 4, pp. 455–463,
2017.

[15] D. Qi and L. H. Young, “AMPK: energy sensor and survival
mechanism in the ischemic heart,” Trends in Endocrinology
and Metabolism, vol. 26, no. 8, pp. 422–429, 2015.

[16] C. O. Souza, A. A. S. Teixeira, L. A. Biondo et al., “Palmitoleic
acid reduces high fat diet-induced liver inflammation by pro-
moting PPAR-γ-independent M2a polarization of myeloid
cells,” Biochimica et Biophysica Acta Molecular and Cell Biol-
ogy of Lipids, vol. 1865, no. 10, article 158776, 2020.

[17] M. Sohn, K. Kim, M. J. Uddin et al., “Delayed treatment
with fenofibrate protects against high-fat diet-induced kid-
ney injury in mice: the possible role of AMPK autophagy,”
American Journal of Physiology Renal Physiology, vol. 312,
no. 2, pp. F323–F334, 2017.

[18] A. Tomizawa, Y. Hattori, T. Inoue, S. Hattori, and K. Kasai,
“Fenofibrate suppresses microvascular inflammation and apo-
ptosis through adenosine monophosphate-activated protein
kinase activation,” Metabolism, vol. 60, no. 4, pp. 513–522,
2011.

[19] J. Ji, L. Wu, J. Feng et al., “Cafestol preconditioning attenuates
apoptosis and autophagy during hepatic ischemia-reperfusion
injury by inhibiting ERK/PPARγ pathway,” International
Immunopharmacology, vol. 84, article 106529, 2020.

[20] S. K. Chun, S. Lee, J. Flores-Toro et al., “Loss of sirtuin 1 and
mitofusin 2 contributes to enhanced ischemia/reperfusion
injury in aged livers,” Aging Cell, vol. 17, no. 4, article
e12761, 2018.

[21] N. Bougarne, B. Weyers, S. J. Desmet et al., “Molecular actions
of PPARα in lipid metabolism and inflammation,” Endocrine
Reviews, vol. 39, no. 5, pp. 760–802, 2018.

[22] D. I. Mohamed, A. A. M. Elmelegy, L. F. A. El-Aziz, H. S.
Abdel Kawy, A. A. A. El-Samad, and O. A. El-Kharashi, “Feno-
fibrate A peroxisome proliferator activated receptor-α agonist
treatment ameliorates Concanavalin A-induced hepatitis in
rats,” European Journal of Pharmacology, vol. 721, no. 1-3,
pp. 35–42, 2013.

[23] A. Rajamoorthi, N. Arias, J. Basta, R. G. Lee, and Á. Baldán,
“Amelioration of diet-induced steatohepatitis in mice follow-
ing combined therapy with ASO-Fsp27 and fenofibrate,” Jour-
nal of Lipid Research, vol. 58, no. 11, pp. 2127–2138, 2017.

[24] M. Ni, H. Fu, F. Huang et al., “Vagus nerve attenuates hepato-
cyte apoptosis upon ischemia-reperfusion via α7 nicotinic ace-
tylcholine receptor on Kupffer cells in mice,” Anesthesiology,
vol. 125, no. 5, pp. 1005–1016, 2016.

[25] S. Xiang, K. Chen, L. Xu, T. Wang, and C. Guo, “Bergenin
Exerts Hepatoprotective effects by inhibiting the release of
inflammatory factors, apoptosis and autophagy via the
PPAR-γ pathway,” Drug Design Development and Therapy,
vol. Volume 14, pp. 129–143, 2020.

[26] W. A. Siddiqui, A. Ahad, and H. Ahsan, “The mystery of BCL2
family: Bcl-2 proteins and apoptosis: an update,” Archives of
Toxicology, vol. 89, no. 3, pp. 289–317, 2015.

[27] A. M. Zaki, D. M. El-Tanbouly, R. M. Abdelsalam, and H. F.
Zaki, “Plumbagin ameliorates hepatic ischemia-reperfusion
injury in rats: role of high mobility group box 1 in inflamma-
tion, oxidative stress and apoptosis,” Biomedicine & Pharma-
cotherapy, vol. 106, pp. 785–793, 2018.

[28] A. Peña-Blanco and A. J. García-Sáez, “Bax, Bak and beyond
— mitochondrial performance in apoptosis,” FEBS Journal,
vol. 285, no. 3, pp. 416–431, 2017.

[29] H. Flores-Romero and A. J. García-Sáez, “The incomplete
puzzle of the BCL2 proteins,” Cells, vol. 8, no. 10, article
1176, 2019.

[30] K. Wang, “Autophagy and apoptosis in liver injury,” Cell
Cycle, vol. 14, no. 11, pp. 1631–1642, 2015.

[31] N. Tilija Pun and P.-H. Park, “Adiponectin inhibits inflamma-
tory cytokines production by Beclin-1 phosphorylation and B-
cell lymphoma 2 mRNA destabilization: role for autophagy
induction,” British Journal of Pharmacology, vol. 175, no. 7,
pp. 1066–1084, 2018.

[32] M. Antonioli, M. Di Rienzo, M. Piacentini, and G. M. Fimia,
“Emerging mechanisms in initiating and terminating autoph-
agy,” Trends in Biochemical Sciences, vol. 42, no. 1, pp. 28–
41, 2017.

[33] S. M. Hill, L. Wrobel, and D. C. Rubinsztein, “Post-transla-
tional modifications of Beclin 1 provide multiple strategies
for autophagy regulation,” Cell Death & Differentiation,
vol. 26, no. 4, pp. 617–629, 2019.

[34] Y. Xia, J. Li, K. Chen, J. Feng, and C. Guo, “Bergenin attenuates
hepatic fibrosis by regulating autophagy mediated by the
PPAR-γ/TGF-β pathway,” PPAR Research, vol. 2020, Article
ID 6694214, 13 pages, 2020.

[35] A. Caccamo, E. Ferreira, C. Branca, and S. Oddo, “Retracted
article: p62 improves AD-like pathology by increasing autoph-
agy,” Molecular Psychiatry, vol. 22, no. 6, pp. 865–873, 2017.

[36] S. Kersten, “Integrated physiology and systems biology of
PPARα,” Molecular Metabolism, vol. 3, no. 4, pp. 354–371,
2014.

[37] J. Li, C. Guo, and J. Wu, “Astaxanthin in liver health and dis-
ease: a potential therapeutic agent,” Drug Design, Development
and Therapy, vol. Volume 14, pp. 2275–2285, 2020.

[38] M. Pawlak, P. Lefebvre, and B. Staels, “Molecular mechanism
of PPARα action and its impact on lipid metabolism, inflam-
mation and fibrosis in non-alcoholic fatty liver disease,” Jour-
nal of Hepatology, vol. 62, no. 3, pp. 720–733, 2015.

[39] O. Y. Kytikova, J. M. Perelman, T. P. Novgorodtseva et al.,
“Peroxisome proliferator-activated receptors as a therapeutic
target in asthma,” PPAR Research, vol. 2020, Article ID
8906968, 2020.

[40] L. J. Holm, M. Ø. Mønsted, M. Haupt-Jorgensen, and
K. Buschard, “PPARs and the development of type 1 diabetes,”
PPAR Research, vol. 2020, Article ID 6198628, 11 pages, 2020.

[41] J. Zúñiga, M. Cancino, F. Medina et al., “N-3 PUFA supple-
mentation triggers PPAR-α activation and PPAR-α/NF-κB
interaction: anti-inflammatory implications in liver ischemia-
reperfusion injury,” PLoS One, vol. 6, no. 12, article e28502,
2011.

[42] Y. Li, Z. Xiong, W. Yan et al., “Branched chain amino acids
exacerbate myocardial ischemia/reperfusion vulnerability via
enhancing GCN2/ATF6/PPAR-α pathway-dependent fatty
acid oxidation,” Theranostics, vol. 10, no. 12, pp. 5623–5640,
2020.

[43] Z. Zeng, Q. Huang, Z. Shu et al., “Effects of short-chain acyl-
CoA dehydrogenase on cardiomyocyte apoptosis,” Journal of
Cellular and Molecular Medicine, vol. 20, no. 7, pp. 1381–
1391, 2016.

[44] W. R. Wang, E. Q. Liu, J. Y. Zhang et al., “Activation of PPAR
alpha by fenofibrate inhibits apoptosis in vascular adventitial
fibroblasts partly through SIRT1-mediated deacetylation of
FoxO1,” Experimental Cell Research, vol. 338, no. 1, pp. 54–
63, 2015.

15PPAR Research



[45] M. Jiao, F. Ren, L. Zhou et al., “Peroxisome proliferator-
activated receptor α activation attenuates the inflammatory
response to protect the liver from acute failure by promoting
the autophagy pathway,” Cell Death & Disease, vol. 5, no. 8,
article e1397, 2014.

[46] T. S. Kim, Y. B. Jin, Y. S. Kim et al., “SIRT3 promotes antimy-
cobacterial defenses by coordinating mitochondrial and
autophagic functions,” Autophagy, vol. 15, no. 8, pp. 1356–
1375, 2019.

[47] R. C. Rabinovitch, B. Samborska, B. Faubert et al., “AMPK
maintains cellular metabolic homeostasis through regulation
of mitochondrial reactive oxygen species,” Cell Reports,
vol. 21, no. 1, pp. 1–9, 2017.

[48] B. Viollet, B. Guigas, J. Leclerc et al., “AMP-activated protein
kinase in the regulation of hepatic energy metabolism: from
physiology to therapeutic perspectives,” Acta Physiologica,
vol. 196, no. 1, pp. 81–98, 2009.

[49] K. Dong,M.Wu, X. Liu et al., “Glutaredoxins concomitant with
optimal ROS activate AMPK through S-glutathionylation to
improve glucose metabolism in type 2 diabetes,” Free Radical
Biology & Medicine, vol. 101, pp. 334–347, 2016.

[50] R. Mo, R. Lai, J. Lu et al., “Enhanced autophagy contributes to
protective effects of IL-22 against acetaminophen-induced
liver injury,” Theranostics, vol. 8, no. 15, pp. 4170–4180, 2018.

[51] T. Zhou, L. Chang, Y. Luo, Y. Zhou, and J. Zhang, “Mst1 inhi-
bition attenuates non-alcoholic fatty liver disease via reversing
Parkin-related mitophagy,” Redox Biology, vol. 21, article
101120, 2019.

[52] Y. M. Liu, J. H. Ma, Q. L. Zeng et al., “MiR-19a affects
hepatocyte autophagy via regulating lncRNA NBR2 and
AMPK/PPARα in D-GalN/lipopolysaccharide-stimulated
hepatocytes,” Journal of Celularl Biochemistry, vol. 119,
no. 1, pp. 358–365, 2018.

[53] X. Yang, Y. Liu, M. Li et al., “Predictive and preventive signif-
icance of AMPK activation on hepatocarcinogenesis in
patients with liver cirrhosis,” Cell Death & Disease, vol. 9,
no. 3, article 264, 2018.

[54] S. Padrissa-Altes, M. A. Zaouali, R. Bartrons, and J. Rosello-
Catafau, “Ubiquitin-proteasome system inhibitors and AMPK
regulation in hepatic cold ischaemia and reperfusion injury:
possible mechanisms,” Clinical Science, vol. 123, no. 2,
pp. 93–98, 2012.

[55] B.-P. Huang, C.-H. Lin, H.-M. Chen, J.-T. Lin, Y.-F. Cheng,
and S.-H. Kao, “AMPK activation inhibits expression of proin-
flammatory mediators through downregulation of PI3K/p 38
MAPK and NF-κB signaling in murine macrophages,” DNA
and Cell Biology, vol. 34, no. 2, pp. 133–141, 2015.

[56] M. S. Joo, W. D. Kim, K. Y. Lee, J. H. Kim, J. H. Koo, and S. G.
Kim, “AMPK facilitates nuclear accumulation of Nrf2 by
phosphorylating at serine 550,” Molecular and Cellular Biol-
ogy, vol. 36, no. 14, pp. 1931–1942, 2016.

[57] Z. Yi, M. Deng, M. J. Scott et al., “Immune‐Responsive Gene
1/Itaconate Activates Nuclear Factor Erythroid 2–Related Fac-
tor 2 in Hepatocytes to Protect Against Liver Ischemia–Reper-
fusion Injury,”Hepatology, vol. 72, no. 4, pp. 1394–1411, 2020.

[58] Q. Zhang, Y. Lai, J. Deng et al., “Vagus nerve stimulation
attenuates hepatic ischemia/reperfusion injury via the
Nrf2/HO-1 pathway,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2019, Article ID 9549506, 10 pages, 2019.

[59] M. Ge, W. Yao, D. Yuan et al., “Brg1-mediated Nrf2/HO-1
pathway activation alleviates hepatic ischemia- reperfusion
injury,” Cell Death & Disease, vol. 8, no. 6, article e2841, 2017.

[60] J. Zhang, S. D. Zhang, P. Wang et al., “Pinolenic acid amelio-
rates oleic acid-induced lipogenesis and oxidative stress _via_
AMPK/SIRT1 signaling pathway in HepG2 cells,” European
Journal of Pharmacology, vol. 861, article 172618, 10 pages,
2019.

[61] F. Wen, C. An, X. Wu et al., “MiR-34a regulates mitochondrial
content and fat ectopic deposition induced by resistin through
the AMPK/PPARα pathway in HepG2 cells,” International
Journal of Biochemistry & Cell Biology, vol. 94, pp. 133–145,
2018.

[62] Y. Kim and C. W. Park, “Mechanisms of adiponectin action:
implication of adiponectin receptor agonism in diabetic kid-
ney disease,” International Journal of Molecular Sciences,
vol. 20, no. 7, article 1782, 2019.

[63] Y. Zhao, Y. Liu, Z. Jing et al., “N-oleoylethanolamide sup-
presses intimal hyperplasia after balloon injury in rats through
AMPK/PPARα pathway,” Biochemical and Biophysical
Researh Communications, vol. 496, no. 2, pp. 415–421, 2018.

16 PPAR Research



Research Article
Apigenin Alleviates Liver Fibrosis by Inhibiting Hepatic Stellate
Cell Activation and Autophagy via TGF-β1/Smad3 and
p38/PPARα Pathways

Jie Ji, Qiang Yu, Weiqi Dai, Liwei Wu, Jiao Feng, Yuanyuan Zheng, Yan Li,
and Chuanyong Guo

Department of Gastroenterology, Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai 200072, China

Correspondence should be addressed to Chuanyong Guo; guochuanyong@hotmail.com

Received 31 October 2020; Revised 10 January 2021; Accepted 15 January 2021; Published 28 January 2021

Academic Editor: Sainan Li

Copyright © 2021 Jie Ji et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. The aim of this study is to confirm the hepatocellular protective functions of apigenin and the molecular mechanism on
liver fibrosis in mice. Methods. Carbon tetrachloride (CCl4) and bile duct ligature (BDL) mouse fibrosis models were used to
investigate the effects of apigenin on liver fibrosis. Sixty-six male C57 mice were randomly divided into eight groups, including
the vehicle group, CCl4 group, CCl4+L-apigenin (20mg/kg) group, CCl4+H-apigenin (40mg/kg) group, sham group, BDL
group, BDL+L-apigenin(20mg/kg) group, and BDL+H-apigenin(40mg/kg) group. Serum liver enzymes (ALT and AST),
proteins associated with autophagy, and indicators linked with the TGF-β1/Smad3 and p38/PPARα pathways were detected
using qRT-PCR, immunohistochemical staining, and western blotting. Results. Our findings confirmed that apigenin could
decrease the levels of ALT and AST, suppress the generation of ECM, inhibit the activation of HSCs, regulate the balance of
MMP2 and TIMP1, reduce the expression of autophagy-linked protein, and restrain the TGF-β1/Smad3 and p38/PPARα
pathways. Conclusion. Apigenin could alleviate liver fibrosis by inhibiting hepatic stellate cell activation and autophagy via TGF-
β1/Smad3 and p38/PPARα pathways.

1. Introduction

Liver fibrosis is a chronic pathological change caused by a
variety of reasons, such as chronic infection by hepatotropic
viruses, excess alcohol consumption, nonalcoholic fatty liver
disease, autoimmune liver diseases, and hereditary disease,
and is a necessary stage for the development of many liver
diseases to liver cirrhosis and even liver cancer [1, 2]. Liver
fibrosis is a wound healing response characterized by exces-
sive deposition of extracellular matrix (ECM). The possible
treatments for liver fibrosis including curing the primary dis-
ease, reducing inflammation and immune response, inhibit-
ing stellate cell activation, and increasing the degradation of
scar matrix had been generally accepted [3, 4]. Although liver
transplantation is the most efficient therapy, there are great
limitations because of huge cost of treatment and shortage
of liver donor available for transplantation [1, 5, 6]. There-
fore, revealing the molecular mechanism of liver fibrosis

and finding key drug targets are an important issue that
needs to be solved urgently.

The progression of fibrosis is a complex process which
involves nonparenchymal hepatocytes, parenchymal hepato-
cytes, and infiltrating immune cells. The activation of inflam-
mation mediators and profibrotic genes caused by cell death
in both nonparenchymal and infiltrating immune cells
thereby trigger the fibrosis process. Hepatic stellate cells
(HSCs) are the most powerful fibrogenic effector cells and
are also considered as the initial process during liver fibrosis
[4, 7–10]. The activation of HSCs by several cellular events
including immune/inflammatory injury as well as molecular
regulation especially transforming growth factor-β1 (TGF-
β1) will contribute to the excessive accumulation of ECM
which promotes liver fibrosis [11]. It had been reported that
suppressing the activation HSCs and expression of TGF-β1
could reduce the levels of myofibroblast markers, increase
the ratio of MMPs/TIMPs, and decrease Smad2/Smad3
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associated collagen production which further attenuated liver
fibrosis [11–15].

Autophagy is a self-selective mode of cell death, which
can remove necrotic cells to maintain organ homeostasis
[12]. Results have shown that autophagy could provide
energy for the activation of HSCs by stimulating the metabo-
lism of lipid droplets [16]. At the same time, many literatures
have confirmed that inhibiting the autophagy of HSCs can
play a positive role in liver protection [17–20]. So, inhibition
of autophagy which could significantly reduce activation of
HSCs can attenuate liver fibrosis [21, 22].

Apigenin is a kind of dietary flavonoid extracted mainly
from celery, parsley, thyme, chamomile, and onions [23].
Recently, apigenin has reported many pharmacological
effects including anticancer [24–28], anti-inflammation
[29–32], antifibrosis [33–36], and so on. Zhang et al. con-
firmed apigenin could downregulate the miR34a expression
to suppress mouse peritoneal fibrosis [35]. Jiao et al. demon-
strated that apigenin could inhibit fibroblast proliferation
and reduce epidural fibrosis by suppressing the Wnt3a/β-
catenin signaling pathway [34]. However, whether apigenin
has the antihepatic fibrosis effect and the specific molecular
mechanism of this effect are still unclear and need to be
explored.

Carbon tetrachloride (CCl4) and bile duct ligature (BDL)
mouse models are extremely practical models to investigate
the underlying molecular mechanisms of liver fibrosis, which
have been widely applied to the establishment of liver fibrosis
[15, 37]. Therefore, this study is aimed at exploring the anti-
hepatic fibrosis effect and the specific molecular mechanism
of apigenin using the CCl4 and BDL models. We hypothe-
sized that apigenin could alleviate liver fibrosis by inhibiting
hepatic stellate cell activation and autophagy via TGF-
β1/Smad3 and p38 MAPK/PPARα pathways.

2. Materials and Methods

2.1. Drugs and Reagents. Apigenin (HPLC ≥ 98% CAS:520-
36-5) was purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). When used, it is dissolved into
dimethyl sulfoxide (DMSO) at 2mg/ml and 4mg/ml concen-
trations. Carbon tetrachloride (CCl4) was purchased from
China Sinopharm International Corporation (Shanghai,
China). Alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) were tested by microplate test kits pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Quantitative real-time (qRT) PCR kits were
purchased from TaKaRa (Dalian, China). The primers were
obtained from Generay (Shanghai, China). Detailed informa-
tion of the primary antibodies used in this study are listed in
Table 1. Dulbecco’s Modified Eagle Medium (DMEM) and
foetal bovine serum (FBS) were purchased from HyClone
(GE Healthcare). Apigenin was dissolved in DMSO (<0.1%
[v/v]) for in vitro treatment.

2.2. Cell Culture and CCK8 Assay. The human immortal LX2
cell line was cultured in high glucose DMEM with 10% FBS,
100U/mL of penicillin, and 100 g/mL of streptomycin. The
apparent logarithmic phase cells were seeded in 96-well

plates for 48 hours, then apigenin was added at concentra-
tions of 10, 20, 30, 40, 50, 60, 70, or 80μM for 24 hours,
and the cytotoxicity analysis was performed. Cell viability
was then measured with the CCK8 assay according to the
manufacturer’s protocol. All the experiments were per-
formed in triplicate.

2.3. BrdU Assay. Proliferation of the cells was evaluated using
the BrdU Cell Proliferation ELISA Kit (ab126556, Abcam,
Cambridge, MA) according to the manufacturer’s instruc-
tion. Briefly, cells were cultured in 96-well plates and exposed
to apigenin (20, 40, and 60μM) for 24 hours. Subsequently,
10μM BrdU was added to each well, and samples were incu-
bated for 12 h at 37°C. BrdU signaling was determined by
measuring the absorbance at 450nm.

2.4. Animals. 66 six-week-old male C57 mice (22-26 g) were
obtained from Shanghai SLAC Laboratory Animal (Shang-
hai, China) and housed in a standard animal laboratory
with free access to food and water. All experimental proce-
dures involving mice were approved by the Animal Care
and Use Committee of Shanghai Tongji University. Han-
dling and care of mice conformed to the National Institutes
of Health Guidelines.

2.5. Establishment of Mouse Liver Fibrosis Models. We estab-
lished two different mouse liver fibrosis models. To create the
CCl4-induced liver fibrosis model, mice were injected with
10% CCl4 (1.0mL/kg, diluted in peanut oil) intraperitoneally
three times a week for 8 weeks. In the bile duct ligation-
(BDL-) induced liver fibrosis model, all mice were fasted for
12 h and anesthetized intraperitoneally by 1.25% pentobarbi-
tal sodium salt (40mg/kg). After opening the abdomen via

Table 1: The primary antibodies used for western blotting and
immunohistochemistry in the study.

Antibody Species
Targeted
species

Supplier
Catalogue
number

β-Actin M H, M, R CST 3700

IL-1β Rbt M CST 12507

α-SMA M H, M, R Abcam ab7817

Collagen 1 Rbt H, M, R Abcam ab34710

MMP2 Rbt H, M, R PT 10373-2-AP

TIMP1 Rbt H, M, R PT 10753-1-AP

p62 Rbt H, M, R PT 55274-1-AP

LC3 Rbt H, M, R PT 14600-1-AP

Beclin-1 Rbt H, M, R PT 11306-1-AP

TGF-β1 Rbt H, M, R PT 21898-1-AP

Smad3 Rbt H, M, R Abcam ab40854

p-Smad3 Rbt H, M Abcam ab52903

p38 MAPK Rbt H, M, R Zenbio 200782

p-p38
MAPK

Rbt H, M, R CST 4511

PPARα Rbt H, M, R PT 15540-1-AP

Abbreviations: H: human; M: mouse; Rbt: rabbit; R: rat; CST: Cell Signaling
Technology (Danvers, MA, USA); PT: Proteintech (Chicago, IL, USA).
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the linea alba, the bile duct was exposed and isolated over a
certain length. Two surgical knots were tied in the isolated
bile duct, which was then cut between the knots. The abdo-
men was then closed.

2.6. Experimental Design

2.6.1. Preliminary Study. In order to verify whether the api-
genin dose (20mg/kg and 40mg/kg) could cause damage to
the structure and function of the liver and other internal
organs, we designed a preliminary experiment. The eighteen
mice were randomly divided into the following 3 groups.

(1) Normal control (NC) (n = 6): no treatment

(2) Vehicle group (n = 6): mice were injected intraperito-
neally with DMSO three times a week

(3) API (40mg/kg) group (n = 6): apigenin (40mg/kg)
was given to mice by intragastric administration
three times a week.

2.6.2. Formal Experiment. In the CCl4-induced liver fibrosis
model, 24 mice were randomly divided into the following 4
groups.

(1) Vehicle group (n = 6): mice were injected intraperito-
neally with DMSO three times a week for 8 weeks

(2) CCl4 group (n = 6): mice were injected with CCl4
intraperitoneally three times a week for 8 weeks

(3) CCl4+L-API group (n = 6): mice were injected with
CCl4 intraperitoneally and gavaged with 20mg/kg
apigenin three times a week for 8 weeks

(4) CCl4+H-API group (n = 6): mice were injected with
CCl4 intraperitoneally and gavaged with 40mg/kg
apigenin three times a week for 8 weeks

In the BDL-induced liver fibrosis model, 24 mice were
randomly divided into the following 4 groups.

(1) Sham group (n = 6): all mice underwent laparotomy
without BDL

(2) BDL group (n = 6): all mice underwent BDL surgery

(3) BDL+L-API group (n = 6): all mice were gavaged
with 20mg/kg apigenin once a day for 14 days after
BDL

(4) BDL+H-API group (n = 6): all mice were gavaged
with 40mg/kg apigenin once a day for 14 days after
BDL

Vehicle and sham groups were used as controls in both
models. At the end of the experiment, blood samples and
liver tissues were collected with diethyl ether anesthesia.
Serum was acquired by centrifugation (4,500 rpm, 4°C,
10min) and kept at −80°C. Liver tissues were stored at −80°C.

2.7. Serum Biochemical Analysis. The blood sample collected
from the mouse orbit was placed at 4°C for 5 hours. And
then, the serum sample was separated from the blood by
centrifuging at 4,600× g at 4°C for 10 minutes. Serum levels
of ALT and AST were detected by microplate test kits.

2.8. Histopathology. A part of the fresh left liver lobe was
excised and then fixed in 4% paraformaldehyde for 24 h.
The tissues were dehydrated with ethanol and embedded in
paraffin. Next, the liver tissues were cut into 3μm thick sec-
tions and stained with hematoxylin and eosin (H&E) to
determine the severity of injury.

2.9. Reverse Transcription PCR (RT-PCR) and Quantitative
Real-Time PCR (qRT-PCR). The total RNA was extracted
from 100mg liver tissue by TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA). Then, the purified RNA was reverse-
transcribed into cDNA. The levels of mRNA were deter-
mined by SYBR Premix EX Taq through a 7900HT fast
PCR system (Applied Biosystems, Foster City, CA, USA).
The primers used for qRT-PCR are listed in Table 2.

2.10. Immunohistochemistry (IHC). Paraffin sections were
baked in a 60°C oven for 1 hour and then dewaxed and

Table 2: Oligonucleotide sequences of primers used for qRT-PCR.

Gene name Forward (5′-3′) Reverse (5′-3′)
β-Actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

IL-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

Collagen 1 CAATGGCACGGCTGTGTGCG AGCACTCGCCCTCCCGTCTT

α-SMA CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA

MMP2 GGACAAGTGGTCCGCGTAAA CCGACCGTTGAACAGGAAGG

TIMP1 CGAGACCACCTTATACCAGCG ATGACTGGGGTGTAGGCGTA

p62 GAGGCACCCCGAAACATGG ACTTATAGCGAGTTCCCACCA

LC3 TTATAGAGCGATACAAGGGGGAG CGCCGTCTGATTATCTTGATGAG

Beclin-1 ATGGAGGGGTCTAAGGCGTC TGGGCTGTGGTAAGTAATGGA

TGF-β1 CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC

PPARα AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA

Abbreviation: qRT-PCR: quantitative real-time PCR.
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rehydrated. Antigen was placed into a citrate buffer, which was
then heated to 95°C for 10 minutes and cooled to room tem-
perature. Next, the sections were covered in 3% hydrogen per-
oxide for 20 minutes to block endogenous peroxidase activity,
and then 5% BSA was added to block nonspecific binding for
15 minutes (both at room temperature). Slices were then incu-
bated overnight at 4°C with the following antibodies: anti-IL-
1β, anti-α-SMA, anti-Col, anti-LC3, anti-Beclin-1, anti-p62-,
anti-TGF-β1-, anti-p-Smad3-, anti-p-38-, and anti-PPARα

(all 1 : 200). Then, the primary antibodies in the liver sections
were incubated with secondary antibodies using a diamino-
benzidine (DAB) kit. Final evaluations were performed with
Image-Pro Plus software 6.0 to calculate the mean of inte-
grated optical densities (MIOD = sum IOD/sum area) of the
positive staining area.

2.11. Western Blotting. Firstly, liver tissues were ground
(100mg) into powder in liquid nitrogen, and then the
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Figure 1: Effects of apigenin on liver and LX2 cells. Notes: (a) the CCK8 assay was used to determine the effects of apigenin on the viability of
LX2 cells. (b) Cells were treated with the indicated concentrations of apigenin for 24 hours, and the degree of apigenin to inhibit cell
proliferation was measured using BrdU Cell Proliferation ELISA Kit (@P < 0:05 for 20 μM apigenin vs. 0μM apigenin; &P < 0:05 for
40μM apigenin vs. 20 μM apigenin; ~P < 0:05 for 60 μM apigenin vs. 40 μM apigenin). (c) The levels of serum ALT and AST are
presented as mean ± SD. One-way ANOVA indicated that there was no significant difference among the three groups (n = 6; P > 0:1). (d)
Representative H&E-stained hepatic sections were examined under light microscopy and imaged at a 200x magnification. (e) Western blot
analysis of IL-1β, TIMP1, α-SMA, and LC3 protein levels.
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powder was homogenized in RIPA lysis containing phenyl-
methanesulfonyl fluoride (PMSF) and protease inhibitors
(PI). The protein concentrations were detected using the
bicinchoninic acid method before being mixed with a 6x
loading buffer and boiled at 100°C for 10 minutes. Secondly,
protein samples were electrophoresed by 10% or 12.5% SDS-
PAGE and transferred onto polyvinylidene fluoride or nitro-
cellulose membranes. Next, membranes were blocked with
5% skimmed milk for at least 1 hour and subsequently incu-
bated overnight at 4°C with the primary antibodies
(Table 1). Thirdly, the membranes were incubated with
anti-rabbit or anti-mouse secondary antibodies after wash-
ing thrice with PBST (1% Tween diluted in PBS). Finally,
the expression of protein was measured by an Odyssey
two-color infrared laser imaging system (LI-COR Biosci-
ences, Lincoln, NE, USA).

2.12. Statistical Analysis. Experimental data which was
repeated at least three times was presented as mean ± SD
(n = 6; ∗P < 0:05 for CCl4 (BDL) vs. control; #P < 0:05 for
CCl4 (BDL)+API (20mg/kg) vs. CCl4 (BDL); +P < 0:05 for
CCl4 (BDL)+API (40mg/kg) vs. CCl4 (BDL); !P < 0:05 for
CCl4 (BDL)+API (40mg/kg) vs. CCl4 (BDL)+API(20mg/kg)).
One-way ANOVA using the Student–Newman–Keuls
method was used to compare statistical differences among
three or four groups using SPSS version 20.0 software (IBM,
Armonk, NY, USA). P < 0:05 was regarded as statistically
significant.

3. Result

3.1. Effects of Apigenin on Liver and LX2 Cells. The human
immortal HSC cell line (LX2 cells) was used in this study to
investigate the effect of apigenin on HSCs. The CCK8 assay
was used to measure the toxicity of apigenin in LX2 cells
(Figure 1(a)). Apigenin decreased the viability of LX2 cells
in a dose-dependent manner, and the half-maximal inhibi-
tory concentration (IC50) was 28.80μM. At the same time,
the BrdU incorporation assay was performed to explore the
effect of apigenin on cell proliferation. As shown in
Figure 1(b), apigenin could reduce the proportion of prolifer-
ating cells in a dose-dependent manner. Besides, in the pre-
liminary experiment, 12 mice were injected with vehicle
(DMSO) or gavaged with 40mg/kg apigenin to explore secu-
rity of drug and solvent used in this study. As shown in
Figure 1(c), there was no hepatocellular injury or structural
damage compared with the NC group. The results of ALT,
AST, and western blotting shown in Figures 1(b) and 1(d)
could also verify no statistically significant differences
between the vehicle, apigenin, and NC groups. So, we got
the conclusion that the apigenin could inhibit proliferation
and decrease the viability of LX2 cells, but has no harmful
effects on the liver tissues.

3.2. Apigenin Protects the Liver against Fibrosis Induced by
CCl4 and BDL in Mice. The levels of serum ALT and AST
are important indicators of liver parenchymal damage. So,

HE
(100x)

Sham BDL BDL+API (20 mg/kg) BDL+API (40 mg/kg)

HE
(200x)

Masson
(100x)

Masson
(200x)

(d)

Figure 2: Apigenin protects the liver against fibrosis induced by CCl4 and BDL in mice. Notes: (a, b) the levels of serum ALT and AST are
presented as mean ± SD (n = 6; ∗P < 0:05 for CCl4 (BDL) group vs. control group; #P < 0:05 for CCl4 (BDL)+apigenin (20mg/kg) group vs.
CCl4 (BDL) group;

!P < 0:05 for CCl4 (BDL)+apigenin (40mg/kg) group vs. CCl4 (BDL)+apigenin (20mg/kg) group). (c, d) Representative
H&E- and Masson-stained hepatic sections were examined under light microscopy and imaged at 200x and 100x magnifications.
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we detected the levels of ALT and AST in the serum to
explore the extent of liver parenchymal damage in both fibro-
sis models. We could see it clearly from the Figures 2(a) and
2(b) that ALT and AST elevated dramatically in model
groups compared with vehicle and sham groups. However,
we also noticed apigenin groups could reverse the increase
induced by CCl4 and BDL surgery in a dose-dependent man-
ner. Next, HE and Masson staining were used to evaluate the
pathological changes of liver tissues. HE staining showed that
the morphology and structure of mouse liver cells in the con-
trol groups were normal, with normal arrangement, normal
hepatic lobules and portal area, and no inflammatory cell
exudation. Compared with the control groups, the disor-
dered arrangement of liver cells, the damaged normal struc-
ture, the exudation of many inflammatory cells, and the
proliferation of collagen fibers were significantly observed
in the CCl4 and BDL groups. When apigenin was given at
the same time, the disordered arrangement of liver cells was
significantly reduced, the structure of portal area was almost
normalized, fibrous tissue hyperplasia and inflammatory cell
infiltration were significantly decreased, and the morpholog-
ical structure was close to normal liver tissue (Figures 2(c)
and 2(d)). The results of Masson staining could further con-
firm the protective effect on liver fibrosis of apigenin. The
above results showed that apigenin had an obviously protec-
tive effect on CCl4- and BDL-induced liver fibrosis in mice.

3.3. Apigenin Restrained the Activation of HSC and Regulated
the Balance of TIMP1 and MMP2. α-SMA was an important
indicator of HSC activation, and collagen 1 was the main
component of ECM, which were often used as important
indicators to test the degree of liver fibrosis. In order to fur-
ther prove the effect of apigenin on mouse liver fibrosis,
mRNA and protein expression of collagen 1, α-SMA, and
IL-1β in the mouse liver tissues were measured by real-time
PCR, western blotting, and IHC. The results showed that

compared with the vehicle or sham control groups, mRNA
and protein expression of collagen 1, α-SMA, and IL-1β in
the model group were significantly increased, but their
expressions were decreased after apigenin treatment
(Figures 3(a)–3(c)). The synthesis and degradation of hepatic
ECM are regulated by matrix metalloproteinases (MMPs)
and matrix metalloproteinase inhibitors (TIMPs). Injury fac-
tors can lead to the activation of HSC, resulting in the imbal-
ance of MMPS/TIMPs; therefore, we measured the levels of
TIMP1 and MMP2 in liver tissues. The results indicated that
the expression of TIMP1 increased obviously in the CCl4 and
BDL groups, and this trend could be inhibited by apigenin
treatment. On the contrary, MMP2 decreased in the fibrosis
model groups but increased in the apigenin groups. In gen-
eral, the above experimental results showed that apigenin
could restrain the activation of HSC and regulated the bal-
ance of TIMP1 and MMP2 to relieve liver fibrosis in mice.

3.4. Apigenin Alleviated Autophagy during Liver Fibrosis.
Beclin-1, LC3, and p62, which are autophagy signature pro-
teins, were analyzed by qRT-PCR, IHC, and western blotting
to explore the protective effect of apigenin. As demonstrated
in Figures 4(a)–4(d) and S1, the expressions of Beclin-1 and
LC3II/LC3I augmented obviously, while p62 decreased dras-
tically, in the CCl4 and BDL groups. However, apigenin
groups could ameliorate these changes in a dose-dependent
manner. The above results suggested that apigenin could alle-
viate autophagy during liver fibrosis.

3.5. Apigenin Could Relieve Hepatic Fibrosis Induced by CCl4
and BDL via Downregulating TGF-β1/Smad3 and
p38/PPARα Pathways. TGF-β1 is a pluripotent cytokine that
is involved in inflammatory infiltration, cell growth, apopto-
sis, differentiation, and other processes in fibrosis. The Smad
protein family is the downstream molecule of TGF-β1.
Therefore, we evaluated the expressions of the TGF-
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Figure 3: Apigenin restrained the activation of HSC and regulated the balance of TIMP1 andMMP2. Notes: (a) relative IL-1β, Col-1, α-SMA,
TIMP1, and MMP2 mRNA levels were determined by qRT-PCR. (b) Western blot analysis of IL-1β, Col-1, α-SMA, TIMP1, and MMP2
protein levels. (c) IL-1β, Col-1, and α-SMA protein expressions in liver tissues are shown by immunohistochemical staining (200x). (d)
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!P < 0:05 for CCl4 (BDL)+apigenin (40mg/kg) group
vs. CCl4 (BDL)+apigenin (20mg/kg) group). Abbreviation: MIOD: mean of integrate optical density.
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Figure 4: Apigenin alleviated autophagy during liver fibrosis. Notes: (a) relative Beclin-1, p62, and LC3 mRNA levels were determined by
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β1/Smad3 pathway. The results of qRT-PCR, IHC, and west-
ern blotting in Figures 5(a)–5(d) illustrated that CCl4 and
BDL surgery could significantly active the TGF-β1/Smad3
pathway, but apigenin treatment could reverse this activa-
tion. It means that the protective effects of apigenin were
associated with restraining the TGF-β1/Smad3 pathway.
Next, we measured the levels of p38 and PPARα which was
also a downstream molecule of TGF-β1. In our results, we
found that liver fibrosis induced by CCl4 and BDL surgery
could lead to phosphorylation of p38, which further inhibited
PPARα. In apigenin treatment groups, p-p38 was dramati-
cally downregulated and PPARα increased obviously. There-
fore, we can draw the conclusion that apigenin could relieve
hepatic fibrosis induced by CCl4 and BDL via downregulat-
ing the TGF-β1/Smad3 and p38/PPARα pathways.

4. Discussion

Liver fibrosis is a chronic wounding-healing response with a
long-time liver injury [4, 38]. Although there are little symp-
toms at the beginning of liver fibrosis, the risk of mortality
increases significantly once liver fibrosis progresses to cir-
rhosis and even hepatocellular carcinoma [2]. More than
30,000 deaths per year caused by cirrhosis and 1,000 deaths
per year occurred related to liver cancer in the United States
are enough to warn us that halting and reversing the pro-
gression of fibrosis is currently an effective way to reduce

mortality rather than only relying on highly limited liver
transplants [39].

Apigenin is a kind of dietary flavonoid extracted mainly
from celery, parsley, thyme, chamomile, and onions [23]. It
had been reported that apigenin is of great effect in antifi-
brosis [33–36] and liver protection [26, 40–42]. Mirzoeva
et al. demonstrated that apigenin could reduce TGF-β-
induced VEGF production and suppress prostate carcino-
genesis by regulating the Smad2/3 and Src/Fak/Akt path-
ways. Apigenin is also reported to inhibit metastasis and
angiogenesis by the p38 MAPK pathway [43].These indicate
that apigenin may become an efficient drug to prevent liver
fibrosis, and the molecular mechanism might be closely
related to the TGF-β and p38 MAPK pathway. Therefore,
in our study, CCl4- and BDL-induced liver fibrosis models
are used to explore the effects of apigenin and the specific
molecular mechanism. Our results of HE and Masson stain-
ing confirmed that apigenin could improve liver fibrosis in a
dose-dependent manner.

The first step to try to stop and reverse liver fibrosis is to
explore the molecular mechanisms of this disease. The for-
mation of liver fibrosis is a complex pathophysiological pro-
cess involving many cells, molecules, and signaling pathways.
The accumulation of ECM is regarded as the important char-
acter, and the activation of HSCs is considered as the initial
process of liver fibrosis [2, 7, 10]. HSCs are one of the mesen-
chymal cells which account for one-third of the
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Figure 5: Apigenin could relieve hepatic fibrosis induced by CCl4 and BDL via downregulating TGF-β1/Smad3 and p38/PPARα pathways.
Notes: (a) relative TGF-β1 and PPARαmRNA levels were determined by qRT-PCR. (b) Western blot analysis of TGF-β1, Smad3, p-Smad3,
p38, p-p38, and PPARα. (c) TGF-β1, p-Smad3, p-p38, and PPARα protein expressions in liver tissues are shown by immunohistochemical
staining (200x). (d) Final evaluations were made using Image-Pro Plus 6.0 software to calculate the MIOD of the positive staining area.
Data are presented as mean ± SD (n = 6; ∗P < 0:05 for CCl4 (BDL) group vs. control group; #P < 0:05 for CCl4 (BDL)+apigenin (20mg/kg)
group vs. CCl4 (BDL) group; +P < 0:05 for CCl4 (BDL)+apigenin (40mg/kg) group vs. CCl4 (BDL) group; !P < 0:05 for CCl4
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nonparenchymal cells in the liver and 15% of the total num-
ber of liver cells [11]. In normal conditions, HSC is at a qui-
escent condition and could store vitamin A and triglycerides
in the cytoplasm [44]. However, when the liver suffers from
acute or chronic injury, HSCs are activated and differentiated
into myofibroblasts, which have a strong ability of prolifera-
tion, migration, and secretion. Activated HSCs are the main
cells to produce ECM, and a large amount of ECM is contin-
uously deposited in the Disse space. In addition, the main
components of ECM also change from type IV collagen to
type I collagen [45], resulting in the increase of density and
hardness of ECM, and accumulated ECM also becomes the
liver fibrosis tissue microenvironment containing α-SMA,
TGF-β1, chemokines such as PDGF, hepatocyte growth fac-
tor (HGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF), and VEGF [46]. The synthesis and degradation
of liver ECM is regulated by the combination of matrix
metalloproteinases (MMPs) and tissue matrix metallopro-

teinase inhibitors (TIMPs). Under normal conditions, MMPs
and TIMPs can be synthesized by hepatocytes and various
mesenchymal cells and play a key role in maintaining the
dynamic balance between ECM synthesis and degradation
in normal liver tissues through complex regulatory mecha-
nisms [12, 13, 47]. In our study, we explored the function
of apigenin in the activation of HSCs and the levels of
ECM. Our results illustrated that apigenin could suppress
the activation of HSCs and decrease ECM by increasing the
ratio of MMP2/TIMP1.

TGF-β is generally considered to be the strongest fibro-
genic factor. The activation of the TGF-β1/Smad3 signaling
pathway plays an important role in liver fibrosis [48]. Smad3
is phosphorylated into p-Smad3 which could promote the
transcription of type 1 and type 3 collagen after the activation
of TGF-β1 [49]. In addition, TGF-β can also activate the p38
MAPK signaling pathway to promote the transcription of
collagen which is the main ingredient of ECM [50]. Besides,
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decreased ECM production and inhibition of autophagy. Abbreviations: BDL: bile duct ligation; CCl4: carbon tetrachloride; ECM:
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large amounts of literature have confirmed that inhibiting the
TGF-β1/Smad pathway could efficiently reduce the injury of
liver fibrosis [4, 15, 47, 51–53]. In our study, we proved that
TGF-β1 and Smad3 expressed much more in fibrosis model
groups than in control groups, and at the same time, apigenin
groups obviously reduced the expression of TGF-β1, Smad3,
and the other related proteins. Thus, we concluded that the
protective effect of apigenin was closely related to the inhibi-
tion of the TGF-β1/Smad3 pathway.

p38 MAPK belongs to the family of MAPKs that affects a
variety of intracellular responses including cell-cycle regula-
tion, inflammation, cell death, and tumorigenesis [54]. p38
MAPK could be phosphorylated by many extracellular stim-
ulants through a classic MAPK pathway, and phosphorylated
p38 (p-p38) could further regulate many substrates that
include transcription factors, peroxisome proliferator-
activated receptors (PPARs), and so on [54, 55]. The study
of Liu et al. demonstrated that p38 MAPK activated by
TGF-β1 could exert a positive effect on liver fibrosis [12].
In addition, Lu et al. illustrated that the inhibition of p-p38
MAPK could increase the expression of PPARα to protect
liver from concanavalin A-induced injury [55]. PPARs which
belong to the subfamily of the nuclear receptor superfamily
containing PPARα, PPAR β/δ, and PPARγ have many bio-
logical functions such as liver protection, antitumor, anti-
asthma, antidiabetes, and antineuropathic pain [56–62]. It
was reported that PPARα could reverse fibrosis by reducing
lipid peroxides and inhibiting the activation of HSCs and
Kupffer cells (KCs) [63, 64]. So, in our study, we detected
the expressions of p-p38 and PPARα and proved that api-
genin could inhibit the phosphorylation of p38 which further
increased PPARα to protect the liver from fibrosis.

Autophagy is a self-selective mode of cell death which
contributes a lot to the basic liver functions [65].
Hernandez-Gea and Friedman demonstrated that autophagy
could provide energy for the activation of HSCs by stimulat-
ing metabolism of lipid droplets [16]. However, inappropri-
ate autophagy activity may aggravate damage in hepatic
injury such as liver fibrosis [66]. The conclusion of Li et al.
proved that suppressing autophagy could alleviate liver fibro-
sis [52]. Autophagy is closely related to the TGF-β1/Smad3
pathway, which could increase the expression of Bechin1
and LC3 and decrease the generation of p62 [67]. In addition,
the inhibition of autophagy via the p38/PPARα pathway
could exert positive effects in liver injury [55]. Our current
results confirmed that apigenin could ameliorate liver fibrosis
by inhibiting autophagy via the TGF-β1/Smad3 and
p38/PPARα pathways.

In general, our study illustrated the liver-protective effect
of apigenin in CCl4- and BDL-induced liver fibrosis models.
Apigenin could inhibit the activation of HSCs which pro-
mote the accumulation of ECM and the secretion of many
fibrogenic factors such as α-SMA and collagen 1. In addition,
the TGF-β1/Smad3 and p38/PPARα pathways are proven to
be the main signaling pathways through which apigenin
exerts its function (Figure 6). Therefore, apigenin may be a
new clinical option for the treatment of fibrosis; however,
more drug safety and clinical trials need to be accomplished
before clinical applications.

5. Conclusion

Our study illustrated the liver-protective effect of apigenin in
CCl4- and BDL-induced liver fibrosis models. Inhibiting the
TGF-β1/Smad3 and p38/PPARα pathways, reducing
autophagy, and decreasing ECM formation are the major
mechanism of the antifibrotic effects of apigenin.
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Neuropathic pain is a public health problem. Although many pharmaceuticals are used to treat neuropathic pain, effective and safe
drugs do not yet exist. In this study, we tested nociceptive responses in CCI rats, and ELISA assay was performed to examine the
expression of proinflammatory cytokines. We found that amorfrutins significantly reduce the pain behaviors in CCI rats and
suppress the expression of proinflammatory cytokines (TNFα, IL-6, and IL-1β) and chemokines (CCL2/CCR2) in the spinal
cord. However, concurrent administration of a PPARγ antagonist, GW9662, reversed the antihyperalgesic effect induced by
amorfrutins. The results indicate that amorfrutins inhibit the inflammation and chemokine expression by activating PPARγ,
thus relieving neuropathic pain in CCI rats. Therefore, PPARγ-CCL2/CCR2 pathway might represent a new treatment option
for neuropathic pain.

1. Introduction

Neuropathic pain is maladaptive pain caused by a lesion or
disease affecting the somatosensory system [1]; its clinical
symptoms are spontaneous ongoing or shooting pain and
stimulus-evoked pain [2]. Pharmacological treatment is the
first-line options for neuropathic pain; however, the cur-
rently used drugs such as tricyclic antidepressants and
serotonin-noradrenalin reuptake inhibitors have limited
efficacy and serious side effects [3]. Therefore, the mecha-
nisms of neuropathic pain should be further explored to
develop novel therapeutic strategies. Current studies have
shown that proinflammatory cytokines contribute to the
generation and maintenance of neuropathic pain [4].
Based on this concept, it provides possibilities concerning
other treatment strategies.

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factor belonging to a nuclear
hormone receptor superfamily, containing three isoforms
PPARα, PPARβ/δ, and PPARγ [5]. PPARγ is ubiquitously
expressed throughout the body; it is the regulator of adipo-
cyte differentiation and plays a role in lipid metabolism and
glucose homeostasis. In addition, increasing researches have

illustrated the pivotal roles of PPARγ in inflammatory gene
repression [6]. PPARγ agonists could suppress the produc-
tion of proinflammatory cytokines in cultured monocytes
[7]. As the natural agonists of PPARγ, amorfrutins are found
in Glycyrrhiza foetida and Amorpha fruticosa [8]. Amorfru-
tins bind to and activate PPARγ without these side effects
caused by synthetic PPARγ agonists [9].

Chemokines and their receptors are key mediators of
inflammation [10]. Chemokines are induced by proin-
flammatory cytokines and modulate immune cell recruit-
ment into inflamed tissues. However, elevated expression
of chemokines contributes to chronic inflammation,
which plays a role in neuropathic pain [11]. Experimental
evidence has shown that several chemokines are linked to
neuropathic pain in animal models [12], and CCL2/CCR2
signaling has garnered great attention. CCL2 belongs to
CC chemokine subfamily and preferentially binds the
CCR2 chemokine receptor [13, 14]. In neuropathic pain
models, the development of mechanical allodynia was
totally abrogated in CCR2−/− mice [15]. In other models,
CCL2 and CCR2 remain upregulated for a long period
after injury [16]. These researches represent a promising
therapeutic target.
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Neuropathic inflammation contributes to the mainte-
nance of neuropathic pain, but PPARγ can inhibit the
inflammation gene expression. Chemokines play a role in
neuropathic pain as key inflammatory mediators [17].
Accordingly, the aim of this study was to assess whether
amorfrutins can alleviate pain through PPARγ/CCL2 signal-
ing in neuropathic pain models.

2. Materials and Methods

2.1. Cell Culture. HMC3 cell line was obtained from Procell
(Wuhan, China) and cultured in Modified Eagle’s Medium
(MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% P/S under 5% CO2 at 37

°C.

2.2. Animal Models. Chronic constriction injury (CCI) model
was established according to procedures described by
Bennett and Xie [18]. Rats were anesthetized with pentobar-
bital. An incision was made just below the hip bone, parallel
to the sciatic nerve. The nerve was exposed, and four 4-0 hro-
mic gut sutures were used to loosely ligate the nerve with
1mm intervals. The same surgery was performed in the sham
operation group except ligating the sciatic nerve. There is no
autophilia in CCI rats. The behavioral performance of the
sham operation group is the same as before the operation.

All male Sprague-Dawley rats (200-300 g) were obtained
from Huai’an First People’s Hospital. The rats were ran-
domly divided into four groups: (a) the sham group treated
with vehicle, (b) chronic constriction injury (CCI) rats
treated with vehicle, (c) chronic constriction injury (CCI)
rats treated with amorfrutins (60mg/kg), and (d) chronic
constriction injury (CCI) rats treated with amorfrutins and
GW9662 (30mg/kg).

2.3. Behavioral Testing

2.3.1. PWMT. Paw withdrawal mechanical threshold
(PWMT) was tested using the electric von Frey filament
(IITC, USA). Put the rats into separate plexiglas boxes with
a metal mesh floor. Before the test, the rats were adapted
for 30 minutes to eliminate tension. The von Frey filament
was pointed at the plantar surface of rats. When the rats show
paw withdrawal reaction, the value of electric von Frey fila-
ment was considered as the paw withdrawal threshold. Each
measurement should be repeated 3 times at 5 minutes
interval.

2.3.2. PWTL. Paw withdrawal thermal latency (PWTL) was
performed using the Plantar Analgesia Meter for thermal
paw (IITC, USA). The rats were adapted to the environment
for more than 30 minutes. Then, slide the test head and align
the heat source with the bottom of the rats’ hind paw. Set the
stimulation time within 30 s, and automatically record the
time of rats show paw withdrawal reaction. The interval
between each measurement is more than 5 minutes. Repeat
the measurement 3 times and take the average.

2.4. ELISA. The expression of TNF-α, IL-1β, and IL-6 in the
spinal cord was examined using the LEGEND MAX™ Rat
TNF-α ELISA Kit (Biolegend, China), Rat IL-1β ELISA Kit

(Dakewe, China), and LEGEND MAX™ Rat IL-6 ELISA Kit
(Biolegend, China).

2.5. Western Blot. The rats in each group were immediately
decapitated after completing the pain behavior test on the
14th treatment day. Take out the L4~6 spinal cord, quickly
put it in liquid nitrogen, and then transfer to the -80°C
refrigerator.

The frozen samples were lysed using lysis buffer contain-
ing protease inhibitors. Protein (30μg) was separated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis.
After the protein was transferred to polyvinylidene fluoride
membranes, the membranes were incubated with primary
antibodies (anti-CCL2, anti-CCR2, and anti-β actin; 1 : 2000;
Abcam, UK) and HRP-conjugated secondary antibodies
(1 : 10000; Amyjet, China). The protein bands were visualized
using the Clarity Western ECL Substrate (Bio-Rad, USA).

2.6. Statistical Analysis. The significance between groups was
analyzed by Student’s t-test and one-way ANOVA. All statis-
tical analysis was performed using SPSS 22.0 (IBM, Chicago,
USA) and GraphPad Prism 8.0.0 (San Diego, California,
USA).

3. Results

3.1. Amorfrutins Suppress CCL2/CCR2 Expression through
PPARγ Activation. To explore the connection between PPAR
and chemokines in neuropathic pain, we detected the
CCL2/CCR2 expression in LPS-induced HMC3 cells. As
shown in Figure 1, amorfrutins remarkably decreased the
CCL2/CCR2 protein expression, whereas coadministration
of amorfrutins and GW9662 (PPARγ antagonist) restored
the expression of CCL2/CCR2. The results indicated that
amorfrutins could suppressed the expression of CCL2/CCR2
protein through PPARγ activation.

3.2. Amorfrutins Relieve the Neuropathic Pain Responses in
CCI Rats. Based on the results of the cell experiments, the
CCI rat model was used to examine the function of amorfru-
tins in neuropathic pain. At 3 days after CCI surgery, all
groups were treated with the corresponding drugs once a
day for two weeks. At 1 h after injection, PWMT was mea-
sured by the same researcher (Figure 2(a)). In CCI rats, the
mechanical thresholds were significantly reduced. However,
after the administration of amorfrutins, the mechanical
thresholds were increased from day 3 and reached its maxi-
mum after a week. To verify whether amorfrutins relieve
neuropathic pain by activating PPARγ, GW9662 was coad-
ministrated with amorfrutins. As shown in Figure 2(a), there
were no significant changes in PWMT of CCI rats treated
with amorfrutins+GW9662. PTWL was performed after
PWMT (Figure 2(b)). Consistent with the above results,
amorfrutins remarkably alleviated the thermal allodynia of
CCI rats, but GW9662 reversed this effect. The results
showed that amorfrutins relieved neuropathic pain in CCI
rats by activating PPARγ.

3.3. Amorfrutins Reduce the Inflammation in CCI Rats.
Inflammation has been proven to contribute to the
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maintenance of neuropathic pain. To verify whether amor-
frutins reduce neuropathic pain is related to inflammation,
the proinflammatory cytokines in the spinal cord including
TNF-α, IL-1β, and IL-6 were detected using ELISA
(Figures 3(a)–3(c)). The results showed that the levels of
TNF-α, IL-1β, and IL-6 were higher in the CCI groups than
in the sham group. And amorfrutin administration markedly
inhibited the upregulation of these proinflammatory cyto-
kines. However, GW9662 reverses the effects induced by
amorfrutins, indicating that amorfrutins decrease the inflam-
mation by activating PPARγ. These findings revealed that

amorfrutins might alleviate neuropathic pain by reducing
inflammation.

3.4. PPARγ Activation Suppresses Chemokines CCL2/CCR2
Expression in CCI Rats. To further explore the connection
between PPARγ and chemokines in neuropathic pain, we
detected the CCL2 and CCR2 expression in the spinal cord
(Figure 4). Compared with the sham group, the CCL2/CCR2
expression in the CCI group was increased. In those drug-
treated rats, amorfrutins significantly reduced the expression
of CCL2/CCR2; however, GW9662 blocked this effect and
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Figure 1: Amorfrutins suppressed the CCL2/CCR2 expression by activating PPARγ. The CCL2 and CCR2 protein expressions were
significantly decreased in the amorfrutin group, whereas the GW9662 reversed the effects induced by amorfrutins.
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Figure 2: Amorfrutins relieved the neuropathic pain responses in CCI rats. (a) The PWMT of different groups were measured using the
electric von Frey filament. (b) The PTWL of different groups were measured using the Plantar Analgesia Meter for thermal paw.
Amorfrutins increased the PWMT and PTWL of CCI rats by activating PPARγ.
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restored the CCL2/CCR2 expression. The results indicated
that amorfrutins (PPARγ agonist) inhibited chemokine
CCL2/CCR2 expression through PPARγ activation. In sum-
mary, these data established the link between PPARγ and
CCL2 in neuropathic pain, which may represent a novel ther-
apy for neuropathic pain.

4. Discussion

In this report, we showed that amorfrutins significantly
reduce neuropathic pain in CCI rats. And the levels of

inflammation cytokines and chemokines CCL2/CCR2 were
decreased. In addition, PPARγ antagonist GW9662 reversed
the changes produced by amorfrutins.

Increasing evidence has shown that PPAR activation
plays a role in alleviating neuropathic pain. In animal models,
PPAR agonists pioglitazone, rosiglitazone, and palmitoy-
lethanolamide (PEA) and fenofibrate have been proven to
reduce pain [19]. In humans, the endogenous PPARα agonist
PEA shows great efficacy in the treatment of various
human pain conditions, including diabetic neuropathy, sci-
atic pain, and postoperative pain [20, 21]. Little information
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Figure 3: Amorfrutins reduced the inflammation in CCI rats. (a) The TNF-α expression in the spinal cord of different groups were detected
using ELISA. (b) The IL-1β expression in spinal cord of different groups were detected using ELISA. (c) The IL-6 expression in spinal cord of
different groups was detected using ELISA. Amorfrutins reduced the levels of TNF-α, IL-1β, and IL-6 through PPARγ activation.
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is available on the use of PPARγ agonists for neuropathic
pain treatment in humans, partly because the undesirable
side effects of the key agonists, thiazolidinediones (TZDs).
However, amorfrutins are natural PPARγ agonists, showing
the anti-inflammatory effect in HFD mice without unwanted
side effects [9]. In this study, our findings represent that
PPARγ agonist amorfrutins attenuate mechanical hyperalge-
sia and thermal hyperalgesia in CCI rats. PPARγ antagonist
GW9662 coadministration with amorfrutins blocked the role
of Amor, indicating that amorfrutins alleviate neuropathic
pain by activating PPARγ. These data suggest that amorfru-
tins may be a new drug therapy for neuropathic pain.

Chemokine expression is stimulated by inflammatory
cytokines like TNFα and IL-1β. Researches have revelated
the connection between chemokines and pain; the chemo-
kine expression was upregulated in animal models and main-
tained for weeks [22]. In addition, the connection between
PPAR and chemokines was also revealed in some studies.
For example, in traumatic brain injury model, the CCL2
expression was significantly suppressed by TZDs [23]. 15d-
PGJ2 and rosiglitazone also inhibited the CCL2 production
in LPS-stimulated microglia [24]. Here, we found that cyto-
kine (TNFα, IL-6, and IL-1β) and chemokine (CCL2/CCR2)
expressions increased in the spinal cord of CCI rats.

CCI

C

CCL2

CCR2

𝛽-actin

A
m

or
fru

tin
+G

W
96

62

A
m

or
fru

tin

V
eh

ic
le

Sh
am

+v
eh

ic
le

(a)

0.0

0.5

1.0

1.5

2.0

2.5

CCL2

Re
la

tiv
e C

CL
2 

pr
ot

ei
n 

ex
pr

es
sio

n

CCI

⁎⁎
⁎⁎ ⁎⁎

⁎⁎

⁎⁎ ⁎⁎

0

1

2

3

4

CCR2

Re
la

tiv
e C

CR
2 

pr
ot

ei
n 

ex
pr

es
sio

n

Sh
am

+v
eh

ic
le

V
eh

ic
le

A
m

or
fru

tin

A
m

or
fru

tin
+G

W
96

62

CCI

Sh
am

+v
eh

ic
le

V
eh

ic
le

A
m

or
fru

tin

A
m

or
fru

tin
+G

W
96

62

(b)

Figure 4: PPARγ activation suppressed chemokines CCL2/CCR2 expression in CCI rats. The expression of CCL2/CCR2 protein was
examined by western blot. Amorfrutins decreased the CCL2/CCR2 expression through the PPARγ activation.
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Amorfrutins inhibited the production of these procytokines
and chemokines, but GW9662 reversed the inhibitory effect
of amorfrutins. The results illustrate that the PPARγ activa-
tion can reduce the inflammation and suppress the chemo-
kine CCL2/CCR2 expression.

5. Conclusions

Collectively, our results demonstrate that the PPARγ agonist
amorfruitins alleviate neuropathic pain in CCI rats, at least in
part, via downregulating proinflammatory cytokines and
chemokines CCL2/CCR2. This study may suggest a potential
treatment option for neuropathic pain.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors confirm that there are no conflicts of interest.

Acknowledgments

We sincerely appreciate all lab members.

References

[1] R. D. Treede, T. S. Jensen, J. N. Campbell et al., “Neuropathic
pain: redefinition and a grading system for clinical and research
purposes,” Neurology, vol. 70, no. 18, pp. 1630–1635, 2008.

[2] J. Gierthmuhlen and R. Baron, “Neuropathic pain,” Seminars
in Neurology, vol. 36, no. 5, pp. 462–468, 2016.

[3] L. Xu, Y. Zhang, and Y. Huang, “Advances in the treatment of
neuropathic pain,” Advances in Experimental Medicine and
Biology, vol. 904, pp. 117–129, 2016.

[4] G. Moalem and D. J. Tracey, “Immune and inflammatory
mechanisms in neuropathic pain,” Brain Research Reviews,
vol. 51, no. 2, pp. 240–264, 2006.

[5] J. Korbecki, R. Bobiński, and M. Dutka, “Self-regulation of the
inflammatory response by peroxisome proliferator-activated
receptors,” Inflammation research, vol. 68, pp. 443–458, 2019.

[6] M. Ricote, A. C. Li, T. M. Willson, C. J. Kelly, and C. K. Glass,
“The peroxisome proliferator-activated receptor-gamma is
a negative regulator of macrophage activation,” Nature,
vol. 391, no. 6662, pp. 79–82, 1998.

[7] C. Jiang, A. T. Ting, and B. Seed, “PPAR-γ agonists inhibit
production of monocyte inflammatory cytokines,” Nature,
vol. 391, no. 6662, pp. 82–86, 1998.

[8] L. Wang, B. Waltenberger, E. M. Pferschy-Wenzig et al., “Nat-
ural product agonists of peroxisome proliferator-activated
receptor gamma (PPARγ): a review,” Biochemical Pharmacol-
ogy, vol. 92, no. 1, pp. 73–89, 2014.

[9] C. Weidner, J. C. de Groot, A. Prasad et al., “Amorfrutins are
potent antidiabetic dietary natural products,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 109, no. 19, pp. 7257–7262, 2012.

[10] I. F. Charo and R. M. Ransohoff, “The many roles of chemo-
kines and chemokine receptors in inflammation,” The New
England Journal of Medicine, vol. 354, no. 6, pp. 610–621, 2006.

[11] F. A. White, S. K. Bhangoo, and R. J. Miller, “Chemokines:
integrators of pain and inflammation,” Nature Reviews. Drug
Discovery, vol. 4, no. 10, pp. 834–844, 2005.

[12] S. B. Oh, P. B. Tran, S. E. Gillard, R. W. Hurley, D. L. Ham-
mond, and R. J. Miller, “Chemokines and glycoprotein120
produce pain hypersensitivity by directly exciting primary
nociceptive neurons,” The Journal of neuroscience : the official
journal of the Society for Neuroscience, vol. 21, no. 14,
pp. 5027–5035, 2001.

[13] E. J. Leonard, A. Skeel, and T. Yoshimura, “Biological aspects
of monocyte chemoattractant protein-1 (MCP-1),” Advances
in Experimental Medicine and Biology, vol. 305, pp. 57–64,
1991.

[14] G. Banisadr, F. Quéraud-Lesaux, M. C. Boutterin et al.,
“Distribution, cellular localization and functional role of
CCR2 chemokine receptors in adult rat brain,” Journal of Neu-
rochemistry, vol. 81, no. 2, pp. 257–269, 2002.

[15] C. Abbadie, J. A. Lindia, A. M. Cumiskey et al., “Impaired neu-
ropathic pain responses in mice lacking the chemokine receptor
CCR2,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 100, no. 13, pp. 7947–7952, 2003.

[16] A. Flügel, G. Hager, A. Horvat et al., “Neuronal MCP-1 expres-
sion in response to remote nerve injury,” Journal of Cerebral
Blood Flow & Metabolism, vol. 21, no. 1, pp. 69–76, 2001.

[17] Y. Chen, S. R. Green, J. Ho, A. Li, F. Almazan, and
O. Quehenberger, “The mouse CCR2 gene is regulated by
two promoters that are responsive to plasma cholesterol and
peroxisome proliferator-activated receptor gamma ligands,”
Biochemical and Biophysical Research Communications,
vol. 332, no. 1, pp. 188–193, 2005.

[18] G. J. Bennett and Y. K. Xie, “A peripheral mononeuropathy in
rat that produces disorders of pain sensation like those seen in
man,” Pain, vol. 33, no. 1, pp. 87–107, 1988.

[19] C. M. Freitag and R. J. Miller, “Peroxisome proliferator-
activated receptor agonists modulate neuropathic pain: a link
to chemokines?,” Frontiers in Cellular Neuroscience, vol. 8,
p. 238, 2014.

[20] C. Schifilliti, L. Cucinotta, V. Fedele, C. Ingegnosi, S. Luca, and
C. Leotta, “Micronized palmitoylethanolamide reduces the
symptoms of neuropathic pain in diabetic patients,” Pain
Research and Treatment, vol. 2014, Article ID 849623, 5 pages,
2014.

[21] D. J. Kopsky and J. M. Keppel Hesselink, “Multimodal stepped
care approach with acupuncture and PPAR-α agonist palmi-
toylethanolamide in the treatment of a patient with multiple
sclerosis and central neuropathic pain,” Acupuncture in Medi-
cine, vol. 30, no. 1, pp. 53–55, 2012.

[22] Z. J. Zhang, B. C. Jiang, and Y. J. Gao, “Chemokines in neuron-
glial cell interaction and pathogenesis of neuropathic pain,”
Cellular and Molecular Life Sciences, vol. 74, no. 18,
pp. 3275–3291, 2017.

[23] J. H. Yi, S. W. Park, N. Brooks, B. T. Lang, and R. Vemuganti,
“PPARgamma agonist rosiglitazone is neuroprotective after
traumatic brain injury via anti-inflammatory and anti-
oxidative mechanisms,” Brain Research, vol. 1244, pp. 164–
172, 2008.

[24] P. D. Storer, J. Xu, J. Chavis, and P. D. Drew, “Peroxisome
proliferator-activated receptor-gamma agonists inhibit the
activation of microglia and astrocytes: implications for multi-
ple sclerosis,” Journal of Neuroimmunology, vol. 161, no. 1-2,
pp. 113–122, 2005.

6 PPAR Research



Research Article
Bergenin Attenuates Hepatic Fibrosis by Regulating Autophagy
Mediated by the PPAR-γ/TGF-β Pathway

Yujing Xia , Jingjing Li , Kan Chen , Jiao Feng , and Chuanyong Guo

Department of Gastroenterology, Shanghai Tenth People’s Hospital, School of Clinical Medicine of Nanjing Medical University,
Shanghai 200072, China

Correspondence should be addressed to Chuanyong Guo; guochuanyong@hotmail.com

Received 14 October 2020; Revised 6 December 2020; Accepted 15 December 2020; Published 31 December 2020

Academic Editor: Ravinder K. Kaundal

Copyright © 2020 Yujing Xia et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Liver fibrosis is a pathological process involving diffuse extracellular matrix (ECM) deposition in the liver. It is typical of many
chronic liver diseases, including cirrhosis, and effective drugs are needed. In this study, we explored the protective effect of
bergenin on liver fibrosis induced by carbon tetrachloride and bile duct ligation. A variety of molecular biological methods
(qRT-PCR, western blotting, and immunohistochemistry) were employed to confirm the increased degree of hepatocyte injury
and ECM formation in the disease model, consistent with autophagy and activation of the TGF-β pathway. Bergenin activated
PPAR-γ and inhibited TGF-β and autophagy and decreased liver fibrosis by inhibiting hepatocyte necrosis and ECM formation
in a dose-dependent manner. The results suggest that bergenin may be a promising drug candidate for the treatment of liver
fibrosis.

1. Introduction

Liver fibrosis is a pathophysiological process in which various
pathogenic factors continually damage the liver, resulting in
extracellular matrix (ECM) deposition and fibrous scar for-
mation [1]. According to statistics, more than one million
people worldwide die of end-stage liver disease caused by
liver fibrosis every year [2]. Therefore, in recent years, experts
in the field have explored treatments for liver diseases, espe-
cially liver fibrosis and cirrhosis. The consensus is that new
drugs are needed to improve both diagnosis and treatment.

Peroxisome proliferator-activated receptor (PPAR) is a
ligand-activated receptor belonging to the type II nuclear
hormone receptor superfamily that includes PPAR-α,
PPAR-β/δ, and PPAR-γ subtypes [3, 4]. PPAR-γ is a key
transcription factor of cell differentiation, which is closely
related to fibrosis in important organs [5, 6]. Stavniichuk
et al. confirmed that dual soluble epoxide hydrolase inhibi-
tors can reduce renal fibrosis by activating PPAR-γ, and the
same effect was observed in heart and lung fibrosis [7–9].
In liver fibrosis, PPAR-γ is involved in hepatic stellate cell
(HSC) activation and fibroblast transformation, which can

reduce the overexpression of α-smooth muscle actin (α-
SMA), type I collagen, and hydroxyproline in HSCs and
thereby inhibit liver fibrosis [10–12].

Autophagy, an important form of programmed cell
death, is a highly conserved degradation process mediated
by lysosomes in eukaryotes. The autophagy-related gene
LC3-II was significantly upregulated in a carbon tetrachlo-
ride- (CCl4-) induced liver fibrosis model, and inhibition of
autophagy activity could delay its progress. This may be
because autophagy-mediated lipid degradation provides
energy for HSC activation, thereby promoting ECM forma-
tion and the progression of liver fibrosis. However, PPAR-γ
activation has been linked to autophagy [13, 14], but whether
PPAR-γ plays an important role in the occurrence and devel-
opment of liver fibrosis requires further investigation.

Existing liver fibrosis drugs acting at a single target are
not particularly effective, and they cause unwanted side
effects. Some active components of traditional Chinese med-
icines, such as procyanidin, crocin, astaxanthin, and fucoi-
dan, are reported to exert strong antifibrosis effects [12,
15–17]. Some reportedly regulate adipocytokines, thereby
reducing liver inflammation and lowering oxidative stress
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[17, 18]. Bergenin is a natural secondary metabolite extracted
from the roots, bark, and leaves of many families and genera
of plants. Its pharmacological activities are diverse, and anti-
tumour, antiviral, immune enhancement, wound repair,
anticoagulant, analgesic, antitussive, antifungal, antiarrhyth-
mic, antimalarial, and anti-inflammatory activities have been
reported [19–23]. However, liver fibrosis activity has not
been reported.

The etiology andmechanism of liver fibrosis are complex.
Traditional Chinese medicines can inhibit the activation of
HSCs and exert antifibrosis effects via different mechanisms.
The aim of the present study was to explore the antifibrosis
effect of bergenin and its action mechanism based on the suc-
cessful establishment of a liver fibrosis model.

2. Materials and Methods

2.1. Establishment of a Hepatic Fibrosis Model. C57 mice
weighing 20-25 g were purchased from Shanghai Experimen-
tal Animal Co., Ltd. (Shanghai, China). They were reared at
25°C under a 12h light/12 h dark cycle. All mice were allowed
free access to food and water. The CCl4-induced liver fibrosis
model was established by intraperitoneal injection of 1mL/kg
body weight CCl4 (1 : 10 v/v; Sigma-Aldrich, St. Louis, MO,
USA) in olive oil twice a week for 8 weeks [15]. In the BDL
model, C57 mice were fasted for 12 h, injected intraperitone-
ally with 1.25% Nembutal (Sigma-Aldrich), anesthetised, and
disinfected. Skin and muscle were removed layer by layer
from the midline of the abdomen and ~1 cm above the peri-
neum. The transparent bile duct accompanying the portal
vein was found in the hilar region, and two 6-0 surgical
sutures were embedded, and surgical knots were made. After
confirming that there was no visceral injury or bleeding in
the abdominal cavity, the abdomen was closed layer by layer
and disinfected again. Mice were resuscitated in a dry and
warm environment [24]. All animal experiments were car-
ried out according to, and approved by, the Animal Care
and Use Committee of Nanjing Medical University.

2.2. Reagents and Experiment Design. Bergenin (CAS: 477-
90-7, purity ≥ 98:0%) was purchased from Sigma-Aldrich
and dissolved in physiological saline. Primary antibodies α-
SMA, CoI-I, TIMP1, LC3-I/II, Beclin-1, and β-actin were
acquired from Proteintech Group (Chicago, IL, USA), and
PPAR-γ, RXR-α, TGF-β1, Smad2, Smad3, and p-Smad2/3
were from Cell Signaling Technology (Danvers, MA, USA).
SYBR Premix Ex Taq was purchased from TaKaRa Biotech-
nology (Dalian, China).

A total of 64 mice were randomly divided into the CCl4
model group and the BDL model group, and serum and liver
tissue samples were obtained as follows:

Sham operation group (sham, n = 8 ): intragastric admin-
istration of normal saline.

Model group (CCl4 or BDL, n = 8 ): model established as
above.

Low dose group (CCl4/BDL+B20, n = 8 ): daily gavage,
bergenin (20mg/kg).

High dose group (CCl4/BDL+B40, n = 8 ): daily gavage,
bergenin (40mg/kg).

2.3. Assessment of Liver Function. Serum alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and
hydroxyproline were determined using an Olympus AU1000
Automatic Chemical Analyzer (Olympus Corporation, Tokyo,
Japan) in the hospital laboratory.

2.4. Pathological Evaluation. Liver tissue was used to prepare
paraffin sections that were stained with hematoxylin and
eosin (HE) according to the manufacturer’s instructions.
HE staining solution is alkaline, which stains chromatin
and nucleic acid in the nucleus purple/blue, and eosin is an
acidic dye, which stains components in the cytoplasm and
extracellular matrix red, thereby revealing cell necrosis. In
addition, Masson staining was used to probe the degree of
fibrosis. Collagen fibers stain blue, and muscle fibers stain
red, revealing fibers and inflammatory factors in tissues.

2.5. Quantitative Real-Time PCR. Total RNA was extracted
from freeze-dried tissue and analysed for purity and concen-
tration. RNA was reverse-transcribed into cDNA and stored
at -20°C. Each 20μL reaction included a predenaturation step
at 93°C for 2min, followed by 40 cycles of 1min at 93°C,
1min at 55°C, and 1min at 72°C, and a final extension at
72°C for 7min. Expression levels of target genes were deter-
mined relative to β-actin. The sequences of primers used in
the experiment are shown in Table 1.

2.6. Western Blotting. Total protein was extracted from tis-
sues, quantified by bicinchoninic acid protein assay (Kaiji,
China), mixed with 5x loading buffer, and stored at -20°C.
Based on the protein molecular weight, proteins were sepa-
rated by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) at 80V using appropriate gels.

Table 1: Nucleotide sequences of primers used for qRT-PCR.

Gene Primer sequence (5′-3′)

LC3-II
Forward GACCGCTGTAAGGAGGTGC

Reverse AGAAGCCGAAGGTTTCTTGGG

Beclin-1
Forward ATGGAGGGGTCTAAGGCGTC

Reverse TGGGCTGTGGTAAGTAATGGA

TIMP-1
Forward CGAGACCACCTTATACCAGCG

Reverse ATGACTGGGGTGTAGGCGTA

α-SMA
Forward CCCAGACATCAGGGAGTAATGG

Reverse TCTATCGGATACTTCAGCGTCA

TGF-β1
Forward CCCCTGCAAGACCATCGAC

Reverse CTGGCGAGCCTTAGTTTGGAC

CoI-1α1
Forward CAATGGCACGGCTGTGTGCG

Reverse AGCACTCGCCCTCCCGTCTT

PPAR-γ
Forward GGAAGACCACTGCATTCCTT

Reverse GTAATCAGCAACCATTGGGTCA

β-Actin
Forward CTGGAACGGTGAAGGTGACA

Reverse AAGGGACTTCCTGTAACAATGCA
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When the sample reached the lower layer of the gel, the volt-
age was changed to 120V, and electrophoresis was stopped
when the bromophenol blue indicator reached the bottom
of the separating gel. Proteins were transferred to a polyviny-
lidene fluoride (PVDF) membrane at 200mA, then incu-
bated on a decolourising shaker at room temperature for
1 h. The PVDF membrane was incubated overnight at 4°C
with primary antibodies diluted in phosphate-buffered saline
(PBS) containing Tween (PBST). After washing with fresh
PBST, the membrane was incubated in the secondary anti-
body solution for 1 h, then quickly rinsed. An Odyssey
Two-colour Infrared Laser Imaging System (LI-COR Biosci-
ences, Lincoln, NE, USA) was used to scan and image the
membranes. The quantitative evaluation was determined by
relative band density.

2.7. Immunohistochemical Staining. The prepared paraffin
sections were placed in a 60°C incubator and incubated for
120min. After a series of dewaxing and hydration treat-
ments, they were incubated at room temperature with 3%
H2O2 for 10min to eliminate endogenous peroxidase activ-
ity. After washing with distilled water to elicit antigen repair,
the slices were placed in a container containing PBS and
heated in a microwave oven for 15min to keep the liquid
temperature in the container between 92°C and 98°C, then
cooled at room temperature for 20min. After blocking, sam-
ples were incubated again at room temperature for 15min.
The working solution of the first antibody was added dropwise
overnight at 4°C. After adding the second antibody, samples
were washed and stained with DAB. After staining with HE
and mixing with hydrochloric acid and alcohol, samples were
dehydrated until transparent, sealed with neutral resin and a
cover glass, and visualised under a light microscope, revealing
the target molecules as yellow particles.

2.8. Electron Microscopy. Fresh liver tissues were fixed with
3% glutaraldehyde, incubated with 0.2mM calcium carbon-
ate buffer for 4 h, and then fixed with 1% osmium tetroxide
for 1 h. Samples were dehydrated using a series of ethanol
solutions, soaked with epoxy resin, and sliced. Autophagy
was observed using a JEM-1230 electron microscope (JEOL,
Tokyo, Japan).

2.9. Statistical Analysis. SPSS 22.0 software (IBM Corpora-
tion, Armonk, NY, USA) was used for statistical analysis.
Data were compared as means ± standard deviation calcu-
lated by Student-Newman-Keuls tests and one-way analysis
of variance (ANOVA). A p value < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Bergenin Significantly Decreases Liver Fibrosis. Liver
enzymes and hydroxyproline are important indicators that
reflect the severity of liver fibrosis; hence, serum and patho-
logical examination was carried out to evaluate the effects
of the drug. The results showed that levels of ALT and AST
in the CCl4 and BDL groups were increased, while levels of
liver enzymes in drug treatment groups were significantly
decreased, and the effect was more obvious with an increas-

ing dose (Figure 1(a)). In accordance with the levels of liver
enzymes, hydroxyproline was increased in the disease model
groups, while bergenin treatment significantly reduced
hydroxyproline levels (Figure 1(a)). HE staining revealed
degeneration and necrosis of hepatocytes and proliferation
of connective tissue in the disease model groups, and inflam-
matory cell infiltration was observed in some areas. Addi-
tionally, numerous blue collagen fibers were observed by
Masson staining. Compared with the disease model groups,
necrosis was improved in the drug groups, and the quantity
of collagen fibers was decreased in a dose-dependent manner
(Figure 1(b)). These results suggest that bergenin can effec-
tively decrease levels of liver enzymes and alleviate liver
fibrosis.

3.2. Bergenin Inhibits the Formation of Extracellular Matrix.
The main components of ECM are hyaluronic acid (HA),
fibronectin (FN), laminin (LN), type I collagen (CoI-I), α-
SMA, matrix metalloproteinases (MMPs), and tissue inhibi-
tors of metalloproteinases (TIMPs). The results showed that
levels of HA and LN in the disease model groups were signif-
icantly increased, while those in the bergenin groups were
significantly decreased, and the effect was proportional to
the drug concentration (Figure 2(a)). Furthermore, we used
molecular biological methods to measure levels of α-SMA,
CoI-I, and TIMP1. At the transcriptional level, all were sig-
nificantly increased in the CCl4 and BDL model groups,
while high concentrations of bergenin downregulated the
expression of these markers (Figures 2(b) and 2(c)). Simi-
larly, the results of immunohistochemistry were consistent
with the observed serum levels (Figure 2(d)). These results
suggest that bergenin inhibits ECM depositions and thereby
prevents liver fibrosis.

3.3. Bergenin Decreases Autophagy by Downregulating Beclin-
1 and LC-3. Autophagy involves the phagocytosis of cyto-
plasmic proteins and organelles, their inclusion into vesicles,
and fusion with lysosomes to form autophagic lysosomes,
which provides energy for the activation of HSCs. The main
proteins involved are LC-3II, Beclin-1, and p62. The results
showed that mRNA levels of autophagy-related genes LC-
3II and Beclin-1 in liver fibrosis model groups were signifi-
cantly increased, while those in bergenin treatment groups
were decreased in a dose-dependent manner (Figure 3(a)).
In addition, western blotting and immunohistochemistry
were used to measure the expression levels of tissue proteins,
and the results were consistent with the gene transcription
levels (Figure 3(b) and 3(c)). In the model group, more
Beclin-1 and LC3-II proteins were stained with brown yellow
particles by DAB compared with the sham group, while the
positive area of the drug treatment group decreased with
the increase of concentration. Electron microscopy was per-
formed to observe autophagy directly, and the results showed
that the number of autophagosomes was increased signifi-
cantly in the disease model groups, but not in the drug
groups (Figure 3(d)). In summary, bergenin could effectively
reduce the levels of autophagy and block the energy supply
needed for HSC activation.
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3.4. Bergenin Inhibits the TGF-β1/Smads Pathway by
Activating PPAR-γ. TGF-β1 mediates necrosis and autoph-
agy by activating phosphorylated Smads in the nuclear
region. PPAR-γ is a key molecule regulating TGF-β1, which
is known to be inhibited by bergenin. In order to clarify the
mechanism of action of the drug, we analysed gene and pro-
tein expression levels of related pathways. The results showed
that expression of PPAR-γ was decreased in the liver fibrosis
model, but the expression was stimulated by the drug. How-
ever, TGF-β1, active Smad2, and Smad3 displayed the oppo-
site trend (Figures 4(a) and 4(b)). Based on the consistent

expression of total Smad2 and Smad3, levels of TGF-β1
and phosphorylated Smad2 and Smad3 were upregulated in
the liver fibrosis model, but decreased in the drug group,
and the differences were statistically significant. Immunohis-
tochemical staining was also used to elucidate the changes in
the expression of pathway molecules. In the model group, the
brown granules in the nucleus of PPAR-γ were significantly
decreased but were upregulated in the drug treatment group.
On the contrary, more TGF-β1 proteins were stained by
DAB into brown granules compared with the sham group,
while the yellow area of the drug treatment group showed a
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Figure 1: Bergenin significantly decreases liver fibrosis. (a) Levels of serum ALT and AST expressed as the mean ± SD (n = 8). (b) HE and
Masson staining of liver sections (original magnification = 200x).
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5PPAR Research



downward trend (Figure 4(c)). These results suggest that ber-
genin can inhibit the TGF-β1/Smads pathway by activating
PPAR-γ, thereby halting the progression of autophagy in
liver fibrosis.

4. Discussion

Modern medicine has shown that liver fibrosis is a dynamic
process. However, whether this process is progressive or
related to the presence of liver injury factors and whether
liver injury lesions continue to develop remain unknown.
Research on liver fibrosis has recently entered a new era.

Great progress has been made in understanding liver fibrosis
and drug-targeted therapy [1, 25]. Natural plant extracts have
been shown to exert strong biological effects, and bergenin is
effective for decreasing fibrosis in various organs. Herein, we
explored the protective effects of bergenin on the liver.

CCl4 is one of the most widely used chemical toxicants to
induce liver fibrosis and cirrhosis in experimental animals. In
the endoplasmic reticulum of hepatocytes, free radicals pro-
duced by CCl4 can bind covalently to macromolecules in
hepatocytes after being activated by cytochrome P450 oxi-
dase in liver microsomes, which leads to the production of
reactive oxygen species and lipid peroxidation, resulting in
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Figure 2: Bergenin inhibits the formation of the extracellular matrix. (a) Levels of serum HA and LN expressed as themean ± SD (n = 8). (b)
mRNA expression of collagen I, α-SMA, and TIMP1 assessed by real-time PCR (n = 8). (c) Protein expression of collagen I, α-SMA, and
TIMP1 assessed by western blotting. The quantitative evaluation was determined by relative band density. (d) Immunohistochemical
staining of α-SMA and TIMP1 (original magnification = 200x). ∗p < 0:05 for CCl4/BDL vs. sham, #p < 0:05 for CCl4/BDL+B20 vs.
CCl4/BDL, and

^p < 0:05 for CCl4/BDL+B40 vs. CCl4/BDL+B20.
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liver fibrosis [26]. By contrast, the BDL model is charac-
terised by cholestasis and inflammation due to blockage of
the extrahepatic biliary system, leading to a strong fibrosis
reaction around the portal vein. The twomodels complement
each other and are used to comprehensively evaluate the
effects of drugs.

First, we explored the effects of the drug on liver function
and quantitatively evaluated liver function and the degree of
liver fibrosis based on ALT, AST, and hydroxyproline. The
results showed that liver enzymes and hydroxyproline were
increased in the serum of the liver fibrosis model, while the
drug effectively reduced the levels of these indicators,
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Figure 3: Bergenin decreases autophagy by downregulating Beclin-1 and LC-3. (a) mRNA expression of Beclin-1 and LC3-II assessed by real-
time PCR (n = 8). (b) Protein expression of Beclin-1 and LC3-II assessed by western blotting. The quantitative evaluation was determined by
relative band density. (c) Immunohistochemical staining of Beclin-1 and LC3-II (original magnification = 200x). (d) The amount of
autophagosome significantly decreased as showed by TEM (original magnification: ×10000). ∗p < 0:05 for CCl4/BDL vs. sham, #p < 0:05
for CCl4/BDL+B20 vs. CCl4/BDL, and

^p < 0:05 for CCl4/BDL+B40 vs. CCl4/BDL+B20.
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suggesting that bergenin could effectively inhibit the release
of ALT and AST and reduce the production of collagen.

Pathological staining of hepatocyte necrosis and Masson
staining of collagen formation directly reflected the effective-
ness of the drug, consistent with previous studies [13]. Fur-
thermore, activation of HSCs, phenotypic changes, and
ECM deposition are the central links in the occurrence of
liver fibrosis [1]. Therefore, it is of great significance to study
ECM components when evaluating the severity of liver fibro-
sis. Our results showed that bergenin decreased levels of α-
SMA, CoI-I, MMP2, and TIMP1. Therefore, bergenin may
protect hepatocytes from hepatic fibrosis and inhibit the for-
mation of key components of ECM in serum and tissues,
thereby inhibiting the process of liver fibrosis.

Autophagy involves phagocytosis of cytoplasmic proteins
and organelles, their inclusion into vesicles, and fusion with
lysosomes to form autophagic lysosomes, which degrade
their contents [27, 28]. Studies have shown that when HSCs
are activated, autophagy increases to provide energy to pro-
mote the secretion of ECM components [29]. One study
demonstrated that miR-96-5p inhibits the activation of HSCs
by regulating ATG7 to block autophagy [30], and another
demonstrated that fucoidan can inhibit ECM deposition
and autophagy in liver fibrosis [15]. Therefore, if autophagy
can be effectively inhibited, liver fibrosis may be inhibited
to some extent. Beclin-1 and LC3-II are markers of autoph-
agy that are increased significantly during liver fibrosis, and
bergenin effectively reduced their levels in the present work.
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Figure 4: Bergenin inhibits the TGF-β1/Smads pathway by activating PPAR-γ. (a) mRNA expression of PPAR-γ and TGF-β1 assessed by
real-time PCR (n = 8). (b) Protein expression of PPAR-γ and TGF-β1 assessed by western blotting. The quantitative evaluation was
determined by relative band density. (c) Immunohistochemical staining of PPAR-γ and TGF-β1 (original magnification = 200x). ∗p < 0:05
for CCl4/BDL vs. sham, #p < 0:05 for CCl4/BDL+B20 vs. CCl4/BDL, and ^p < 0:05 for CCl4/BDL+B40 vs. CCl4/BDL+B20.
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By contrast, expression of P62 was higher when autophagy
was decreased and lower when autophagy was increased.
Therefore, bergenin increased the expression level of P62 in
tissues. These results are consistent with previous findings
showing that inhibition of autophagy can significantly inhibit
liver fibrosis.

PPAR-γ is a member of the nuclear transcription factor
superfamily and can form a heterodimer with retinol X recep-
tor (RXR) to regulate the expression of related genes [31, 32].
The TGF-β/Smads pathway is important in the process of
liver fibrosis and can be regulated by PPAR-γ. Various drugs
can inhibit TGF-β production by activating PPAR-γ during
fibrosis in different tissues [33, 34]. PPAR-γ binds directly to
Smad3 and inhibits the expression of connective tissue growth
factor (CTGF) induced by TGF-β in smooth muscle cells [35].

We also measured the expression of PPAR-γ and mem-
bers of the TGF-β/Smads pathway in both disease model
and drug treatment groups. The results showed that expres-
sion of PPAR-γ and RXR was increased to varying degrees
following treatment with bergenin, which indicates that it
might be a potential activator of PPAR-γ, similar to rosiglita-
zone and 15d-PGJ2 [36–39]. In the drug treatment group, the
TGF-β pathway was inhibited, and Smad2/3 that act down-
stream were not activated by phosphorylation and trans-
ported into the nucleus. Furthermore, the specific DNA
sequence of Beclin-1 could not be bound to promote tran-
scription, which reduced the likelihood of LC3-I to LC3-II
transformation, resulting in P62 accumulation and blockage
of autophagy, which decreased fibrosis due to a lack of energy
supply for HSC activation (Figure 5).

In conclusion, bergenin inhibits autophagy and blocks
the energy supply required for HSC activation, thereby
decreasing ECM formation and hepatocyte damage, which
may affect the PPAR-γ/TGF-β/Smads axis. These findings
establish bergenin as a potentially promising drug for the
treatment of liver fibrosis.
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Cholesteatoma is characterized by both the overgrowth of hyperkeratinized squamous epithelium and bone erosion. However, the
exact mechanism underlying the hyperproliferative ability of cholesteatoma remains unknown. In this study, we investigated PPAR
β/δ expression in human surgical specimens of cholesteatoma and analyzed its functional role as a regulator of epithelial
keratinocyte hyperproliferation. We found that the expression of PPAR β/δ was significantly upregulated in cholesteatoma and
ligand-activated PPAR β/δ markedly promoted the proliferation of cholesteatoma keratinocytes. Furthermore, we showed that
PPAR β/δ activation increased PDK1 expression and decreased PTEN generation, which led to increased phosphorylation of
AKT and GSK3β and increased the expression level of Cyclin D1. Overall, our data suggested that the proliferating effect of
PPAR β/δ on the cholesteatoma keratinocytes was mediated by the positive regulation of the PDK1/PTEN/AKT/GSK3β/Cyclin
D1 pathway. These findings warranted further investigation of PPAR β/δ as a therapeutic target for recurrent or residual
cholesteatoma.

1. Introduction

Cholesteatoma is a benign epidermally derived temporal
bone lesion that is locally destructive and frequently recur-
rent. It is characterized by both the overgrowth of hyperker-
atinized squamous epithelium and bone erosion in the
middle ear and mastoid cavity. Cholesteatoma causes a myr-
iad of complications including, but not limited to, hearing
loss, ossicular erosion, labyrinthine fistula, facial weakness,
and intracranial infections. Unfortunately, the molecular
events governing cholesteatoma formation are not well estab-
lished. Nowadays, increasing attention has been paid to the
hyperproliferative activity of epithelium, which would play
an important role in the pathophysiologic cascade of choles-
teatoma [1].

Presently, surgery is the only effective intervention for
cholesteatoma. Despite progress in surgical technique, the
overall estimated proportion with recurrence 10 years after

surgery is more than 70% [2]. It is reported that the high
recurrence rate of cholesteatoma is related to cell hyperproli-
feration [3, 4]. Therefore, we speculate that the hyperproli-
ferative ability of epithelium might play a significant role in
the pathogenesis and recurrent pattern of cholesteatoma.

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear hormone receptor superfamily and
include three distinct isoforms, namely, PPAR α, PPAR γ,
and PPAR β/δ [5]. After binding with specific ligands,
PPARs regulate a wide of cellular processes, such as cell pro-
liferation and differentiation, apoptosis, inflammatory
responses, and metabolism. During the past decade, the
expression of PPAR γ has been reported to be upregulated
in the cholesteatoma epithelium and to be related to choles-
teatoma differentiation [6]. Since PPAR β/δ is the predomi-
nant subtype in human keratinocytes [7] and keratinocytes
are the main component of cholesteatoma matrix, it is logical
that PPAR β/δ would also be expressed in cholesteatoma
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tissues. However, to our knowledge, the potential expression
and distribution of PPAR β/δ in human cholesteatoma has
not been investigated.

A number of researches have demonstrated that ligand
activation of PPAR β/δ can induce terminal differentiation
of keratinocytes and epithelium [8]. Consistent with these
findings, many researchers have also shown that PPAR β/δ
inhibits cell proliferation in epithelium and other cell types,
including colonocytes, keratinocytes, cardiomyocytes, fibro-
blasts, and cancer cell lines [8]. However, the role of PPAR
β/δ in keratinocyte growth remains questioned as there are
limited reports demonstrating that ligand-activated PPAR
β/δ can potentiate cell proliferation [9–11]. Di-Poï et al.
demonstrated this mechanism by elucidating that the prolif-
erative effect of PPAR β/δ was mediated through the direct
repression of gene expression of phosphatase and tensin
homolog deleted on chromosome ten (PTEN) and increase
expression of 3-phosphoinositide-dependent-protein kinase
1 (PDK1), which then activated the phosphorylation of pro-
tein kinase B (Akt), leading to cell proliferation of keratino-
cytes [12]. Thus, these evidences suggest that the role of
PPAR β/δ is cell type- and organ-specific.

Previous researches [13] have proved that the
PI3K/Akt/PTEN/Cyclin D1 signaling pathway is indeed
active in cholesteatoma epithelium and plays a vital role in
cholesteatoma keratinocyte hyperproliferation. Since PPAR
β/δ promoted cell proliferation of keratinocytes by modulat-
ing PTEN/PDK1/ILK/Akt activity [12], consequently, in this
study, we hypothesized that the activation of PI3K/Akt/Cy-
clin D1 signaling mediated by PPAR β/δ may be involved
in the abnormal hyperproliferation of keratinocytes in cho-
lesteatoma epithelium. Furthermore, given the therapeutic
potential of PPAR β/δ antagonists, further research of its
functional role in cholesteatoma is necessary. To test our
hypothesis, we investigated the expression and distribution
of PPAR β/δ in middle ear cholesteatoma, elevated the effects
of ligand-activated PPAR β/δ, and explored the mechanisms
by which PPAR β/δmediated the cell proliferation in the cul-
tured cholesteatoma keratinocytes.

2. Materials and Methods

2.1. Materials. Highly selective PPAR β/δ agonist GW0740
and PPAR β/δ antagonist GSK0660 were purchased from
MedChem Express (NJ, United States). All other reagents
were obtained from the supplier as indicated and were at least
analytical grade. The antibodies used and their sources were
also indicated below.

2.2. Tissue Preparation and Immunofluorescence. Specimens
were obtained from 10 patients (five patients with acquired
primary cholesteatoma and five healthy external canal skins)
and used for immunofluorescence. Each specimen was fixed
in 4% paraformaldehyde for 24 h and then embedded in par-
affin. Then, five 5mm sections were used for immunofluores-
cence as previously described [14]. The sections were blocked
for 1 h in 10% normal goat serum after deparaffinization and
rehydration in graded alcohol. After a brief rinse, the sections
were incubated overnight with rabbit polyclonal anti-PPAR

β/δ antibody (Genetex, Cambridge, MA, USA) at 250-fold
dilution. Subsequently, the sections were incubated with
Alexa 555-labeled goat anti-rabbit antibody for 1 hour at
room temperature and then stained using blue fluorescent
4′,6-diamidino-2-phenylindole (DAPI). Finally, the sections
were examined with an Axioskop microscope (Carl Zeiss,
Oberkochen, Germany). This study was approved by the
Research Ethics Committee of the Eye and ENT Hospital of
Fudan University. Informed consent was obtained from all
cholesteatoma patients included in this study.

2.3. Cell Culture and Stimuli. Cholesteatoma keratinocytes
were isolated and characterized as previously described
[14]. In brief, cholesteatoma tissue was obtained and hand
carried to the lab after surgical resection. The tissue was then
cut into small pieces with scissors and digested with 200U/ml
collagenase IV (Sigma-Aldrich, St. Louis, MO, USA) at 4°C
overnight. The digested cells were washed twice with HBSS
and then centrifuged at 1,500 rpm for 5min. The pellet was
removed, added to 10ml keratinocyte serum-free medium
(KSFM; Invitrogen, Carlsbad, CA, USA) with 500 units/ml
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA),
and cultured in 5% CO2 humidified atmosphere at 37°C.
The KSFM media and antibiotics were changed every 3 days.
Cell cultures between the third and fourth passages were used
in this study.

2.4. EdU Staining Proliferation Assay. Cell proliferation in
response to different treatments was confirmed using EdU
imaging kit (Invitrogen, Carlsbad, CA), and analysis was
done according to the manufacturer’s instructions. Choles-
teatoma keratinocytes (5 ∗ 103 cells/well) were plated in a
Lab-Tech chamber slide (Nalge Nunc International, Cam-
bridge, MA, USA) and grown to 70-80% confluence in KSFM
medium, and then treated with control (DMSO), GW0742
(100 nM), or GSK0660 (5μM) for 24h. Edu (10μM) was
added 8h prior to the end of each measurement period. After
being fixed for 15min with 4% paraformaldehyde, the cells
were permeabilized with 0.3%Triton X-100 in PBS for
15min. Then, the cells were incubated with a Click reaction
cocktail containing Click reaction buffer, CuSO4, Alexa
Fluor® 555 azide, and reaction buffer additive for 30min
while protected from light. Next, the cells were incubated
with 5μg/ml Hoechst 33342 for 10min for DNA staining.
Finally, the cells were imaged with fluorescence microscopy,
and the percentage of EdU-positive cells was evaluated.

2.5. Western Blot Analysis. Cholesteatoma keratinocytes were
cultured on 35mm culture dishes. The cells were grown to
70-80% confluence and then placed in KSFM with control
(DMSO), GW0742 (100 nM), or GSK0660 (5μM). After
24 h of treatment, the cells were washed and isolated using
cell lysis buffer (Beyotime Institute of Biotechnology, China)
containing protease inhibitors. Equal amounts of total
protein were separated on 8% SDS-PAGE and transferred
to a PVDF membrane (100V for 60min). The membrane
was incubated with the primary antibodies overnight at
4°C, followed by the secondary peroxidase-conjugated anti-
body for 1 h. The bands were visualized by enhanced
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chemiluminescence and exposure to ECL Hyperfilm (GE
Healthcare). The densitometry of bands was quantified with
NIH Image 1.63 software. The protein expression was nor-
malized to the amount of beta-actin. The following primary
antibodies were used: anti-phospho-PDK1, anti-protein
kinase B (AKT), anti-phospho-AKT, anti-phospho-GSK3β,
and anti-phospho-PTEN (all from Cell Signaling Technol-
ogy, Danvers, MA, USA). Antibodies against β-actin, Cyclin
D1, and PPAR β/δ were from Genetex, Inc. (Genetex, CA,
USA).

2.6. Statistical Analysis. Statistical analysis was performed
using the statistical software package SPSS (Version 11.5).
All data were presented as the mean ± standard deviation ð
M± SDÞ and analyzed by the t-test. p < 0:05 was considered
statistically significant.

3. Results

3.1. Immunolocalization of PPAR β/δ. PPAR β/δ was dis-
tinctly expressed in the nuclei of cells, mainly in basal and
parabasal cell layers (Figures 1(d)–1(f)). However, the inten-

sity of its expression was generally weakened in the granular
and prickle cell layers (Figures 1(d)–1(f)). In the control skin,
scanty staining of PPAR β/δ was found (Figures 1(a)–1(c)).
Immunofluorescent staining for PPAR β/δ in epithelial tis-
sues of cholesteatoma was consistently stronger than that in
control skin.

3.2. Cholesteatoma Keratinocyte Proliferation Is Promoted in
the Presence of PPAR β/δ-Selective Agonists. To determine
the effect of ligand-activated PPAR β/δ in cholesteatoma ker-
atinocyte, we treated the cells for 24h with either GW0742 (a
high affinity PPAR β/δ agonist) or GSK0660 (a high affinity
PPAR β/δ antagonist) and quantified the proliferated cell
number following treatment. Because EdU is a thymidine
analogue and is incorporated into newly synthesized DNA
during S phase, EdU-positive cells are usually the newborn
and proliferating cells. As showed in Figure 2, significant
increases were observed after 24 h of 100nM GW0742 treat-
ment in the cholesteatoma keratinocyte (Figures 2(a) and
2(b)). Meanwhile, an antiproliferated effect was observed in
cholesteatoma keratinocyte treated with GSK0660, where
EdU-positive cell rate decreased significantly following
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Figure 1: Immunohistochemical staining for proliferator-activated receptor β/δ. PPAR β/δ is scantily expressed in external auditory canal
skin (a–c). PPAR β/δ is expressed in the cells mainly in the parabasal and basal layers of cholesteatoma epithelium (d–f). The intensity of
its expression is decreased in the granular and prickle cell layers (magnification, ×200).
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5μM GSK0660 treatment (Figures 2(c) and 2(d)). These
results suggest that ligand-activated PPAR β/δ can promote
the proliferation of human cholesteatoma keratinocytes.

3.3. Activation of PPAR β/δ by Specific Ligands Increases
Expression of PDK1. Cholesteatoma keratinocyte is a trans-
formed keratinocyte cell type with unique biologic behavior
that distinguishes it from healthy keratinocytes [15]. PPAR
β/δ is known to be highly expressed in the skin and keratino-
cytes. To determine whether cholesteatoma keratinocytes
express a functional PPAR β/δ, cells were treated with either
100nM GW0742 or 5μM GSK0660. Western blot analysis
demonstrated that cholesteatoma keratinocytes constitu-
tively expressed PPAR β/δ and that GW0742 or GSK0660
had no effect on PPAR β/δ expression (Figures 3(a)–3(d)).
To verify that the proliferation promotion effect of
GW0742 is associated with specific ligand activation of PPAR
β/δ, the expression of known and putative PPAR β/δ-depen-
dent target genes was examined. The expression of the puta-
tive PPAR β/δ target gene PDK1 [13] was significantly
induced by GW0742 (Figures 3(e)–3(f)). In addition, treat-
ment with GSK0660, an antagonist of PPAR β/δ, also signif-
icantly reversed the effect of GW0742 on the expression of
PDK1 (Figures 3(g)–3(h)). These data show that cholestea-
toma keratinocytes are responsive to PPAR β/δ ligands, as
demonstrated by the induction of a known PPAR β/δ-depen-
dent target genes within 24 h of treatment.

3.4. Activation of PPAR β/δ Promotes the Proliferation of
Cholesteatoma Keratinocytes through the PDK1/AKT/GSK-
3β/Cyclin D1 Pathway. Previous studies suggested that

ligand activation of PPAR β/δ in mouse primary keratino-
cytes caused antiapoptotic signaling mediated by inhibition
of PTEN expression and increased expression of the onco-
genes PDK1 and ILK1 leading to increased phosphorylation
of Akt [12]. To determine whether this pathway function
was similarly in cholesteatoma keratinocytes, we analyzed
the expression of PTEN and AKT phosphorylation by means
of quantitative western blot analysis. Following treatment
with 100 nMGW0742, the cholesteatoma keratinocytes dem-
onstrated increased phosphorylation of AKT and lower
expression of PTEN (Figure 4(a)). To fully characterize the
signaling pathway, we examined the expression of PTEN,
PDK1, AKT, and their downstream targets. The immunoblot
(Figure 4(a)) showed that the GW0742 treatment increased
the P-AKT (ser473) and its downstream effector Cyclin D1
and inhibited the level of PTEN, with altering phosphoryla-
tion activity of GSK3β in the cholesteatoma keratinocytes.
To determine whether this is a PPAR β/δ-mediated effect,
the specific antagonist of PPAR β/δ, GSK0660, was used.
As shown in Figure 4(b), GSK0660 had the reverse effect on
the basal phosphorylation of these kinases. These results
indicating that ligand-activated PPAR β/δ promotes the pro-
liferation of cholesteatoma keratinocytes via upregulation the
PDK1/AKT/PTEN/GSK3β/Cyclin D1 signaling pathway.

4. Discussion

In the present study, we have demonstrated for the first time
the localization and elevated expression of the nuclear anti-
gen PPAR β/δ protein in human middle ear cholesteatoma
epithelium. PPAR β/δ is known to be mainly present in
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Figure 2: Ligand activation of PPAR β/δ facilitates the proliferation of human cholesteatoma keratinocytes in vitro. (a, c) The effect of
GW0742 (a high affinity PPAR β/δ agonist) (a) and GSK0660 (a high affinity PPAR β/δ antagonist) (c) on cell proliferation was detected
by EdU assays. (b, d) Data were based on at least three independent experiments and presented as the mean ± SD; ∗p < 0:05 (vs. control
group).
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keratinocytes [7] and plays an important role in regulating
inflammation, immune responses, cell proliferation, cell dif-
ferentiation, and apoptosis. In addition, cholesteatoma kera-
tinocyte is a transformed keratinocyte cell type with
increased proliferation ability. These results indicated a

potential role of PPAR β/δ overexpression in the pathogene-
sis of cholesteatoma.

Previously, the PI3K/Akt/Cyclin D1signaling pathway is
known to play a crucial role in cholesteatoma epithelial
hyperproliferation [13]. The activated PI3K can produce a
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Figure 3: Expression of PPAR β/δ and ligand activation of target gene (PDK1) in cholesteatoma keratinocytes. (a, c) Expression of PPAR β/δ
was quantified by immunoblot after treating with 100 nMGW0742 (a) or 5 μMGSK0660 (c) for 24 h. (e, g) The effect of PPAR β/δ agonist (e)
or antagonist (g) on expression of the PPAR β/δ-dependent target gene PDK1 was determined by immunoblot following ligand activation of
PPAR β/δ with 100 nMGW0742 or 5 μMGSK0660 for 24 h. (b, d, f, and h) Data are expressed as themean ± SD of the mean for experiments
run in triplicate. ∗p < 0:05 (vs. control group).
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second messenger PIP3, PIP3 recruits PDK1 and PDK2 to
the cell membrane, and then PDK1/PDK2 cooperate to acti-
vate Akt completely [13]. In our study, we found that PPAR
β/δ agonist can induce the expression of PDK1, which is
served as a putative PPAR β/δ-dependent target gene [11],
significantly affecting the Akt/Cyclin D1 pathway. In addi-
tion, PPAR β/δ activated with highly selective synthetic
ligands had an obvious proliferating effect on cholesteatoma
keratinocytes. As well as treating the cells with PPAR β/δ
antagonists could reverse this effect. These results lead us to
suppose that the PDK1/PTEN/AKT/GSK3β/Cyclin D1 path-

way is involved in the process of ligand-activated PPAR β/δ-
induced cell proliferation of cholesteatoma keratinocytes.
Our work provides a crucial clue for regarding PPAR β/δ
as a potential target to inhibit epidermal keratinocyte prolif-
eration for cholesteatoma therapy.

Another mechanism suggests that PPAR β/δ promotes
cell survival and proliferation via regulation of the PTEN-
AKT pathway. As a negative regulator of the PI3K/AKT
signaling pathway, the tumor suppressor gene PTEN can
regulate cell growth, proliferation, and survival [16]. Previ-
ous studies demonstrated that PTEN expression was
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Figure 4: Ligand activation of PPAR β/δ had effect on PDK1/PTEN/AKT/GSK3β/Cyclin D1 signal pathway in cultured cholesteatoma
keratinocytes. (a) Western blot showing changes in PDK1/PTEN/AKT/GSK3β/Cyclin D1 pathway after treating with 100 nM GW0742 for
24 h. (b) Immunoblots demonstrating the effect of GSK0660 treatment (5 μM, 24 h) on the PDK1/PTEN/AKT/GSK3β/Cyclin D1 pathway.
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significantly lower in cholesteatoma epithelium and a sig-
nificantly inverse correlation between PTEN and p-Akt
expressions was found in cholesteatoma [17, 18]. Our
study showed decreased PTEN expression in cholestea-
toma keratinocytes treated with the PPAR β/δ agonist
GW0742. Although we did not directly determine the
effects of activated PPAR β/δ on PI3K activity, we did
detect an increase of phosphorylated PDK1 and AKT, a
known downstream target of PI3K. These results suggest
that activated PPAR β/δ decreases PTEN expression and
upregulates the AKT signaling pathway to promote prolif-
eration in cholesteatoma keratinocytes.

Glycogen synthase kinase-3β (GSK3β) has been found
to be involved in a variety of cellular processes, such as
metabolism, differentiation, and apoptosis [19]. As the
Akt substrate, GSK3β can be phosphorylated and inacti-
vated by all three isoforms of Akt and is negatively regu-
lated by Akt activity [20, 21]. In our study, GW0742
treatment enhanced the phosphorylation of Akt (Ser473)
and GSK3β (Ser9) by activating the PDK1/AKT/GSK3β
signaling pathway. Once GSK3β is phosphorylated, the
degradation of Cyclin D1 induced by GSK3β would be
inhibited. Because of the inhibition of PTEN and the acti-
vation of AKT, Cyclin D1 would also be induced and its
expression level increased. Together, these results may
partly explain the mechanism by which the PPAR β/δ-
selective agonists cause proliferation in cholesteatoma
keratinocytes.

Based on the findings described above, we propose a
model for the role of PPAR β/δ in regulating cell prolifera-
tion in cholesteatoma keratinocytes. After activation of
PPAR β/δ, increased PDK1 expression and decreased PTEN
generation lead to increased phosphorylation of AKT and
GSK3β. These changes increase the expression level of Cyclin
D1, which, in turn, promotes the cell cycle transition fromG1
to S phase. Taken together, our findings indicate that PPAR
β/δ activation promotes cell proliferation in cholesteatoma
keratinocytes through the regulation of the PDK1/AKT/P-
TEN/GSK3β/Cyclin D1 pathway.

In summary, we demonstrated that ligand activation of
PPAR β/δ regulates cell proliferation in cholesteatoma ker-
atinocytes and that upregulation of PDK1 and modulation
of the AKT/PTEN/GSK3β/Cyclin D1 pathway may be
involved. These findings have important implications not
only for understanding the molecular mechanism of PPAR
β/δ in cholesteatoma but also by providing novel insights
into the treatment of recurrent or residual cholesteatoma.
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The severity of sepsis may be associated with excessive inflammation, thus leading to acute liver injury. MicroRNA-21 is highly
expressed in the liver of a variety of inflammation-related diseases, and PPARα is also proved to participate in regulating
inflammation. In the present study, the LPS-induced sepsis model was established. We found that microRNA-21 expression was
upregulated in the liver of sepsis mice, and microRNA-21 inhibition significantly reduced the liver injury. The expression of
liver injury markers, inflammation cytokines, and PPARα in the septic mice was higher than in antagomir-21 treated septic
mice. In addition, we also found that PPARα is the target gene of microRNA-21; PPARα antagonist GW6471 could reverse the
effect of antagomir-21. In conclusion, our study illustrated that microRNA-21 exacerbate acute liver injury in sepsis mice by
inhibiting PPARα expression.

1. Introduction

Sepsis is a common cause of death in intensive care units [1].
It is a public health problem worldwide, and approximately
19 million people suffer from sepsis yearly [2]. Sepsis was
defined as a “life-threatening organ dysfunction caused by a
deregulated host response to infection” at the Sepsis-3 con-
ference [3]. The acute liver injury occurs at any stage of sep-
sis; the dysregulation of hepatocyte function may be related
to cytokine storm [4]. Liver injury can not only aggravate
the development of the disease but also lead to death [5].
Despite the urgent need for effective therapeutic options,
many new therapies have not improved the survival rate
[6]. Therefore, understanding the pathogenesis of sepsis is
very important for the treatment of sepsis.

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors belonging to a nuclear
hormone receptor superfamily [7]. PPARα is an isoform of
peroxisome proliferator-activated receptors, which regulates

adipocyte differentiation, fatty acid oxidation, and glucose
metabolism [8]. More recently, emerging evidence revealed
that PPARα activation could reduce the inflammatory
response by promoting NF-κB inactivation [9]. In addition,
the liver PPARα expression was found to be disturbed during
sepsis. In a murine model of sepsis, liver PPARα expression
was significantly associated with survival [10].

MicroRNA is a class of noncoding RNA, 19-22 nucleo-
tides in length [11], which regulates gene expression at the
posttranscriptional level by degrading message RNA or inhi-
biting its transcription [12]. MicroRNA microarray analysis
showed the upregulation of microRNA-21 in sepsis patients
[13]. Nevertheless, the role of microRNA-21 in sepsis-
induced liver injury has not been fully elucidated.

In this study, we aim to explore the role of miR-21
and PPARα in the pathogenesis of sepsis-induced liver
injury. For this purpose, we used antagomir-21 to inhibit
miR-21 expression in murine sepsis model and detected
the levels of proinflammatory cytokines (TNF-α, IL-1β,
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and IL-6), liver injury markers (AST, ALT), and PPARα
expression.

2. Materials and Methods

2.1. Animal Models. All male C57BL/6 mice were obtained
from Hubei Provincial Center for Disease Control and Pre-
vention. The mice were housed in a pathogen-free facility
with standard laboratory diet and water. At the age of 8
weeks, the mice were received three retroorbital intravenous
injections of antagomir-21 (5’-UCAACAUCAGUCUGAU
AAGCUA-3’; 16mg/kg; n = 6), antagomir control (5’-
AAGGCAAGCUGACCCUGAAGUU-3’; 16mg/kg; n = 6),
antagomir-21+GW6471 (16mg/kg; 30mg/kg; n = 6), phos-
phate saline (PBS; n = 12). Six PBS-treated mice were used
as controls; the other mice received intraperitoneal injection
of 5mg/kg lipopolysaccharide to induce sepsis. At 24h after
LPS injection, all mice were sacrificed.

All experiments were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals
published by the National Institutes of Health (2011).

2.2. Cell Culture. Mouse Biliary Duct Epithelial Cells and
293T cells were obtained from Newgainbio (Wuxi, China)
and cultured in DM/F12 medium or Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100U/mL penicillin and 100μg/mL
streptomycin under 5% CO2 at 37°C.

2.3. Luciferase Reporter Assay.MiR-21 mimics (5’-UAGCUU
AUCAGACUGAUGUUGA-3’) and NC-mimics (5’-UUCU
CCGAACGUGUCACGUTT-3’) were purchased from Ribo-
bio (Guangzhou, China). The pGL3 Luciferase Reporter Vec-
tors (Promega) containing the PPARα-MT (5’-AAAAAA
UCUGUUAGAUAAGCUA-3’) and PPARα-MuT (5’-
AAUUAUAGUCAUACUAUUCGAA-3’) sequences were
cotransfected with miR-21 mimics or NC-mimics (50 nM)
into 293T and MBDEC cells. All transfections were
performed using Lipofectamine 3000 (Invitrogen, USA).
After 24 hours of incubation, 1×PLB was used to lyse the
cells, and the luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Promega).

2.4. RNA Isolation and qRT-PCR. Total RNA was extracted
from snap frozen mouse liver samples using TRIzol reagent
(Invitrogen, USA). MiR-21 and mRNA levels were quantified
by qRT-PCR assay. For miRNA, U6 was applied as endoge-
nous control. For mRNA, GAPDH was used as endogenous
control. All reactions were run on the ABI 7500Real-Time
PCR System (Life Technologies, USA). The relative expres-
sion was calculated using 2-ΔΔCT method. All primers used
in this study are as follows.

MiR-21 (stem-loop RT primer): 5’-GTCGTATCCAG
TGCAGGGTCCGAGGTATTCGCACTGGATACGACTC
AACA-3’

MiR-21-F: 5’-GTGCAGGGTCCGAGGT-3’
MiR-21-R: 5’-GCCGCTAGCTTATCAGACTGATGT-3’
U6-F: 5’-AGCCCGCACTCAGAACATC-3’
U6-R: R: 5’-GCCACCAAGACAATCATCC-3’
GAPDH-F: 5’-CGTCCCGTAGACAAA ATGGTGAA-3’

GAPDH-R: 5’-GCCGTGAGTGGAGTCATACTGGAA
CA-3’

PPARα-F: 5’-AACCTGAGGAAGCCGTTCTGTGAC
AT-3’

PPARα-R: 5’-GACCAGCTGCCGAAGGTCCACCAT-
3’.

2.5. ELISA. The TNF-α, IL-1β, and IL-6 levels in liver or
cultured supernatant were quantified using the Mouse
TNF-α Precoated Elisa kit, Mouse IL-1β Precoated Elisa kit,
and Mouse IL-6 Precoated ELISA kit, respectively.

2.6. Metabolic Analyses. Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels were
determined using the VITROS350 chemistry system (John-
son & Johnson, USA).

2.7. Histological Analysis of Liver. Liver samples from mice
were fixed in 4% paraformaldehyde, then stained with hema-
toxylin and eosin. The liver damage photos were observed
and recorded under light microscopy.

2.8. Western Blot. The nuclear protein of liver samples was
extracted using NE-PER™ Nuclear Extraction Reagents
(Thermo Fisher, USA). Protein was quantified using BCA
Protein Assay (Thermo Fisher, USA). Total protein (50μg)
was separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyviny-
lidene fluoride (PVDF) membranes (Millipore, USA). Mem-
branes were incubated with the primary antibodies (1 : 1000)
overnight at 4°C. After HRP-conjugated secondary antibod-
ies (1 : 5000) incubation; the protein bands were visualized
using the Clarity Western ECL Substrate (Bio-Rad, USA).

2.9. Statistical Analyses. Student’s t test and one-way analysis
of variance were used to analyze the significance between
groups. p < 0:05 was considered statistically significant. Data
analysis was performed using SPSS 22.0 (IBM, Chicago,
USA), and figures were designed using GraphPad Prism
8.3.0.

3. Results

3.1. Expression of miR-21 Is Increased in the Liver of Sepsis
Mice. The animal experiments were performed according to
the design (Figure 1(a)). After these mice were sacrificed,
we collected the serum of the mice and isolated the livers.
Subsequently, the expression of miR-21 in the liver was
detected using qRT-PCR (Figure 1(b)). The results showed
that miR-21 expression was significantly upregulated in sep-
tic mice; nevertheless, the injection of antagomir-21 totally
blocked the upregulation of miR-21, suggesting that the sep-
sis mouse models with miR-21 inhibition were successfully
established.

3.2. Antagomir-21 Reduces Liver Injury and Inflammation in
Sepsis Mice. To further investigate the function of miR-21 in
sepsis-induced liver injury, we next evaluated the pathologi-
cal damage of livers and the levels of proinflammatory
cytokines. As shown in Figures 2(a) and 2(b), the degree of
liver damage in septic mice was significantly increased.
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Antagomir-21 administration alleviated the liver injury;
however, in the antagomir-21 and GW6471 coadministra-
tion group, the degree of liver injury showed no changes.
As expected in these mice of sepsis, the expression of liver
injury markers (serum AST and serum ALT; Figures 2(c)
and 2(d)) and proinflammatory cytokines (TNF-α, IL-1β,
and IL-6; Figures 2(e)–2(j)) was notably reduced by
antagomir-21. Nevertheless, GW6471 restored the levels of
these cytokines again. To sum up above results, it demon-
strated that miR-21 inhibition strongly decreased the liver
injury and inflammation in septic mice. But the effects
produced by miR-21 inhibition were reversed by PPARα
antagonist GW6471.

3.3. MiR-21 Directly Interacts with PPARα. It is well known
that miRNAs participate in a variety of physiological activi-
ties by regulating gene expression at the posttranscriptional
level. To investigate the molecular mechanisms of miR-21
in sepsis, we used TargetScan to identify the potential genes,
and PPARαwas found to be one of the most relevant genes to
sepsis. Starbase (http://starbase.sysu.edu.cn) was used to pre-
dict the putative binding sites between PPARα and miR-21
(Figure 3(a)). Luciferase report assay was performed to test
whether miR-21 can directly bind to PPARα. As shown in
Figure 3(b), in the 293T and MBDEC cells that cotransfected
with PPARαWT and miR-21 mimics, the luciferase activities
were significantly reduced, but there were no changes in the
PPARα-MuT group. The results indicated that PPARα is a
target gene of miR-21.

3.4. Antagomir-21 Reduces Liver Injury and Inflammation by
Restoring PPARα Expression. To further verify whether miR-
21 regulates the expression of PPARα in the liver. We
detected the PPARα expression in the liver of five groups;
three liver samples was randomly selected from each groups
(Figures 4(a) and 4(b)). The total RNA was extracted from

liver tissues, and the protein was extracted from the nucleus.
The results showed that PPARα expression in PBS and AC
groups was markedly decreased compared with the WT
group. In addition, antagomir-21 treatment increased the
PPARα expression in the liver, but GW6471 inhibited the
level of PPARα nuclear protein. Aggregating all the results,
we found that antagomir-21 alleviated liver injury and
inflammation by restoring PPARα expression.

4. Discussion

This study illustrated that miR-21 suppression attenuated
liver injury in LPS-induced sepsis mice, by potentiating
PPARα expression, which suggested a contribution of miR-
21 in the pathogenesis of sepsis-induced liver injury. In
addition, antagomiR-21 and PPARα represented anti-
inflammatory activities in septic mice. These findings dem-
onstrated that the miR-21/PPARα pathway might serve as a
potential target in sepsis therapy.

A proinflammatory status is the key feature of sepsis, and
the liver plays an important role in inflammation [14].
According to reports, miR-21 is upregulated in various inflam-
matory diseases, including myocardial injury [15], nonalco-
holic steatohepatitis [16], and osteoarthritis [17]. However,
the role of miR-21 in sepsis has not been fully elucidated. At
first, we confirmed that miR-21 expression was elevated in
the liver of LPS-induced sepsis mice. Then, to investigate the
molecular mechanism of miR-21 in sepsis, we screened out
some genes with miR-21 binding sites. Previous reports have
shown that PPARα expression is reduced in the liver of NASH
patients, and PPARα activation inhibits liver fibrosis in mice
[18, 19]. These researches promoted us to verify the connec-
tion between miR-21 and PPARα. Subsequently, we found
that in the liver of sepsis mice model, PPARα expression was
decreased whenmiR-21 expression was increased. In addition,
antagomir-21 restored PPARα expression and attenuated
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Figure 1: MiR-21 expression was increased in the liver of sepsis mice. (a) Mouse study design. (b) The miR-21 expression in the liver of the
wide-type mice treated with PBS (WT) and the LPS-induced mice treated with PBS, antagomir-21 control (NC), antagomir-21 (A21),
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sepsis-induced liver injury, whereas PPARα antagonist
GW6471 blocked the inhibitory effect of antagomir-21 on
liver injury. Altogether, our study indicated that miR-21
regulated liver inflammation through PPARα inhibition.

Nevertheless, there are several limitations in our study.
Recent studies reported that miR-21 was primarily expressed

in biliary and inflammatory cells in the liver, rather than in
hepatocytes. In this study, the cellular source of miR-21 was
not elucidated; the function of miR-21/PPARα axis needs to
be further explored.

In addition, miR-21 and PPAR agonists are considered
druggable targets [20, 21]. This study showed that the mir-
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Figure 2: Antagomir-21 reduces liver injury and inflammation. (a, b) Histological analysis of livers. Tissue damages were scored in a scale of
0–4, with 0, 1, 2, 3, and 4 corresponding to 0%, <25%, 26%–50%, 51%–75%, and ≥76% of liver injury, respectively. (c, d) The serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels. (e–g) ELISA assay was used to determine the levels of TNF-α, IL-1β, and
IL-6 in livers. (h–i) ELISA assay was used to determine the levels of TNF-α, IL-1β, and IL-6 in serum. ∗p < 0:05, ∗∗p < 0:01.
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21/PPARα pathway might be an interesting new strategy for
sepsis treatment. Some PPAR agonists, however, show side
effects that cause them to be discontinued [22], and mir-21
antagonism treatment may also have side effects. Therefore,
rigorous study design and safety monitoring are essential.

In conclusion, in LPS-induced sepsis mice model, we
demonstrated that miR-21 contributed sepsis-induced liver
injury and inflammation by inhibiting PPARα expression.
Therefore, this study may provide an attractive potential
target for the treatment of sepsis.
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Inflammation caused by neuropathy contributes to the development of neuropathic pain (NP), but the exact mechanism still needs
to be understood. Peroxisome proliferator-activated receptor α (PPARα), an important inflammation regulator, might participate
in the inflammation in NP. To explore the role of PPARα in NP, the effects of PPARα agonist WY-14643 on chronic constriction
injury (CCI) rats were evaluated. The results showed that WY-14643 stimulation could decrease inflammation and relieve
neuropathic pain, which was relative with the activation of PPARα. In addition, we also found that the SIRT1/NF-κB pathway
was involved in the WY-14643-induced anti-inflammation in NP, and activation of PPARα increased SIRT1 expression, thus
reducing the proinflammatory function of NF-κB. These data suggested that WY-14643 might serve as an inflammation
mediator, which may be a potential therapy option for NP.

1. Introduction

Neuropathic pain (NP), a complicated disease of the somato-
sensory nervous system, affects 7%-10% of the general popu-
lation worldwide [1]. Patients who are diagnosed with NP
will be accompanied with shooting and burning pain and tin-
gling sensation so that their life quality decreases [2]. At pres-
ent, the causative factors of NP is underestimated and the
management of NP is on challenge [1]. Many studies show
that there exists immune system dysfunction in NP, which
leads to the process of allergic inflammation, as a way of
the elevated proinflammatory cytokines and decreased anti-
inflammatory cytokines [3–7]. However, the molecular
mechanism of inflammation in NP still needs to be well
established.

Peroxisome proliferator-activated receptor α (PPARα)
that belongs to PPAR families is a ligand-activated transcrip-

tion factor that regulates lipid metabolism, neuronal survival,
cardiac pathophysiology, cell cycle, and inflammation [8, 9].
It is reported that PPARα exhibits inflammation-suppressing
effects in obesity, atherosclerosis, autosomal dominant poly-
cystic kidney disease, and acute kidney injury [10–13], but
the role of PPARα in inflammation in NP still remains
unclear. WY-14643, as a PPARα agonist, has been proved
to reduce inflammation in several pathological processes
[14]. Nevertheless, whether WY-14643 can suppress inflam-
mation in NP is not elaborated.

Sirtuin 1 (SIRT1), a nicotinamide adenosine
dinucleotide-dependent class III histone/protein deacetylase,
participates in many cellular processes including aging, cell
cycle, differentiation, apoptosis, metabolism, and inflamma-
tion [15, 16]. It is widely accepted that SIRT1 functioned as
an inhibitor of nuclear factor-kappa B (NF-κB) signaling
and p65 acetylation was considered a pacemaker of the NF-
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κB pathway [17]. Subsequent accumulating evidence shows
that SIRT1 has the capacity of inhibiting inflammation by
NF-κB inhibition [18, 19].

In this study, we hypothesized that WY-14643 could alle-
viate the inflammation in NP via SIRT1/NF-κB signaling. To
verify the hypothesis, the chronic constriction injury (CCI)
rat model was established. Pain tests were performed to
examine whether WY-14643 could relieve the NP in CCI
rats, and the expression of proinflammatory cytokines was
detected to evaluate the inflammation in CCI rats.

2. Materials and Method

2.1. Animals. Adult male Sprague-Dawley rats (200-250 g, 8
weeks) were used in this study and purchased from Zhejiang
Provincial People’s Hospital. All rats were randomly divided
into 10 groups (n = 6). The animal experiments were
approved by People’s Hospital of Hangzhou Medical College
and performed in accordance with theGuidelines for the Care
and Use of Laboratory Animals published by the National
Institutes of Health (2011).

2.2. CCI Model. Chronic constriction injury (CCI) surgery
was performed according to the procedure described by Ben-
nett and Xie [20]. Rats were anesthetized with sodium pento-
barbital (40mg/kg, i.p.). An incision was made below the hip
bone and parallel to the sciatic nerve. In the CCI rat groups,
the bilateral sciatic nerves of two legs were exposed and
ligated loosely by 4-0 chromic gut sutures with about 1mm
spacing, while nothing was ligated in the sham group. The
surgery was performed by the same researcher. After opera-
tion, CCI rats gradually showed typical signs of spontaneous
hyperalgesia, but the behavioral performance of the sham
group is the same as before the operation.

After surgery, the CCI rats were treated with WY-14643
(10mg/kg) [21]; GW6471 (30mg/kg) [22]; and si-SIRT1
(250 nm/kg); the drugs were given by intrathecal injection.
Two hours after the injection, pain tests were performed.

2.3. Pain Tests

2.3.1. Mechanical Hyperalgesia. Paw withdrawal mechanical
threshold (PWMT) [23] was determined applying electronic
von Frey filament. Put the rats into plexiglass boxes
(50 × 30 × 30 cm) with metal mesh floor. The filament was
pressed on the plantar surface until the rats withdraw their
paws. Record the values displayed by the electronic von Frey
filament. Repeat each measurement 3 times at a 5-minute
interval.

2.3.2. Thermal Hyperalgesia. Paw withdrawal thermal latency
(PWTL) [23] was determined using the thermal radiation.
Put the rats into plexiglass boxes for more than 30 minutes
to adapt to the environment. The heat source was pointed
at the plantar surface of the hind paws, and the time when
rats show paw withdrawal was recorded. The thermal stimu-
lus was repeated 3 times at 5-minute interval, and the average
value was considered PWTL. All behavioral tests were per-
formed by the same person.

2.4. RNA Extraction and qRT-PCR. When all pain tests were
finished, the rats were decapitated immediately. Collect the
serum and store it in a -80°C refrigerator. The L4-6 spinal
cord was frozen by liquid nitrogen. Total RNA of the frozen
spinal cord was extracted using Trizol reagent (Invitrogen,
USA), and the concentration of RNA was measured using
NanoDrop 2000. Then, the reverse transcription PCR was
performed using PrimeScript RT Master Mix (Takara,
Japan). The qRT-PCR was performed using SYBR Premix
Ex Taq (Takara, Japan) and run on the ABI 7500 Real-
Time PCR System (Life Technologies, USA). GAPDH was
used as internal control. The relative expression was calcu-
lated with the 2-ΔΔCT algorithm.

2.5. ELISA. The TNF-α, IL-1β, and IL-6 levels of serum and
spinal cords were detected using Rat TNF-α, IL-1β, and IL-
6 Precoated Kits (Dakewe, China).

2.6. Western Blot. The frozen samples were lysed using T-
PER Tissue Protein Extraction Reagent (Thermo Scientific,
USA). Protein concentration was measured by BCA Protein
Assay Kit (Leagene, China). 30μg protein was separated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
membranes. The membranes were incubated with primary
antibodies (anti-SIRT1, 1 : 1000; anti-acetyl-NF-κB p65,
1 : 1000) overnight at 4°C and secondary antibodies
(1 : 5000) at room temperature for 1 h. Western ECL Sub-
strate (Bio-Rad, USA) was used to visualize the protein
bands. ImageJ was used to analyze the gray value of protein
bands.

2.7. Statistical Analysis. Results were presented as the mean
± standard deviation. The significance of the difference
between two groups is determined by Student’s t-test; differ-
ences between more than three groups were analyzed by one-
way analysis of variance. The SPSS 23.0 (IBM, USA) and
GraphPad Prism 6. Ink (GraphPad, California) were used
for major analysis. P < 0:05 was regarded statistically
significant.

3. Results

3.1. Acute WY-14643 Treatment Temporarily Alleviates NP.
WY-14643 is a synthetic PPARα agonist; current researches
show that PPARα plays a role in the development of NP.
Therefore, to determine the antinociceptive effect of WY-
14643 in NP, CCI rats were treated with WY-14643.
Mechanical hyperalgesia and thermal allodynia were evalu-
ated by PWMT and PWTL. Compared with the sham group,
the PWMT and PWTL of the CCI group were significantly
reduced. However, the PWMT was increased between 2
and 3h after WY-14643 administration (Figure 1(a)). The
PMTL was also improved between 2 and 4h by WY-14643
treatment (Figure 1(b)). These results indicated that acute
WY-14643 administration relieved NP temporarily.

3.2. Repeated WY-14643 Administration Alleviates NP in CCI
Rats by Activating PPARα. Given the above findings, we next
tested whether repeated WY-14643 treatment could promote
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the recovery of NP in CCI rats. Rats were treated with WY-
14643 once a day for 11 days after surgery. In addition, it
has been reported that SIRT1 is involved in inflammation
regulation and interacts with PPAR. Therefore, PPARα
antagonist GW6471 (MedChemExpress, USA) and in vivo
si-SIRT1 (RiboBio, China) were also used to explore the
mechanism of WY-14643 treating NP. Mechanical hyperal-
gesia was significantly reduced in the WY-14643 group, but
GW6471 and si-SIRT1 aggravated the pain again
(Figure 2(a)). Thermal hyperalgesia was also reduced by
WY-14643 administration; however, GW6471 and si-SIRT1
reversed the antinociceptive effect of WY-14643
(Figure 2(b)). These data illustrated that WY-14643 relieved
NP by acting as a PPARα agonist, and SIRT1 inhibition
blocked the function of WY-14643 in NP.

3.3. Repeated WY-14643 Administration Reduces
Inflammation in CCI Rats by Activating PPARα. Recent stud-
ies indicate that activation of PPARα increases the expression
and activity of SIRT1, which leads to deacetylation of p65
NF-κB, thus inhibiting the expression of inflammatory cyto-
kines [24, 25]. Since inflammation has been reported to be
involved in the pathogenesis of neuropathic pain, the expres-
sion of proinflammatory cytokines including IL-1β, IL-6, and
TNF-α was determined using ELISA. The serum and spinal
cord samples were collected immediately after finishing all
behavior tests. In CCI rats, IL-1β, IL-6, and TNF-α levels in
serum were significantly increased (Figure 3(a)). Repeated
WY-14643 treatment decreases the levels of these proinflam-
matory cytokines. However, PPARα antagonist (GW6471)
and si-SIRT1 increase IL-1β, IL-6, and TNF-α levels in serum
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Figure 1: Acute WY-14643 treatment temporarily alleviated NP. (a) WY-14643 improved the paw withdrawal mechanical threshold
(PWMT) of CCI rats. (b) WY-14643 improved the paw withdrawal thermal latency (PWTL) of CCI rats.
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Figure 2: Repeated WY-14643 administration alleviated NP in CCI rats by activating PPARα. (a) WY-14643 increased the PWMT of CCI
rats, but GW6471 and si-SIRT1 reversed this effect. (b) WY-14643 increased the PWTL of CCI rats, but GW6471 and si-SIRT1 reversed
this effect.
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(Figure 3(a)). We also detected the expression of IL-1β, IL-6,
and TNF-α in the spinal cord. WY-14643 markedly sup-
pressed the inflammation in CCI rats, whereas GW6471
and si-SIRT1 reversed the anti-inflammatory effect induced
by WY-14643 (Figure 3(b)). Taken together, the results
showed that WY-14643 reduced the inflammation in NP
through the PPARα/SIRT1 pathway.

3.4. SIRT1/NF-κB Pathway Mediates WY-14643-Induced
Inhibition of NP. NF-κB is a key inflammatory mediator,
which participates in the regulation of inflammatory
response. SIRT1, a nicotinamide adenine dinucleotide-
dependent deacetylase, has been shown to inhibit NF-κB sig-
naling by deacetylating the p65 subunit of NF-κB complex
[24]. To further explore the molecular mechanism of NP,
we detected the expression of SIRT1 and acetylated NF-κB
p65 (Ac-NF-κB p65). CCI decreases SIRT1 expression
(Figure 4(a)), whereas Ac-NF-κB p65 expression was signifi-
cantly increased (Figure 4(b)). WY-14643 treatment

increased SIRT1 expression, thus deacetylating NF-κB p65.
But GW6471 and si-SIRT1 inhibited the expression of SIRT1
and restored the Ac-NF-κB p65 expression (Figures 4(a) and
4(b)). These results demonstrated that WY-14643 alleviated
NP through the PPARα-mediated SIRT1/NF-κB pathway in
CCI rats.

4. Discussion

The underlying basis of NP is the chronic ectopic electrical
activity of nociceptive neurons. The cells located in the injury
site release proinflammatory cytokines, leading to a proin-
flammatory environment [7]. Therefore, a deep understand-
ing of how to reduce inflammation is urgent for NP
treatment. PPARα has gained great attention for its anti-
inflammatory effects in many disease models. However, the
molecular mechanism between PPARα activation and
inflammation in CCI model has not been fully elucidated.
In this study, we first used PPARα agonist WY-14643 to
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Figure 3: Repeated WY-14643 administration reduced inflammation in CCI rats by activating PPARα. (a) WY-14643 reduced IL-1β, IL-6,
and TNF-α levels in serum of CCI rats, whereas GW6471 and si-SIRT1 reversed the anti-inflammatory effect. (b) WY-14643 reduced IL-1β,
IL-6, and TNF-α levels in the spinal cord of CCI rats, whereas GW6471 and si-SIRT1 reversed the anti-inflammatory effect.
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explore the signaling pathway between the PPARα activation
and inflammation in NP.

Firstly, we found that the PWMT and PWTL of CCI rats
were significantly lower than those of the sham group,
whereas PPARα agonist WY-14643 treatment would

increase the PWMT and PWTL. Subsequently, we compared
the effects of WY-14643 and PPARα antagonist GW6471 on
the CCI rats. The significant reduction of mechanical and
thermal hyperalgesia in WY-14643-treated group was
observed; however, GW6471 administration blocked these
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effects. The above results suggested that WY-14643 owned
potential treatment value for NP. And this is the first time
that the function of WY-14643 in NP was studied.

Previous evidences demonstrated that PPARα could acti-
vate SIRT1 and play a role in many biological processes. Oka
et al. reported that the PPARα/SIRT1 pathway took part in
the progression of heart failure by promoting mitochondrial
dysfunction [26]. Ogawa et al. found that the repression of
microglial activation was associated with SIRT1-dependent
PPARα signaling [27]. Sandoval-Rodriguez et al. showed that
PPARα improved nonalcoholic steatohepatitis via acting on
SIRT1 [28]. However, whether the PPARα/SIRT1 pathway
was involved in NP development was unclear. In CCI rats,
we found that mechanical and thermal hyperalgesia was
downregulated in the WY-14643 group, whereas coadminis-
tration of si-SIRT1 and WY-14643 would recover the damage
again in rats. These findings proved that the PPARα/SIRT1
pathway might participate in the pathogenesis of NP.

To explore the effects of PPARα/SIRT1 signaling on inflam-
mation, we detected the expression of inflammatory cytokines
and noticed that the inflammatory cytokines were evidently
increased in CCI rats, but WY-14643 treatment restrained the
inflammation. Further treatment with si-SIRT1 would reverse
the anti-inflammatory effect stimulated by WY-14643. It sug-
gested that PPARα/SIRT1 signaling might be relative to the
inflammation progression of NP. The results were consistent
with the clues that PPARα had a hand in inflammation by reg-
ulating SIRT1 [28]. Moreover, since SIRT1 was capable of bat-
ing inflammation by inhibition of NF-κB [15, 17], we also
determined the levels of SIRT1 and acetylated NF-κB p65 in
CCI rats. WY-14643 could make SIRT1 activated and deacety-
late NF-κB p65, but GW6471 and si-SIRT1 would reduce the
expression of SIRT1 and upregulate the expression of Ac-NF-
κB p65. The regulating pathway is shown in Figure 5.

However, there are still limitations in our study. Cur-
rently, sufficient evidence to support the clinical application
of WY-14643 for NP is lacking, and the side effects of WY-
14643 are uncertain. Consequently, the safety of WY-14643
should be further considered. And we will also further
explore the safety of WY-14643 in the future.

In conclusion, our study illustrates that PPARα agonist
WY-14643 relieves inflammation in NP via the SIRT1/NF-
κB pathway.
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The activation of the renin-angiotensin system (RAS) participates in the development of metabolic syndrome (MetS) and in heart
failure. PPAR-alpha activation by fenofibrate reverts some of the effects caused by these pathologies. Recently, nonclassical RAS
components have been implicated in the pathogenesis of hypertension and myocardial dysfunction; however, their cardiac
functions are still controversial. We evaluated if the nonclassical RAS signaling pathways, directed by angiotensin III and
angiotensin-(1-7), are involved in the cardioprotective effect of fenofibrate during ischemia in MetS rats. Control (CT) and MetS
rats were divided into the following groups: (a) sham, (b) vehicle-treated myocardial infarction (MI-V), and (c) fenofibrate-
treated myocardial infarction (MI-F). Angiotensin III and angiotensin IV levels and insulin increased the aminopeptidase
(IRAP) expression and decreased the angiotensin-converting enzyme 2 (ACE2) expression in the hearts from MetS rats.
Ischemia activated the angiotensin-converting enzyme (ACE)/angiotensin II/angiotensin receptor 1 (AT1R) and angiotensin
III/angiotensin IV/angiotensin receptor 4 (AT4R)-IRAP axes. Fenofibrate treatment prevented the damage due to ischemia in
MetS rats by favoring the angiotensin-(1-7)/angiotensin receptor 2 (AT2R) axis and inhibiting the angiotensin III/angiotensin
IV/AT4R-IRAP signaling pathway. Additionally, fenofibrate downregulated neprilysin expression and increased bradykinin
production. These effects of PPAR-alpha activation were accompanied by a reduction in the size of the myocardial infarct and
in the activity of serum creatine kinase. Thus, the regulation of the nonclassical axis of RAS forms part of a novel protective
effect of fenofibrate in myocardial ischemia.
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1. Introduction

The renin-angiotensin system (RAS) is a complex hormone
system that plays a critical role in cardiovascular physiol-
ogy. Indeed, RAS has a central role in the development of
metabolic syndrome (MetS), insulin resistance, and heart
failure [1].

The RAS is a system composed of different angiotensin
peptides with different biological actions mediated by dis-
tinct receptor subtypes. The classical RAS comprises the
renin angiotensin-converting enzyme (ACE)/angiotensin II
(Ang II)/angiotensin receptor 1 (AT1R) axis and promotes
vasoconstriction and increases oxidative stress, fibrosis,
cellular growth, and inflammation [1]. In contrast, the
nonclassical RAS, composed mainly by the angiotensin-
converting enzyme 2 (ACE2)/angiotensin-(1-7) (Ang-(1-
7))/Mas receptor (MasR)/angiotensin receptor 2 (AT2R)
pathway, improves the cardiac function of hearts subjected
to myocardial infarction (MI) and has a beneficial role in
insulin resistance, hypertriglyceridemia, fatty liver disease,
and obesity [1–4].

Currently, additional metabolites of RAS and some of
their biological functions have been described. Ang III,
formed from Ang II by aminopeptidase A (APA), is cleaved
by aminopeptidase N (APN) forming Ang IV. Ang IV binds
to the angiotensin type 4 receptor (AT4), identified as an
insulin-regulated aminopeptidase (IRAP), and it plays a
potential role in the regulation of glucose homeostasis and
inflammatory processes and in the metabolism of various
hormones including vasopressin, oxytocin, and somatostatin
[5, 6]. Ang III and APA are potential therapeutic targets for
the treatment of hypertension; however, the roles of Ang III
and Ang IV in cardiac function remain controversial [7–10].

On the other hand, neprilysin (NEP) is a ubiquitous
endopeptidase of RAS, essential for the metabolism of the
biologically active natriuretic peptides and several other
vasoactive compounds, including adrenomedullin, endothe-
lin 1, and bradykinin [11]. Moreover, plasmatic NEP levels
have been positively associated with heart failure, obesity,
and MetS [12, 13]. This enzyme is a target of multiple clinical
trials given its importance in cardiovascular diseases, and a
new class of drugs called “ARNI” (angiotensin receptor
blocker-neprilysin inhibitor) is currently being used as
therapy for hypertension and heart failure [14, 15].

Fenofibrate acts as an agonist of the peroxisome
proliferator-activated receptor alpha (PPAR-α) that regulates
the expression of target genes, including some components of
RAS. Fenofibrate has pleiotropic effects besides lowering
lipids, such as improving vascular endothelial function and
reducing oxidative stress, inflammation, and fibrosis during
cardiac ischemia [1, 16, 17]. However, the exact mechanism
underlying the beneficial effect of fenofibrate on cardiovascu-
lar diseases remains uncertain.

Our previous work demonstrated that fenofibrate treat-
ment decreased ischemic damages by favoring an antioxidant
environment as a consequence of reducing the Ang II/AT1R
signaling pathway and reestablishing the cardiac insulin sig-
naling pathway. Although numerous experimental studies
have focused on an alternative RAS cascade, to our knowl-

edge, there are no reports on the effect of fenofibrate on
these novel important components of RAS in myocardial
ischemia. Therefore, the aim of the current study was to
evaluate if the nonclassical RAS signaling pathways, directed
by Ang III, Ang-(1-7), and NEP expression, are involved in
the cardioprotective effect of fenofibrate during ischemia in
MetS rats.

2. Methods

2.1. Animals and Surgical Procedures. All the experiments
were conducted in accordance with our Institutional Ethical
Guidelines (Ministry of Agriculture, SAGARPA, NOM-
062-ZOO-1999, Mexico). Male 25-day-old Wistar rats
weighing 45 ± 9 g were randomly separated into two groups
of 10-12 animals: group 1, control rats that were given tap
water for drinking; group 2, MetS rats that received 30%
sugar in drinking water during 24 weeks. The animals were
maintained under standard conditions of light and tem-
perature with water and food ad libitum (LabDiet 5001;
Richmond, IN, USA). Systolic arterial blood pressure was
determined in conscious animals by a plethysmographic
method described previously [1].

Animals from each experimental group were divided to
receive one of the subchronic (two weeks) oral gavage
treatments: (a) vehicle (NaCl 0.9%) or (b) fenofibrate
(100mg/kg/day). This dose was selected based on previous
publications and from a dose-response curve to fenofibrate
[1, 16, 17]. At the end of the treatment, the animals were
anesthetized (ketamine hydrochloride 80mg/kg and xyla-
zine hydrochloride 10mg/kg, I.M.) and they were assigned
to either sham-operated (Sh) or myocardial infarction
(MI) for 60min. As previously reported, MI was achieved
occluding the left anterior descending coronary artery with
7-0 PROLENE® polypropylene suture (Ethicon, São José
dos Campos, Brazil) [1]. Then, the rats were sacrificed,
the heart was cut out, and the ischemic area was separated
to perform the analysis. Additionally, the abdominal white
adipose tissue was removed and weighed.

2.2. Measurement of Serum Biochemical Parameters. The
fasting measurements of glucose, HDL-C, non-HDL-C, and
triglycerides were performed with commercial enzymatic
kits. Serum insulin levels were measured using a rat-specific
insulin radioimmunoassay (Linco Research, Inc., Missouri,
USA). Insulin resistance was estimated from the homeostasis
model (HOMA-IR) [18].

Creatine kinase (CK) activity was spectrophotometri-
cally determined at 340nm (UV-test, Roche Cobas C-501,
Roche Diagnostics, Indianapolis, IN, USA) after the MI pro-
cedure. The determination of CK was carried out using the
reverse reaction and activation by N-acetylcysteine (NAC)
at 37°C. Equimolar quantities of NADPH and ATP are
formed at the same rate. The photometrically measured rate
of formation of NADPH is directly proportional to the CK
activity [19].

2.3. Electrophoretic Determinations. Ang II, Ang III, Ang IV,
and Ang-(1-7) concentrations were evaluated in myocardial
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ischemic areas from the different experimental groups by
capillary zone electrophoresis (CZE, P/ACE MDQ Capillary
Electrophoresis System, Beckman Coulter, Inc., Fullerton,
CA, USA) according to the methods previously described
[1, 18]. Bradykinin was evaluated by capillary electrophoresis
with a laser-induced fluorescence detector, as previously
reported [20].

2.4. Western Blotting Analysis. The frozen myocardial ische-
mic area was homogenized with a polytron (model PT-
MR2100; Kinematica AG, Lucerne, Switzerland) (25% w/v)
in a lysis buffer pH = 7:4 (Tris-HCl 250mM, NaF 0.2M,
Na3VO4 10mM, and NP40 1%) and a protease inhibitor
cocktail (cOmplete® tablets, Roche Applied Science, Mann-
heim, Germany) at 4°C. A total of 100μg protein was sepa-
rated on a SDS-PAGE (12% bis-acrylamide-Laemmli gel)
and transferred to a polyvinylidene difluoride (PVDF) mem-
brane. Blots were blocked for 3 h at room temperature using
Tris-buffered saline with 0.05% Tween (TBS-T) and 5% non-
fat dehydrated milk. Afterwards, membranes were incubated
overnight with primary antibodies at 4°C. ACE, ACE2,
AT1R, AT2R, MasR, APA, APN, and NEP primary antibod-
ies were acquired from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); IRAP antibody was from Cell Signaling
Technology (Danvers, MA, USA). Secondary horseradish
peroxidase-labeled antibodies were from Jackson ImmunoR-
esearch (Suffolk, UK). All blots were incubated with β-actin
antibody as a load control. After incubation, the blots were
visualized using the Immobilon chemiluminescent system
(Immobilon Western, Millipore, MA, USA) [1]. Images from
films were digitally obtained using a GS-800 densitometer
with the Quantity One software (Bio-Rad Laboratories,
Inc.) and are reported as arbitrary units (AU).

2.5. Determination of the Infarct Size. After 60min of ische-
mia, the rats were euthanized, and the hearts were rapidly
excised. Later, the hearts were perfused with 1.5mL of
0.05% Evans blue dye on the Langendorff system; this proce-
dure was performed to outline the ischemic myocardium
(and area at risk). The hearts were frozen at -20°C for 1 hour,
and then 2mm thick cross-sections were obtained. The
slices were covered completely with 2,3,5-triphenyl tetrazo-
lium hydrochloride (TTC) at 1% in phosphate-buffered
saline (PBS) (1M, pH7.2) and incubated for 20min at
37°C to distinguish the viable myocardium from the
necrotic tissue. Later, the slices were incubated in 10% for-
malin for one hour and maintained in PBS until the image
was obtained. The slices were photographed to show the
ischemic area with a Multiphot Canon camera EOS 6D
(Tokyo, Japan) [17].

2.6. Statistical Analysis. Results are expressed as mean ±
standard error of themean ðSEMÞ. Experimental data were
examined using the one-way ANOVA followed by the
Newman-Keuls post hoc test. Differences were considered
statistically significant when p < 0:05. All analyses were
performed using the statistical package GraphPad Prism
version 5.03 (GraphPad Software, La Jolla, CA).

3. Results

The characterization of the MetS model was done by analyz-
ing the animal’s body weight, blood pressure, and intra-
abdominal fat and by the serum biochemical analysis. As
shown in Table 1, MetS animals developed central obesity,
hypertension, dyslipidemia (high levels of triglycerides and
non-HDL-C and low levels of HDL-C), hyperinsulinemia,
and insulin resistance (HOMA-IR).

As expected, the treatment with fenofibrate significantly
reduced the concentration of triglycerides and non-HDL-C
levels and restored the insulin resistance index (HOMA-IR)
in the MetS group. In the CT group, fenofibrate administra-
tion significantly reduced the concentration of non-HDL-C
and did not affect the other parameters.

Serum CK activity was determined in all groups. No sig-
nificant difference was found between the CT and MetS
sham-operated groups (533:30 ± 48:14 vs. 626:50 ± 101:40).
After MI, CK activity was significantly higher in MetS than
in CT rats treated with vehicle (Table 1). Fenofibrate treat-
ment significantly reduced CK activity in serum from the
CT and MetS animals (23% and 14%, respectively).

Figure 1 shows the expression of ACE and ACE2 in the
homogenate from the left ventricles from each experimental
group. ACE expression was slightly higher in the MetS group
than in CT. Ischemia promoted an increase in ACE expres-
sion in the CT group, while the expression remained essen-
tially unchanged in hearts from MetS rats. Fenofibrate
treatment significantly diminished ACE expression in the
same proportion in both experimental groups (Figures 1(a)
and 1(b)).

Due to the relevance of ACE2 for the production of Ang-
(1-7), we studied whether fenofibrate exerts an effect on this
enzyme. ACE2 expression was significantly decreased in the
MetS group compared to the CT group (Figure 1(c)). When
the hearts were subjected to ischemia, ACE2 increased in
the MetS group and no change was observed in CT rats.
The administration of fenofibrate significantly increased
ACE2 expression in the CT group and had no effect on MetS
animals.

According to the pathophysiology, the left ventricular
Ang II levels increased in MetS rats in comparison to CT rats
(Figure 2(a)). When the hearts were under ischemic condi-
tions, Ang II levels increased in CT and there was a further
increase in MetS rats; however, fenofibrate administration
significantly diminished Ang II concentrations. Importantly,
in the MetS group, the Ang-(1-7) levels were significantly
higher in basal conditions, but under ischemic conditions,
Ang-(1-7) levels decreased (Figure 2(b)). Fenofibrate treat-
ment significantly increased the concentration of this peptide
in both groups (Figure 2(b)).

Western blot analyses revealed differences in the expres-
sion of AT1R, AT2R, and MasR in hearts from the CT and
MetS groups (Figures 3(a)–3(d)). As expected, AT1R expres-
sion was higher in MetS rats compared to CT rats. Ischemia
promoted an increase in AT1 expression in both the CT
and MetS groups. Fenofibrate treatment significantly dimin-
ished the AT1R expression in both groups, although this
effect was more evident in the MetS rats (Figures 3(a) and
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3(b)). Results show that AT2R expression did not differ
between the two sham-operated groups. When the hearts
were subjected to ischemia, a significant decrease of AT2R
expression in the CT and MetS groups was observed. The
administration of fenofibrate significantly increased the

expression of this receptor in both groups (Figures 3(a) and
3(c)). MasR expression was significantly higher in MetS-Sh
compared to CT-Sh animals; the expression of this receptor
under ischemic conditions was comparable to values from
sham experimental groups. The treatment with fenofibrate
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Figure 1: Effect of fenofibrate on the expression of renin-angiotensin-converting enzyme (ACE) and ACE2. The expression was evaluated in
the left ventricles from the control (CT) and metabolic syndrome (MetS) rats subjected to sham (Sh) or myocardial infarction (MI) and
treated for two weeks with either vehicle (V) or fenofibrate (F). (a) Representative western blot analysis. (b) ACE protein expression. (c)
ACE2 protein expression. Data represent mean ± SEM (n = 5 per group). ∗p < 0:05 vs. CT-Sh; Δ p < 0:05 vs. CT-Sh; Σ p < 0:05 vs. MetS-Sh;
#p < 0:05 vs. CT-MI-V; &p < 0:05 vs. MetS-MI-V. Analysis of variance-Newman-Keuls.

Table 1: The effects of fenofibrate administration on body characteristics and biochemical parameters from the control (CT) and MetS rats.

CT-V CT-F MetS-V MetS-F

Body weight (g) 503:0 ± 18:3 490:5 ± 19:8 518:7 ± 14:6 502:5 ± 13:5
Blood pressure (mmHg) 98:6 ± 5:8 101:5 ± 1:3 148:1 ± 6:5a 141:5 ± 11:3a

Intra-abdominal fat (g) 6:4 ± 0:7 5:2 ± 0:5 13:4 ± 0:8a 12:9 ± 0:9
Triglycerides (mg/dL) 60:8 ± 11:3 48:8 ± 5:3 135:6 ± 10:9a 53:7 ± 10:2b

HDL-C (mg/dL) 42:5 ± 4:8 41:7 ± 1:3 21:8 ± 3:9a 23:5 ± 5:8
Non-HDL-C (mg/dL) 19:9 ± 2:1 11:7 ± 1:8b 34:8 ± 2:8a 12:8 ± 2:6b

Total cholesterol (mg/dL) 58:6 ± 4:3 52:5 ± 3:8 61:7 ± 1:2 48:8 ± 6:4
Glucose (mg/dL) 101:3 ± 6:7 98:5 ± 3:2 110:6 ± 10:3 100:4 ± 5:8
Insulin (ng/mL) 0:16 ± 0:05 0:11 ± 0:03 0:39 ± 0:06a 0:14 ± 0:07b

HOMA-IR 1:1 ± 0:2 0:9 ± 0:1 4:1 ± 0:9a 1:6 ± 0:7b

CK activity (U/L) 1556:0 ± 77:77 1190:33 ± 73:12c 1964:0 ± 52:03a 1688:6 ± 54:18a,c

Values are mean ± SEM. The serum biochemical determinations were performed after the myocardial insult. CT-V: control vehicle-treated; CT-F: control
fenofibrate-treated; MetS-V: metabolic syndrome vehicle-treated; MetS-F: metabolic syndrome fenofibrate-treated; HOMA-IR: homeostatic model
assessment of insulin resistance; HDL-C: high-density lipoprotein cholesterol; CK: creatine kinase. n = 6. ap < 0:01 MetS vs. CT same treatment; bp < 0:05
against vehicle corresponding group; cp < 0:01 against vehicle corresponding group.
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promoted an increase in MasR expression in CT rats, while
its expression remained unchanged in hearts from MetS
(Figures 3(a) and 3(d)).

Since Ang III and Ang IV have been identified as new
biologically active peptides of RAS, we studied the effect of
fenofibrate on the production of these metabolites.
Figures 4(a)–4(c) show that the expression of APA (the
major enzyme metabolizing Ang II to Ang III) and Ang III
concentration were significantly increased in the left ventricle
of MetS-Sh animals compared to CT-Sh. This effect was also
observed under ischemic conditions. Fenofibrate was able to
prevent the increase in APA and Ang III levels in MetS
animals.

We also investigated if fenofibrate induced variations in
Ang III concentrations which might be associated with the
Ang IV-IRAP pathway. Our results showed that hearts from
MetS-Sh had significantly higher levels of APN, Ang IV, and
IRAP when compared to the corresponding CT group
(Figures 5(a)–5(d)). Ischemia was accompanied by a decrease
in the components analyzed in hearts from MetS rats; how-
ever, the levels of APN and Ang IV did not change signifi-
cantly in the CT group. Fenofibrate treatment was able to
prevent the activation of the Ang IV-IRAP axis in the left
ventricles from MetS rats (Figures 5(a)–5(d)).

Due to the beneficial effects of the inhibition of NEP and
the cardioprotective effects of bradykinin, we evaluated the
effect of fenofibrate on NEP expression and bradykinin pro-
duction. Figures 6(a) and 6(b) show that under basal condi-
tions, MetS hearts expressed more NEP when compared to
CT hearts.

In CT-MI vehicle-treated animals, the expression of this
enzyme increased under ischemic conditions; nevertheless,
in the MetS-MI vehicle-treated group, NEP levels were not
modified. The concentrations of bradykinin showed the
opposite effect (Figure 6(c)). The administration of fenofi-
brate was associated with a significant decrease in NEP

expression and a consequent increase in bradykinin produc-
tion in both groups.

The infarct size was evaluated using Evans blue dye plus
TTC at 1%. Blue-dyed myocardial tissue represents viable tis-
sue. Left ventricles obtained from the CT-Sh group exhibit an
extensive blue area. Tissue from MetS-Sh shows a blue
periphery that signals the border of the central zone colored
in red. The red area represents the area at risk (Figure 7).
In MI groups treated with vehicle, the TCC-stained heart
slice confirms infarcted areas (white spots within the viable
area); nevertheless, the area at risk (red-colored region) was
greater in hearts from MetS rats. The treatment with fenofi-
brate attenuated the tissue injury in the ischemic area of the
MetS and CT rats. The improvement was larger in the CT
group where the area at risk and ischemic regions decreased
(limited at the central area). However, these areas were
widely distributed in the tissue in hearts from MetS rats
(Figure 7).

4. Discussion

This work shows that fenofibrate treatment generates cardio-
protection in an experimental model of MetS subjected to
ischemia, by regulating the nonclassical pathways of RAS.
Our study demonstrated that the pharmacological treatment
was associated with the activation of Ang-(1-7)/AT2R and
inhibition of Ang III/Ang IV/IRAP pathways. Moreover,
another novel finding of this study was that the treatment
with fenofibrate may decrease the expression of NEP with
the consequent increase of bradykinin production.

Extensive research has revealed that the activation of spe-
cific molecules of RAS participates in the development of
MetS and heart failure. Fenofibrate therapy reverts some of
the effects caused by these pathologies by regulating several
processes mediated by Ang II/AT1, such as energy metabo-
lism, oxidative stress, inflammation, and cell differentiation

0.08

0.06

0.04

# &
0.02

0.00

A
ng

io
te

ns
in

 II
(p

m
ol

/m
g 

pr
ot

)

𝛥

𝛴 𝜔

⁎
CT

-S
h

M
et

S-
Sh

CT
-M

I-
V

M
et

S-
M

I-
V

CT
-M

I-
F

M
et

S-
M

I-
F

(a)

#1.5

1.0

A
ng

io
te

ns
in

-(
1-

7)
(p

m
ol

/m
g 

pr
ot

)

0.5

0.0

& 𝜓

𝛴

⁎

CT
-S

h

M
et

S-
Sh

CT
-M

I-
V

M
et

S-
M

I-
V

CT
-M

I-
F

M
et

S-
M

I-
F

(b)

Figure 2: Effect of fenofibrate on angiotensin II and angiotensin-(1-7) levels. (a) Angiotensin II and (b) angiotensin-(1-7) concentrations
were determined in the homogenate from myocardial ischemic areas from the sham (Sh), myocardial infarction (MI) vehicle-treated, and
MI fenofibrate-treated experimental groups. The values show the mean ± SEM (n = 5 per group). ∗p < 0:05 vs. CT-Sh; Δ p < 0:05 vs. CT-
Sh; Σ p < 0:05 vs. MetS-Sh; #p < 0:05 vs. CT-MI-V; ω p < 0:05 vs. CT-MI-V; &p < 0:05 vs. MetS-MI-V; Ψ p < 0:05 vs. CT-MI-F. Analysis of
variance-Newman-Keuls.
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[1]. On the other hand, an accumulating amount of data sig-
nals the importance of an alternative pathway of RAS, such as
Ang-(1-7) and its cardioprotective properties. Our data are in
line with previous findings; however, there are no reports on
the effect of fenofibrate on the important counterparts of the
RAS pathways analyzed in this paper as far as we know.

Data in Table 1 show that the fenofibrate treatment
reversed the signs of MetS such as dyslipidemia and insulin

resistance, and it did not affect the other parameters. These
data are in accordance with those previously published [1].

Serum CK activity is well known as a cardiac risk bio-
marker in human and animal models; however, this parame-
ter is unspecific [21–23]. The results in Table 1 show that CK
activity was higher in serum fromMetS-MI rats than the CT-
MI group treated with vehicle. In addition, we demonstrated
that fenofibrate treatment significantly reduced the increase
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Figure 3: Expression of cardiac angiotensin receptors. The proteins were evaluated in the left ventricles from the control (CT) and metabolic
syndrome (MetS) rats subjected to sham (Sh) or myocardial infarction (MI) and treated for two weeks with either vehicle (V) or fenofibrate
(F). (a) Representative immunoblot. (b) Angiotensin II-type 1 receptor (AT1R) protein expression. (c) Angiotensin II-type 2 receptor (AT2R)
protein expression. (d) MasR protein expression. The values show themean ± SEM (n = 5 per group). ∗p < 0:05 vs. CT-Sh; Δ p < 0:05 vs. CT-
Sh; Σ p < 0:05 vs. MetS-Sh; #p < 0:05 vs. CT-MI-V; ω p < 0:05 vs. CT-MI-V; &p < 0:05 vs. MetS-MI-V; Ψ p < 0:05 vs. CT-MI-F. Analysis of
variance-Newman-Keuls.
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of CK in the serum from both the CT and MetS rats. Never-
theless, this effect was more evident in the CT group. There-
fore, our results show that CK activity is a good biomarker of
myocardial damage in our experimental model.

In this study, the classical and nonclassical RAS axes were
studied. The ACE/Ang II/AT1R axis has been the main RAS
pathway studied, and its roles in cardiac damage and thera-
peutic implications have been extensively reviewed [1]. As
expected, the ACE expression and the Ang II concentration
were higher (slightly and significantly, respectively) in hearts
from MetS animals compared to the CT-Sh group. Ischemic
conditions were associated with an increase in the expression
of the enzyme and its product (Figures 1(a) and 2(a)). Feno-
fibrate treatment prevented the increase of ACE expression
in both the CT and MetS groups. Consistent with these find-
ings, the Ang II concentration decreased in both experimen-
tal groups (Figures 1(b) and 2(a)). As far as we know, there
are no reports on the determination of Ang II levels in
patients undergoing fenofibrate therapy. There are conflict-
ing data regarding the effect of PPAR agonists on blood pres-
sure in humans, due to heterogeneity of populations, the
mechanism underlying the high blood pressure, and differ-
ences in concurrent treatments or dietary salt intakes [24].
However, Walker et al. [25] demonstrated a beneficial effect
of fenofibrate on vascular endothelial function in humans.
Fenofibrate reduces oxidative stress and increases eNOS
expression. These effects might be related to the reduction
of Ang II concentrations and agree with our previously
reported results [1].

On the other hand, ACE2 efficiently hydrolyses Ang II to
form Ang-(1-7), a peptide that exerts opposite actions to
those of Ang II. Our results show that under basal conditions,
the expression of ACE2 was not accompanied by similar
changes in Ang-(1-7) concentration. Surprisingly, the ische-
mic insult promoted an increase in ACE2 expression while
the levels of Ang-(1-7) decreased in the MetS group
(Figures 1(c) and 2(b)). The increase in ACE2 expression
under ischemia conditions suggests a protective role of this
enzyme and is in agreement with the data published by other
authors in human and animal models [26, 27]. However, the
activity of ACE2 should be evaluated to explain the discrep-
ancy between ACE2 expression and Ang-(1-7) concentra-
tion. This constitutes a limitation of the present study. The
levels of Ang-(1-7) were significantly higher in the ischemic
hearts in the presence of fenofibrate in both the CT and MetS
animals (Figure 2(b)). Ang-(1-7) decreases hypertension,
cardiac hypertrophy, oxidative stress, and insulin resistance
[28, 29]. Furthermore, in a previous report, we demonstrated
that clofibrate treatment increased Ang-(1-7) concentration
in the ischemic myocardium [20].

Figure 3 shows that there is an overexpression of AT1R
and MasR in hearts from MetS rats under basal conditions.
Under ischemic conditions, AT1R levels increased and
AT2R levels decreased in both experimental groups; fenofi-
brate therapy reversed this effect. The expression of Mas
increased only in the CT-MI-F group (Figures 3(a)–3(d)). It
has been reported that Ang-(1-7) interacts with both MasR
and AT2R [30–32]. Therefore, it is reasonable to suggest that

CT
-S

h

M
et

S-
Sh

CT
-M

I-
V

M
et

S-
M

I-
V

CT
-M

I-
F

M
et

S-
M

I-
F

𝛽 Actin 40 kDa

APA 160 kDa

(a)

CT
-S

h

M
et

S-
Sh

CT
-M

I-
V

M
et

S-
M

I-
V

CT
-M

I-
F

M
et

S-
M

I-
F

4

&

3

2

A
m

in
op

ep
tid

as
e A

 ex
pr

es
sio

n
(A

U
/𝛽

 ac
tin

)

1

0

⁎

𝜔

(b)

CT
-S

h

M
et

S-
Sh

CT
-M

I-
V

M
et

S-
M

I-
V

CT
-M

I-
F

M
et

S-
M

I-
F

&

0.8

0.6

0.4

A
ng

io
te

ns
in

 II
I

(p
m

ol
/m

g 
pr

ot
)

0.2

0.0

⁎

𝛴 𝜔

(c)

Figure 4: Effect of fenofibrate on the expression of aminopeptidase A (APA) and angiotensin III (Ang III) concentrations in the control (CT)
and metabolic syndrome (MetS) rats under ischemic conditions (MI). (a) Representative western blot analysis. (b) APA protein expression.
(c) Ang III concentration. Arbitrary units (AU). The values show themean ± SEM (n = 5 per group). ∗p < 0:05 vs. CT-Sh; Σ p < 0:05 vs. MetS-
Sh; ω p < 0:05 vs. CT-MI-V; &p < 0:05 vs. MetS-MI-V. Analysis of variance-Newman-Keuls.
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the cardioprotective actions could be mediated through these
receptors.

Altogether, our results show that ischemia promotes the
activation of the ACE/Ang II/AT1R pathway and that the
activation of the Ang-(1-7)/MasR-AT2 signaling pathway is
involved in the cardioprotective role of fenofibrate.

Subsequently, we studied the effect of fenofibrate therapy
on the nonclassical components of the RAS pathway. Two
smaller angiotensin peptides, Ang III and Ang IV, have been
reported to have harmful effects via AT1R activation [33, 34].
Ang III and Ang IV levels were increased in the left ventricles

in MetS-Sh rats (Figures 4(c) and 5(c)). After the ischemic
insult, Ang III concentrations were significantly increased,
while Ang IV levels diminished in MetS vehicle-treated
hearts. We suggest that this may be a compensatory effect
to the ischemic damage. These results were consistent with
the expression of APA and APN, respectively (Figures 4(b)
and 5(b)). The administration of fenofibrate prevents the rise
in the small peptides in MetS rats, while the values remained
unchanged in CT animals. Clearly, the decrease in the con-
centration of the small peptides was directly related to the
decrease of its precursor, Ang II; however, our results show
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Figure 5: Effect of fenofibrate administration on myocardial aminopeptidase N (APN) expression in myocardial tissue from the control (CT)
and metabolic syndrome (MetS) animals. (a) Representative image. (b) Angiotensin IV concentration. (c) Insulin-regulated aminopeptidase
(IRAP) protein expression. The values show themean ± SEM (n = 5 per group). ∗p < 0:05 vs. CT-Sh; Δ p < 0:05 vs. CT-Sh; Σ p < 0:05 vs. MetS-
Sh; #p < 0:05 vs. CT-MI-V; ω p < 0:05 vs. CT-MI-V; &p < 0:05 vs. MetS-MI-V. Analysis of variance-Newman-Keuls.
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that the administration of fenofibrate had a direct association
with the expression of APA and APN.Moreover, the receptor
to Ang IV has been identified in several tissues as an IRAP.

The presence of IRAP is important for the translocation of
the insulin-stimulated GLUT4 and in the metabolism of oxy-
tocin [33, 35, 36]. MetS and ischemic conditions were
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Figure 6: Effect of fenofibrate on the expression of neprilysin (NEP) and bradykinin concentration in control and under ischemic conditions.
(a) Representative western blot analysis. (b) NEP protein expression. (c) Bradykinin concentration. The values show the mean ± SEM (n = 5
per group). ∗p < 0:05 vs. CT-Sh; Δ p < 0:05 vs. CT-Sh; Σ p < 0:05 vs. MetS-Sh; #p < 0:05 vs. CT-MI-V; ω p < 0:05 vs. CT-MI-V; &p < 0:05 vs.
MetS-MI-V. Analysis of variance-Newman-Keuls.
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Figure 7: Fenofibrate treatment decreased the area at risk in myocardial infarcted rats. Representative images of TTC staining. Blue areas
indicate viable tissue; the red-colored region represents tissue at risk, and the white regions indicate the infarcted myocardium. CT-Sh and
MetS-Sh: control and metabolic syndrome sham-operated groups; CT-MI-V: control myocardial infarction vehicle-treated; CT-MI-F:
control myocardial infarction fenofibrate-treated; MetS-MI-V: metabolic syndrome myocardial infarction vehicle-treated; MetS-MI-F:
metabolic syndrome myocardial infarction fenofibrate-treated.
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associated with IRAP overexpression, and the therapy with
fenofibrate decreased the levels of this protein (Figure 5(d)).

Ang IV is the endogenous inhibitor of the catalytic bind-
ing site of IRAP preventing the metabolism of various IRAP
substrates, including oxytocin. Oxytocin exerts cardioprotec-
tion, either directly or via stimulation of mediators such as
the natriuretic peptides and nitric oxide [37]. Furthermore,
this hormone enhances glucose uptake via the translocation
of GLUT4 to the cell surface [36, 38]. Therefore, we speculate
that the Ang IV/AT4R/IRAP axis is also involved in cardiac
insulin resistance under ischemic conditions, regulating oxy-
tocin concentrations. Fenofibrate treatment might improve
glucose uptake by increasing oxytocin levels as a consequence
of the downregulation of the IRAP expression. These sugges-
tions are in agreement with our previous study, in which we
showed that ischemia impairs myocardial insulin action and
that fibrates reestablish the cardiac insulin signaling pathway
[1]. There are few studies reporting that the IRAP deficien-
cy/inhibition protects against cardiac damage; therefore,
further studies demonstrating the pathophysiological role of
the Ang IV/AT4R/IRAP axis are needed.

We studied whether the administration of fenofibrate
had an effect on the expression levels of NEP and bradykinin,
due to the interaction between the RAS and the NEP system
and the role of peptides, such as bradykinin, in heart homeo-
stasis. We observed that MetS and ischemic conditions were
accompanied by a NEP overexpression with the consequent
reduction in the concentration of bradykinin (Figures 6(b)
and 6(c)). Fenofibrate treatment favored the production of
bradykinin by suppressing NEP expression in hearts from
both the CT and MetS rats. Our findings suggest the involve-
ment of NEP in the cardioprotective effect of fenofibrate, and
this effect could be mediated by genomic actions through the
previously reported PPAR activation [39]. Thus, the increase
in bradykinin levels might mediate several cardiac functions,
as has been previously reported by other authors [40, 41].
Further studies are needed to prove the effect of the pretreat-
ment with fenofibrate on the production of other hormones
metabolized by NEP during heart failure, such as natriuretic
peptides.

Finally, in order to evaluate the efficacy of our treatment,
we analyzed the ischemic size by the TTC staining analysis.
Evans blue dye has been used extensively to stain hearts,
and it accurately reflects the extent of viable areas and irre-
versible myocardial ischemic damage. Figure 7 shows that
hearts from MetS-Sh rats present a larger area at risk when
compared to the CT group. Our results are in line with exper-
imental and clinical trial evidence which suggests that MetS is
associated with myocardial infarction [42]. After MI insult,
the MetS heart had a larger area at risk and infarcted area
when compared to the heart from CT rats. Fenofibrate treat-
ment was able to attenuate MI-induced damage evidenced by
the reduction of the area at risk and ischemic area (red- and
white-colored regions). This effect is more evident in the CT
group. The results of our work are in agreement with those of
Mo et al. [22], who showed that fenofibrate reduced the
myocardial infarct size.

Cardiac myocytes in the ischemic zone die by apoptosis
and necrosis during a myocardial infarction; nevertheless,

the magnitudes of each form of cell death remain unclear.
Krijnen et al. [43] described that upon permanent occlusion
of a coronary vessel in rats, apoptosis occurred in the ische-
mic region, in the area immediately bordering the ischemic
region, and in remote regions from ischemia. Therefore, apo-
ptosis is the major determinant of infarct size. Necrosis
occurred less often and was seen only in the ischemic region.

Nevertheless, we did not perform an analysis of cell
necrosis and apoptosis in the present study. In a previous
report of our group, we found that PPAR-α stimulation with
clofibrate augmented the expression of antiapoptotic pro-
teins Bcl-2 and 14-3-3ε and decreased the expression of proa-
poptotic proteins Bax and the phosphorylation of Bad [44].
Moreover, oxidative stress coexists with apoptosis after myo-
cardial infarction [43]. Our model also presents oxidative
stress [1], and therefore, we cannot exclude an effect similar
to the one previously reported by our group.

5. Conclusion

Overall, our results show that PPAR-alpha activation by
fenofibrate prevents damage due to ischemia in MetS rats
by changing the angiotensin metabolites and their receptor
profiles. It favors the Ang-(1-7)/AT2 axis and inhibits the
Ang III/Ang IV/IRAP signaling pathway. In addition,
PPAR-alpha signaling downregulates the expression of NEP
and increases the production of bradykinin. Thus, the regula-
tion of the nonclassical axis of RAS is a novel protective effect
to myocardial ischemia of fenofibrate.

Data Availability

The data in our study are available from the corresponding
author upon reasonable request.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

M. S-A. and L. I-L. were responsible for planning and per-
forming the experiments and data analysis; L. DV-M. was
responsible for performing the electrophoretic analysis; E.
S-C. and M. S-A. were responsible for the histochemistry
analysis; J.C. T-N. was responsible for performing some
physiological experiments; E. C-T. was responsible for serum
biochemical analysis; A. S-M. obtained financial support to
partly cover expenses and reviewed the manuscript; M.E. R-
R. was responsible for planning the experiments, performing
the physiological experiments and data analysis, and writing
the paper. M. S-A. and L. I-L. contributed equally to this
work.

Acknowledgments

The authors would like to thank Biol. Oscar Infante (Depar-
tamento de Instrumentación Electromecánica) for his helpful
advice and expertise on blood pressure determination. The
authors also thank Biol. Armando Zepeda Rodríguez and

10 PPAR Research



Francisco Pasos Nájera for their support in acquiring photos
and José Saúl Carreón Cervantes, Mario Pérez, and Jhony
Pérez for excellent technical assistance. This work was sup-
ported by Consejo Nacional de Ciencia y Tecnología (CON-
ACyT) (Grant numbers 222720 and 280458 to Alicia
Sánchez-Mendoza).

References

[1] L. Ibarra-Lara, M. Sánchez-Aguilar, A. Sánchez-Mendoza
et al., “Fenofibrate therapy restores antioxidant protection
and improves myocardial insulin resistance in a rat model of
metabolic syndrome and myocardial ischemia: the role of
angiotensin II,” Molecules, vol. 22, no. 1, p. 31, 2017.

[2] Y. Marcus, G. Shefer, K. Sasson et al., “Angiotensin 1-7 as
means to prevent the metabolic syndrome: lessons from the
fructose-fed rat model,” Diabetes, vol. 62, no. 4, pp. 1121–
1130, 2013.

[3] R. A. S. Santos, A. J. Ferreira, T. Verano-Braga, and M. Bader,
“Angiotensin-converting enzyme 2, angiotensin-(1–7) and
Mas: new players of the renin-angiotensin system,” Journal
of Endocrinology, vol. 216, no. 2, pp. R1–R17, 2013.

[4] M. Slamkova, S. Zorad, and K. Krskova, “Alternative renin-
angiotensin system pathways in adipose tissue and their role
in the pathogenesis of obesity,” Endocrine Regulations,
vol. 50, no. 4, pp. 229–240, 2016.

[5] S. R. Keller, “Role of the insulin-regulated aminopeptidase
IRAP in insulin action and diabetes,” Biological and Pharma-
ceutical Bulletin, vol. 27, no. 6, pp. 761–764, 2004.

[6] C. A. McCarthy, L. J. Facey, and R. E. Widdop, “The protective
arms of the renin-angiontensin system in stroke,” Current
Hypertension Reports, vol. 16, no. 7, p. 440, 2014.

[7] J. Gao, Y. Marc, X. Iturrioz, V. Leroux, F. Balavoine, and
C. Llorens-Cortes, “A new strategy for treating hypertension
by blocking the activity of the brain renin–angiotensin system
with aminopeptidase A inhibitors,” Clinical Science (London),
vol. 127, no. 3, pp. 135–148, 2014.

[8] V. Esteban, M. Ruperez, E. Sanchez-Lopez et al., “Angiotensin
IV activates the nuclear transcription factor-κB and related
proinflammatory genes in vascular smooth muscle cells,” Cir-
culation Research, vol. 96, no. 9, pp. 965–973, 2005.

[9] P. L. Moraes, L. M. Kangussu, L. G. da Silva, C. H. Castro, R. A.
S. Santos, and A. J. Ferreira, “Cardiovascular effects of small
peptides of the renin angiotensin system,” Physiological
Reports, vol. 5, no. 22, p. e13505, 2017.

[10] B. M. Park, S. A. Cha, S. H. Lee, and S. H. Kim, “Angiotensin
IV protects cardiac reperfusion injury by inhibiting apoptosis
and inflammation via AT4R in rats,” Peptides, vol. 79,
pp. 66–74, 2016.

[11] S. A. Hubers and N. J. Brown, “Combined angiotensin receptor
antagonism and neprilysin inhibition,” Circulation, vol. 133,
no. 11, pp. 1115–11124, 2016.

[12] J. Kim, D. Han, S. H. Byun et al., “Neprilysin facilitates adipo-
genesis through potentiation of the phosphatidylinositol 3-
kinase (PI3K) signaling pathway,”Molecular and Cellular Bio-
chemistry, vol. 430, no. 1-2, pp. 1–9, 2017.

[13] M. Kassi, B. Hannawi, and B. Trachtenberg, “Recent advances
in heart failure,” Current Opinion in Cardiology, vol. 33, no. 2,
pp. 249–256, 2018.

[14] T. Prasad, L. C.W. Roksnoer, P. Zhu et al., “Beneficial effects of
combined AT1 receptor/neprilysin inhibition (ARNI) versus

AT1 receptor blockade alone in the diabetic eye,” Investigative
Ophthalmology & Visual Science, vol. 57, no. 15, pp. 6722–
6730, 2016.

[15] A. T. Owens, S. Brozena, andM. Jessup, “Neprilysin inhibitors:
emerging therapy for heart failure,” Annual Review of Medi-
cine, vol. 68, no. 1, pp. 41–49, 2017.

[16] E. A. Abd El-Haleim, A. K. Bahgat, and S. Saleh, “Resveratrol
and fenofibrate ameliorate fructose-induced nonalcoholic stea-
tohepatitis by modulation of genes expression,” World Journal
of Gastroenterology, vol. 22, no. 10, pp. 2931–2948, 2016.

[17] V. H. Oidor-Chan, E. Hong, F. Pérez-Severiano et al., “Fenofi-
brate plus metformin produces cardioprotection in a type 2
diabetes and acute myocardial infarction model,” PPAR
Research, vol. 2016, Article ID 8237264, 14 pages, 2016.

[18] M. E. Rubio-Ruíz, L. Del Valle-Mondragón, V. Castrejón-
Tellez, E. Carreón-Torres, E. Díaz-Díaz, and V. Guarner-Lans,
“Angiotensin II and 1-7 during aging in metabolic syndrome
rats. Expression of AT1, AT2 and Mas receptors in abdominal
white adipose tissue,” Peptides, vol. 57, pp. 101–108, 2014.

[19] G. Schumann, R. Bonora, F. Ceriotti et al., “IFCC primary ref-
erence procedures for the measurement of catalytic activity
concentrations of enzymes at 37 degrees C. Part 2. Reference
procedure for the measurement of catalytic concentration of
creatine kinase,” Clinical Chemistry and Laboratory Medicine,
vol. 40, no. 6, pp. 635–642, 2002.

[20] L. Ibarra-Lara, M. Sánchez-Aguilar, E. Hong et al., “PPARα
stimulation modulates myocardial ischemia-induced activa-
tion of renin-angiotensin system,” Journal of Cardiovascular
Pharmacology, vol. 65, no. 5, pp. 430–437, 2015.

[21] M. Kurata, T. Iidaka, Y. Sasayama, T. Fukushima,
M. Sakimura, and N. Shirai, “Correlation among clinicopatho-
logical parameters of myocardial damage in rats treated with
isoproterenol,” Experimental Animals, vol. 56, no. 1, pp. 57–
62, 2007.

[22] H. Mo, S. Zhao, J. Luo, and J. Yuan, “PPARα activation by
fenofibrate protects against acute myocardial ischemia/reper-
fusion injury by inhibiting mitochondrial apoptosis,” Interna-
tional Journal of Clinical Experimental Pathology, vol. 9,
no. 11, pp. 10955–10964, 2016.

[23] W. Chen, J. Liang, Y. Fu et al., “Cardioprotection of cortistatin
against isoproterenol-induced myocardial injury in rats,”
Annals of Translational Medicine, vol. 8, no. 6, p. 309, 2020.

[24] K. Gilbert, H. Nian, C. Yu, J. M. Luther, and N. J. Brown,
“Fenofibrate lowers blood pressure in salt-sensitive but not
salt-resistant hypertension,” Journal of Hypertension, vol. 31,
no. 4, pp. 820–829, 2013.

[25] A. E. Walker, R. E. Kaplon, S. M. S. Lucking, M. J. Russell-
Nowlan, R. H. Eckel, and D. R. Seals, “Fenofibrate improves
vascular endothelial function by reducing oxidative stress
while increasing endothelial nitric oxide synthase in healthy
normolipidemic older adults,” Hypertension, vol. 60, no. 6,
pp. 1517–1523, 2012.

[26] A. B. Goulter, M. J. Goddard, J. C. Allen, and K. L. Clark,
“ACE2 gene expression is up-regulated in the human failing
heart,” BMC Medicine, vol. 2, no. 1, 2004.

[27] S. Keidar, M. Kaplan, and A. Gamliellazarovich, “ACE2 of the
heart: from angiotensin I to angiotensin (1-7),” Cardiovascular
Research, vol. 73, no. 3, pp. 463–469, 2007.

[28] D. . G. Passos-Silva, T. Verano-Braga, and R. . A. S. Santos,
“Angiotensin-(1–7): beyond the cardio-renal actions,” Clinical
Science (London), vol. 124, no. 7, pp. 443–456, 2013.

11PPAR Research



[29] B. Liang, Y. Li, Z. Han et al., “ACE2-Ang (1-7) axis is induced in
pressure overloaded rat model,” International Journal of Clinical
and Experimental Pathology, vol. 8, no. 2, pp. 1443–1450, 2015.

[30] S. Bosnyak, E. S. Jones, A. Christopoulos, M. I. Aguilar, W. G.
Thomas, and R. E. Widdop, “Relative affinity of angiotensin
peptides and novel ligands at AT1 and AT2 receptors,” Clini-
cal Science (London), vol. 121, no. 7, pp. 297–303, 2011.

[31] M. P. Ocaranza and J. E. Jalil, “Protective role of the
ACE2/Ang-(1–9) axis in cardiovascular remodeling,” Interna-
tional Journal of Hypertension, vol. 2012, Article ID 594361, 12
pages, 2012.

[32] E. J. Tassone, A. Sciacqua, F. Andreozzi et al., “Angiotensin (1–
7) counteracts the negative effect of angiotensin II on insulin
signalling in HUVECs,” Cardiovascular Research, vol. 99,
no. 1, pp. 129–136, 2013.

[33] J. L. Zhuo, F. M. Ferrao, Y. Zheng, and X. C. Li, “New frontiers
in the intrarenal renin-angiotensin system: a critical review of
classical and new paradigms,” Frontiers in Endocrinology,
vol. 4, 2013.

[34] K. Kramkowski, A. Mogielnicki, and W. Buczko, “The physio-
logical significance of the alternative pathways of angiotensin
II production,” Journal of Physiology and Pharmacology,
vol. 57, no. 4, pp. 529–539, 2006.

[35] S. Y. Chai, R. Fernando, G. Peck et al., “What?s new in the
renin-angiotensin system?,” Cellular and Molecular Life Sci-
ences, vol. 61, no. 21, pp. 2728–2737, 2004.

[36] S. Diwakarla, E. Nylander, A. Grönbladh et al., “Binding to and
inhibition of insulin-regulated aminopeptidase by macrocyclic
disulfides enhances spine density,” Molecular Pharmacology,
vol. 89, no. 4, pp. 413–424, 2016.

[37] M. Jankowski, T. L. Broderick, and J. Gutkowska, “Oxytocin
and cardioprotection in diabetes and obesity,” BMC Endocrine
Disorders, vol. 16, no. 1, p. 34, 2016.

[38] M. Florian, M. Jankowski, and J. Gutkowska, “Oxytocin
increases glucose uptake in neonatal rat cardiomyocytes,”
Endocrinology, vol. 151, no. 2, pp. 482–491, 2010.

[39] L. Katsouri, C. Parr, N. Bogdanovic, M. Willem, and M. Sastre,
“PPARγ co-activator-1α (PGC-1α) reduces amyloid-β genera-
tion through a PPARγ-dependent mechanism,” Journal of Alz-
heimers Disease, vol. 25, no. 1, pp. 151–162, 2011.

[40] N.-E. Rhaleb, X.-P. Yang, and O. A. Carretero, “The kallikrein-
kinin system as a regulator of cardiovascular and renal func-
tion,”Comprehensive Physiology, vol. 1, no. 2, pp. 971–993, 2011.

[41] R. Sharma, P. K. Randhawa, N. Singh, and A. S. Jaggi, “Brady-
kinin in ischemic conditioning-induced tissue protection: evi-
dences and possible mechanisms,” European Journal of
Pharmacology, vol. 768, pp. 58–70, 2015.

[42] J. D. Tune, A. G. Goodwill, D. J. Sassoon, and K. J. Mather,
“Cardiovascular consequences of metabolic syndrome,”
Translational Research, vol. 183, pp. 57–70, 2017.

[43] P. A. J. Krijnen, “Apoptosis in myocardial ischaemia and
infarction,” Journal of Clinical Pathology, vol. 55, no. 11,
pp. 801–811, 2002.

[44] L. Ibarra-Lara, M. Sánchez-Aguilar, E. Soria-Castro et al.,
“Clofibrate treatment decreases inflammation and reverses
myocardial infarction-induced remodelation in a rodent
experimental model,” Molecules, vol. 24, no. 2, p. 270, 2019.

12 PPAR Research



Research Article
Nitric Oxide Mediates Inflammation in Type II Diabetes
Mellitus through the PPARγ/eNOS Signaling Pathway

Hua Guo,1 Qinglan Zhang,2 Haipo Yuan,3 Lin Zhou,4 Fang-fang Li,4 Sheng-Ming Wang,5

Gang Shi ,6 and Maojuan Wang 7

1Department of Clinical Laboratory, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China
2Department of Endocrinology, Chongqing Hospital of Traditional Chinese Medicine, Chongqing, China
3Department of Endocrinology, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China
4Department of Ophthalmology, Huai’an Second People's Hospital, The Affiliated Huai’an Hospital of Xuzhou Medical University,
Huai’an, Jiangsu Province, China
5Department of Stomatology, Huai’an Second People’s Hospital, The Affiliated Huai’an Hospital of Xuzhou Medical University,
Huai’an, Jiangsu Province, China
6Department of Pharmacy Services, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China
7Department of Outpatient, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China

Correspondence should be addressed to Gang Shi; shigangctu@163.com and Maojuan Wang; wmjlxc1029@163.com

Received 15 September 2020; Revised 12 October 2020; Accepted 12 November 2020; Published 27 November 2020

Academic Editor: Xiao-Jie Lu

Copyright © 2020 Hua Guo et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Inflammation accounts for the process of type II diabetes mellitus (T2DM), the specific mechanism of which is still to be elucidated
yet. Nitric oxide (NO), a critical inflammation regulator, the role of which is the inflammation of T2DM, is rarely reported.
Therefore, our study is aimed at exploring the effect of NO on the inflammation in T2DM and the corresponding mechanism.
We analyzed the NO levels in plasma samples from T2DM patients and paired healthy adults by Nitric Oxide Analyzer then
measured the expression of inflammatory cytokines (C-reactive protein, heptoglobin, IL-1β, TNF-α, IL-6) in insulin-induced
HepG2 cells treated with NO donor or NO scavenger, and the PPARγ, eNOS, C-reactive protein, heptoglobin, IL-1β, TNF-α,
and IL-6 levels were detected by RT-PCR and western blot in insulin-induced HepG2 cells transfected with si-PPARγ. The
results showed that excess NO increased the inflammation marker levels in T2DM, which is activated by the PPARγ/eNOS
pathway. These findings will strengthen the understanding of NO in T2DM and provide a new target for the treatment of T2DM.

1. Introduction

Type II diabetes mellitus (T2DM) is a common chronic met-
abolic and endocrine disease characterized by insulin resis-
tance and β-cell dysfunction. The high prevalence of T2DM
is a serious public health event over the world [1]. According
to the latest data given by the Chinese Diabetes Society
(CDS), the incidence of T2DM in adults over the age of 18
in China is increasing annually and up to 10.4% by 2019
[2]. Studies have shown that the onset of T2DM is associated
with a complex interaction between environmental and
genetic factors [3, 4], and the specific pathogenesis of the dis-

ease has yet to be elucidated. It has been reported that
chronic inflammatory responses may be involved in the pro-
cess of insulin resistance and β-cell dysfunction, which adds
the risk of developing T2DM [5, 6]. C-reactive protein can
lead to insulin resistance and is an important indicator of
the level of inflammation in T2DM [5, 7]. Haptoglobin is
an important indicator of liver inflammation, and it is shown
that the haptoglobin 2-2 genotype might increase the risk of
cardiovascular disease in diabetic patients [8, 9]. Inflamma-
tory factors such as TNF-α, IL-1β, and IL-6 have been clari-
fied to cause insulin resistance by inhibiting insulin signaling
[10, 11]. Therefore, actively exploring the mechanisms of
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inflammation in T2DM can provide new ideas for the treat-
ment of the disease.

PPARγ belongs to a family of peroxisome proliferator-
activated nuclear receptors that regulate the expression of
multiple genes involved in the regulation of lipid/glucose/a-
mino acid metabolism, cell proliferation/differentiation, and
inflammation, suggesting that it may play important roles
in many diseases [12]. Thiazolidinedione, a target drug of
PPARγ, has potent insulin-sensitizing effects and is used to
treat T2DM, but the drug will produce side effects such as
weight gain, liver damage, and cardiovascular risk and is
gradually declining in clinical use [13, 14]. Thus, it is
extremely important to clarify the mechanism of PPARγ in
T2DM. In recent years, studies have told that PPARγ regu-
lates the expression of inflammatory pathways. For example,
GMG-43AC antagonist can be applied to treat acne because
it activates PPARγ to inhibit inflammation [12]. PPARγ-
mediated upregulation of CD36 is involved in the regulation
of microglial activation and phenotype and promotes
phagocyte-cell proliferation of apoptotic cells, thereby pro-
moting the recovery of postischemic inflammation [15].
Moreover, PPARγ activation is essential in the suppression
of intestinal inflammatory response [16]. In T2DM, the
detailed mechanism by which PPARγ regulates inflamma-
tion remains to be refined.

Nitric oxide (NO), a free radical molecule with patho-
physiological functions, is extensively studied in inflamma-
tion. NO has anti-inflammatory and proinflammatory
effects, which are correlated with its concentration [17].
Excess NO will damage cells and organs and interacts with
intermediate components of reactive oxygen species in cells
to induce inflammation [18]. Studies have indicated that
the NO/inflammatory signaling pathway is associated with
the development of depression [19], colon cancer [20], lung
squamous cell carcinoma [18], and diabetes [21]. Endothelial
nitric oxide synthase (eNOS) is a kind of nitric oxide synthase
that induces NO production, occupying the dominant role in
regulating NO activity [22]. Previous studies have shown that
the PPARγ/eNOS pathway regulates hypertension [23],
ischemia/reperfusion-induced acute kidney injury [24], stea-
tohepatitis [25], ischemia/reperfusion-induced liver injury
[26], and so on. However, it is not clear whether the PPAR-
γ/eNOS pathway mediates the inflammatory process in
T2DM.

Therefore, we put forward the hypothesis that NO may
regulate inflammation in T2DM through the PPARγ/eNOS
pathway and validated in the present study. Our findings
may provide a new treatment target for T2DM.

2. Materials and Methods

2.1. Blood Collection from T2DM Patients. The study was
approved by the ethics committee of Huai’an Second Peo-
ple’s Hospital and Hospital of Chengdu University of Tradi-
tional Chinese Medicine. Fifty-five T2DM patients and fifty
healthy adults in this study signed informed consent forms
and began to sample blood at 8:30 am in the morning under
a fasting state (no food and water absorption for at least 8 h
before sampling). The whole blood samples were collected

and placed in a heparin anticoagulation tube (BD, USA),
then centrifuged at 3500 g at 4°C for 10min. The achieved
uppermost layer is the plasma layer, which should be stored
at -80°C for subsequent testing.

2.2. Cell Culture. HepG2 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China);
they were cultured in 96-well plates in RPMI1640 medium
(Gibco, NY, USA) with 10% fetal bovine serum (Gibco,
USA) and 1% penicillin-streptomycin (Gibco, NY, USA)
and allowed to grow to logarithmic growth phase for subse-
quent studies after a successful recovery. To construct a cell
model of T2DM, insulin (Gibco, NY, USA) was first diluted
in RPMI1640 complete medium to a final concentration of
10-6mol/L. 200μL of insulin preparation solution was added
to each well in the model group, and an equal amount of
RPMI1640 complete medium was added to each well in the
control group; all cells were cultured for 48h [27]. In the pro-
cess of cultivation, cells were incubated in an incubator
(37°C, 5% CO2).

2.3. RNA Interference. HepG2 cells were transfected with
100 pmol PPARγsiRNA (sense, 5′-UAAAUGUCAGUACU
GUCGGUUU-3′, antisense, 5′-CCGACAGUACUGACAU
UUAUU-3′) by using the Amaxa Lonza Cell Line Nucleofec-
tor® Kit (Lonza, Germany) according to the manufacturer’s
instructions, and an equal amount of nonspecific siRNA
(sense, 5′-UUCUCCGAACGUGUCACGU-3′; antisense,
5′-(ACGUGACACGUUCGGAGAA-3′) was transfected
with HepG2 cells as a negative control. After incubation for
24 h, they were used for western blot analysis.

2.4. The Measurement of Nitric Oxide. Due to the fact that
NO has a short half-life and is not easy to directly detect,
the concentration of its stable metabolites nitrite and nitrate
can represent the levels of NO [28]. In the present study,
nitrite and nitrate in plasma and cells were measured using
the Nitric Oxide Analyzer 280i (GE, USA), and there is no
need for pretreatment samples before testing. Each sample
was tested 3 times.

2.5. ELISA Assay. The levels of IL-1β, TNF-α, and IL-6 in
HepG2 cells were detected using an ELISA kit (SPI-BIO, Ber-
tin Pharma, France), and each experiment was performed 3
times according to the manufacturer’s instructions.

2.6. Real-Time Quantitative PCR. Total RNA was isolated
from cells using TRIzol reagent (Life Technologies, NY,
USA) then reverse transcribed into single-stranded cDNA
using a Prime ScriptTMRT kit (Takara, Dalian, China).
Real-time PCR equipment (7500 Real-Time PCR System,
USA) was to detect the expression of C-reactive protein, hap-
toglobin, eNOS, and PPARγ. The expression levels were ana-
lyzed by the -ΔΔ2Ct method, and GADPH (5′-AGGTCG
GAGTCAACGGATTT-3′ (forward) and 5′-TAGTTGAGG
TCAATGAAGGG-3′ (reverse)) expression levels were used
as the reference standard.
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2.7. Western Blot. After HepG2 cells were treated with RIPA
lysis buffer (Sigma, USA), 30μg of total protein was isolated
on 12% SDS-PAGE and transferred to PVDF membranes.
Membrane blotting was first blocked with 5% bovine serum
albumin (Sigma, USA) for 1 h then incubated with primary
antibody (anti-C-reactive protein, antihaptoglobin, antie-
NOS, anti-PPARγ) overnight at 4°C, followed by incubation
with horseradish peroxidase for 2 h at room temperature.
The relative protein expression levels were normalized to
GAPDH.

2.8. Data Analysis. All statistics were analyzed using Graph-
Pad Prism 7.0 software (USA), and all experimental data
were expressed as mean ± SD. Whether the expression of
nitrite, nitrate, and NO differed between the different groups
was obtained by t-test analysis. And p < 0:05 indicates statis-
tical significance.

3. Results

3.1. High NO Production in Plasma in T2DM Patients. To
evaluate the effect of NO in the T2DM, we firstly examined
the levels of nitrite and nitrate in plasma between 55 T2DM

Table 1: Clinical data in the T2DM group and control group.

T2DM (n = 55) Control (n = 50) p

Age (yrs) 34-50 32-51

Gender (M/F) 34/21 30/20

Plasma nitrite (μM) 0:9728 ± 0:6274 0:3779 ± 0:2579 <0.0001
Plasma nitrate (μM) 33:1243 ± 10:7757 19:3209 ± 6:8687 <0.0001

M F p M F p

Plasma nitrite (μM) 1:0454 ± 0:6776 0:8551 ± 0:5305 0.2785 0:3951 ± 0:2680 0:3521 ± 0:2465 0.5689

Plasma nitrate (μM) 32:4212 ± 10:7574 34:2627 ± 10:9713 0.5431 19:8127 ± 6:8145 18:5833 ± 7:0596 0.5408
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Figure 1: The nitrite and nitrate levels in plasma in the T2DM group and control group.

Table 2: The TNF-α, IL-1β, and IL-6 contents in insulin-stimulated
HepG2 cells.

Cytokines
(ng/mL)

Insulin-
stimulated
HepG2 cells

Insulin-
stimulated

HepG2 cells+NO
donor

Insulin-stimulated
HepG2 cells+NO

scavenger

TNF-α 0:30 ± 0:06 0:48 ± 0:09 0:18 ± 0:04
IL-1β 0:05 ± 0:01 0:09 ± 0:02 0:03 ± 0:01
IL-6 0:28 ± 0:06 0:53 ± 0:70 0:14 ± 0:05
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patients and paired 50 healthy adults (control group). The
clinical data of volunteers in the study is shown in Table 1.

The concentration of plasma nitrite in the T2DM group
was significantly higher than the concentration of plasma
nitrate in the control group (p < 0:0001), and the plasma
nitrate levels between the T2DM group and control group
were evidently different (p < 0:0001), which was found in
Figures 1(a) and 1(b). Else, as shown in Figures 1(c) and
1(d), we also found that there were no significant gender dif-
ferences in plasma nitrite or nitrate contents in the T2DM
group and control group. This status revealed the abnormal
NO expression in T2DM patients.

3.2. NO Promoted Inflammation in Insulin-Induced HepG2
Cells. NO regulates inflammation, and inflammation pro-
motes the development of T2DM. To investigate whether
NO is involved in inflammation in T2DM, we first stimulated
HepG2 cells with insulin in vitro to obtain a cell model of
T2DM in this study. The cells were then treated with the
NO donor DEA (Sigma, USA) and NO scavenger 2-(4-car-
boxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-
oxide (Sigma, USA), respectively. The concentration of IL-
1β, TNF-α, and IL-6 is expressed in Table 2. Compared with
insulin-induced HepG2 cells, the levels of the inflammatory
factors IL-1β, TNF-α, IL-6, C-reactive protein, and heptoglo-
bin in the cells supplied with NO donor were significantly
increased, while the levels of these inflammatory factors were
significantly decreased in cells treated with NO scavenger, as
shown in Figure 2. The above results indicate that the level of
NO correlates with the degree of T2DM inflammation.

3.3. PPARγ/eNOS/NO Signaling Is Associated with
Inflammation in T2DM. To investigate the mechanism of
the development of inflammation in T2DM, we detected the
expression of eNOS and NO in vitro. As shown in
Figures 3(a) and 3(b), the expression of eNOS andNOwas sig-
nificantly reduced in insulin-treated HepG2 cells after the
addition of the NOS inhibitor L-NAME (Cayman, USA),

which suggested that the abnormal expression of NO in
T2DM might be related to the abnormal expression of eNOS.
Considering that PPARγ can modulate the level of diabetic
inflammation, the PPARγ/eNOS pathway plays an important
role in several diseases. In the present study, insulin-induced
HepG2 cells transfected with PPARγ siRNAwere found to sig-
nificantly decrease the expression of PPARγ, eNOS, and NO
in Figures 3(b) and 3(c). In addition, Figures 3(c) and 3(d)
showed that the inhibition of the PPARγ expression in HepG2
cells prompted a significant decrease in the expression levels of
IL-1β, TNF-α, IL-6, C-reactive protein, and heptoglobin.
These results suggest that inflammation in T2DM may be
associated with the PPARγ/eNOS/NO pathway.

4. Discussion

The inflammatory response can drive the pathological pro-
cess of T2DM by leading to deleterious effects on tissue func-
tion and insulin resistance [10, 29], so exploring the
mechanisms of inflammation in T2DM may be extremely
important for the treatment of T2DM that currently lacks
an effective cure. NO plays significant roles in the inflamma-
tory process and is a potential target for the treatment of
inflammatory diseases [30]. In this study, plasma samples
collected from 55 T2DM patients were analyzed by Nitric
Oxide Analyzer for the first time, and the sample numbers
were higher than the previous publications; the results
showed higher levels of nitrite and nitrate in the plasma of
the T2DM patients. Similarly, it also showed that abnormal
levels of nitrogen oxides in plasma, serum and urine samples
of T2DM patients before [31, 32]. It suggests that NO may
play an important effect in the pathogenesis of T2DM.

In vitro experiment revealed that the concentration of
inflammatory factors (C-reactive protein, heptoglobin, IL-
1β, TNF-α, IL-6) was significantly increased in insulin-
induced HepG2 cells after NO donor treatment, while the
levels of inflammatory factors were decreased in insulin-
induced HepG2 cells stimulated with NO scavenger. The
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Figure 2: The inflammatory factor levels in HepG2 cells. (a) The ratio of TNF-α, IL-1β, and IL-6 contents in insulin-induced HepG2 cells
treated with NO donor or NO scavenger and TNF-α, IL-1β, and IL-6 contents in untreated insulin-induced HepG2 cells. (b) Western blot
detects the C-reactive protein and heptoglobin expression in insulin-induced HepG2 cells after different treatments.
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results support that NO may take part in the inflammatory
process in T2DM patients. To investigate the mechanism of
NO on inflammation in T2DM, we investigated and con-
ducted further studies. Previous studies have shown that
PPARγ hyperglycosylation modification induces endothelial
insulin resistance and dysfunction associated with diabetic
vascular complications by regulating the eNOS-NO pathway
[33]. PPARγ provides assistance to the expression of eNOS
[24], which induces NO production. However, whether NO
can regulate T2DM inflammation through the PPARγ-eNOS
signaling pathway is currently unclear.

To test the hypothesis, this study detected the expression
of eNOS and PPARγ in vitro and found that the expression of
eNOS and NO decreased after the treatment of insulin-
induced HepG2 cells with NOS inhibitor. Inhibiting the
expression of PPARγ in insulin-induced HepG2 cells signifi-
cantly decreased the levels of PPARγ, eNOS, and NO, and the
levels of C-reactive protein, heptoglobin, IL-1β, TNF-α, and
IL-6 were significantly reduced. Therefore, the expression of

T2DM inflammation may be regulated through the PPAR-
γ/eNOS pathway-mediated expression of NO.

In summary, this study explored the link between NO
and inflammation through insulin-induced HepG2 cells,
which provides a potential therapeutic target for the possible
treatment of T2DM.
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Peroxisome proliferator-activated receptors (PPARs) are members of nuclear transcription factors. The functions of the PPAR
family (PPARA, PPARD, and PPARG) and their coactivators (PPARGC1A and PPARGC1B) in maintenance of lipid and
glucose homeostasis have been unveiled. However, the roles of PPARs in cancer development remain elusive. In this work, we
made use of 11,057 samples across 33 TCGA tumor types to analyze the relationship between PPAR transcriptional expression
and tumorigenesis as well as drug sensitivity. We performed multidimensional analyses on PPARA, PPARG, PPARD,
PPARGC1A, and PPARGC1B, including differential expression analysis in pan-cancer, immune subtype analysis, clinical
analysis, tumor purity analysis, stemness correlation analysis, and drug responses. PPARs and their coactivators expressed
differently in different types of cancers, in different immune subtypes. This analysis reveals various expression patterns of the
PPAR family at a level of pan-cancer and provides new clues for the therapeutic strategies of cancer.

1. Introduction

Peroxisome proliferator-activated receptors (PPARs), mem-
bers of nuclear receptor subfamily, are a series of ligand-
activated transcription factors (TFs) that regulate the
expression of target genes, which involve in various biological
processes, including cellular differentiation, cell proliferation,
lipid metabolism, and tumorigenesis [1]. PPARs can be acti-
vated by various ligands, such as fatty acids (FAs), eicosa-
noids, and some targeted drugs [2]. Upon binding to the
ligand, PPARs form a heterodimer with retinoid X receptor

(RXR), and this PPAR/RXR complex is required for its sub-
sequent binding to specific DNA regions in PPAR response
elements (PPREs), the gene promotor region [3]. PPARs then
trigger transcription of target genes after recruitment of coac-
tivators and release of corepressors [4]. PPARGC1A and
PPARGC1B were peroxisome proliferator-activated receptor
gamma coactivators 1 alpha and beta, respectively, playing
important roles in the PPAR signaling network [5]. There
are mainly three isotypes of PPARs with distinct tissue distri-
bution, metabolic patterns, and ligand specificity: PPARα,
PPARγ, and PPARδ [6]. Although the roles of the three
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isotypes played in carcinogenesis and chemoprevention have
not been clearly characterized [7], some agonists of them
have been used in clinical trials for years. There is no conclu-
sions but controversial results regarding the antitumor func-
tions of PPARα and PPARγ [8]. The characteristics of PPARs
differ from each other, and different isotypes may have differ-
ent impacts in different types of cancer. To date, there is no
bioinformatics study systematically investigating the tran-
scriptional levels of each PPAR in pan-cancer. Thus, it is of
importance to study the PPARs’ expression patterns in
pan-cancer and exploit the potential of PPAR-targeted drugs
when it comes to the treatment of differentially PPAR-
expressed tumors.

In this study, we analyzed the expression signatures of
PPARA, PPARD, PPARG, PPARGC1AA, and PPARGC1B
in pan-cancer. Utilizing multidimensional correlation analy-
sis, we found the associations between transcriptional levels
of PPARs and stemness, tumor purity, and drug sensitivity
across TCGA cancers.

2. Materials and Methods

2.1. Data Downloading and Preprocessing. On June 23, 2020,
the gene expression profiles, phenotype information, and
survival data of PARRA, PPARD, PPARG, PPARGC1A,
and PPARGC1B in 33 types of TCGA tumor samples and
adjacent tissues (a total of 11,057 samples) were downloaded
from GDC TCGA sets in the UCSC Xena database (http://
xena.ucsc.edu/) in formats of Fragments Per Kilobase per
Million (FPKM) and HTSeq-Counts. Meanwhile, demo-
graphics, tumor information, and follow-up data of all
patients were also extracted from the database.

The 33 types of TCGA tumors and abbreviations were as
follows: adrenocortical carcinoma (ACC), Bladder Urothelial
Carcinoma (BLCA), breast invasive carcinoma (BRCA), cervi-
cal squamous cell carcinoma and endocervical adenocarcinoma
(CESC), Cholangiocarcinoma (CHOL), colon adenocarcinoma
(COAD), Lymphoid Neoplasm Diffuse Large B-cell Lym-
phoma (DLBC), esophageal carcinoma (ESCA), glioblastoma
multiforme (GBM), head and neck squamous cell carcinoma
(HNSC), Kidney Chromophobe (KICH), kidney renal clear
cell carcinoma (KIRC), kidney renal papillary cell carcinoma
(KIRP), Acute Myeloid Leukemia (LAML), Brain Lower
Grade Glioma (LGG), liver hepatocellular carcinoma (LIHC),
lung adenocarcinoma (LUAD), lung squamous cell carci-
noma (LUSC), Mesothelioma (MESO), ovarian serous cysta-
denocarcinoma (OV), pancreatic adenocarcinoma (PAAD),
Pheochromocytoma and Paraganglioma (PCPG), prostate
adenocarcinoma (PRAD), rectum adenocarcinoma (READ),
Sarcoma (SARC), Skin Cutaneous Melanoma (SKCM), stom-
ach adenocarcinoma (STAD), Testicular Germ Cell Tumors
(TGCT), thyroid carcinoma (THCA), Thymoma (THYM),
Uterine Corpus Endometrial Carcinoma (UCEC), Uterine
Carcinosarcoma (UCS), and Uveal Melanoma (UVM) from
GDC TCGA documents in the UCSC Xena database.

2.2. Differential Expression Analysis and Coexpression
Analysis of PPARs between Tumor and Normal Samples.
For each and across all TCGA tumor types, we used the

“ggpubr” R package to perform differential expression analy-
sis (Wilcox test) between tumor and normal tissues. Only
tumor types with more than 3 normal samples were included.
The differences in expression of the 5 PPAR family genes in
pan-cancer were presented in a form of log2 Fold Change
(log2 FC) in a heatmap.

Using corrplot R package, coexpression analysis between
PPARA, PPARD, PPARG, PPARGC1B, and PPARGC2B
was also done at a transcriptional level, to explore the poten-
tial expression pattern between every two PPAR genes.
Moreover, a protein-protein interaction network among
those genes was constructed by using the STRING database
(https://string-db.org/) [9].

2.3. Clinical Correlation Analysis. To analyze the differences
in overall survival outcomes between patients expressing
high and low levels of PPARs, Kaplan-Meier plots for
PPAR genes in pan-cancer were generated by using the R
package. Phenotype and survival data for 33 TCGA cancer
types were downloaded on June 23, 2020, from GDC TCGA
sets in the UCSC Xena database (http://xena.ucsc.edu/).
Patients were divided into high- and low- expression groups
according to the median expression level of PPARA, PPARD,
PPARGC1A, and PPARGC1B, respectively.

In addition, Cox proportional hazard regression was
applied to access the hazard ratios of PPARA, PPARD,
PPARG, PPARGC1A, and PPARGC1B in each TCGA tumor
type. Moreover, differential analysis was also used to detect
the differences in the level of PPAR expression signatures in
different stages of STAD as an example. The threshold for
significance was set as two-paired p < 0:05.

2.4. Immune Subtype Analysis. Roles of immune tumor
microenvironment (TME) were of therapeutic and prognos-
tic significance in antitumor therapies. Six immune subtypes
across TCGA tumor types had been identified by investiga-
tors based on five representative immune signatures, which
offered a resource for analyzing the TME of some specific
tumor. For TCGA tumors, the distribution of immune
subtypes varies from each other and each immune subtype
presents different biological and clinical features, which
determine antitumor therapied to some extent [10]. To
access the mRNA expression levels of PPARA, PPARD,
PPARG, PPARGC1A, and PPARGC2B in the six different
immune subtypes across TGCA tumor types, we performed
differential expression analysis with the Kruskal test. Tumors
were characterized by immunogenomic features identified by
Thorsson et al., including wound healing (C1), IFN-γ domi-
nant (C2), inflammatory (C3), lymphocyte depleted (C4),
immunologically quiet (C5), and TGF-β dominant (C6) [10].

2.5. Stemness Indices and TME in Pan-Cancer. More than
tumor cells, solid tumor tissues consist of other normal cells,
such as stromal cells, immune cells, and vascular cells, which
made up TME together. We intended to analyze the correla-
tion between PPAR expression and the fraction of stromal
and immune cells in TCGA tumor samples. Methods to
access the proportion of these two TME components had
been proposed, one of which was ESTIMATE (Estimation
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of STormal and Immune cells in MAlignant Tumors using
Expression data) [11]. The ESTIMATE score was calculated
based on gene expression signatures and could reflect tumor
purity with favorable prediction accuracy. Thus, Spearman
correlation analysis was performed between the expression
level of 5 PPAR genes and stromal score by using the estimate
package and limma package.

To further analyze the associations between PPARs and
stemness features of pan-cancer, we calculated the stemness
indices of TCGA tumor samples by using a one-class logistic
regression (OCLR) algorithm and performed Spearman cor-
relation analysis based on gene expression and stemness
scores [12]. Stemness indices describe the features of self-
renewal and dedifferentiation within tumor cells, which
might promote distant metastasis and tumorigenesis. Here,
two types of stemness indices were obtained, including the
DNA methylation-based stemness index (DNAss) and
mRNA expression-based stemness index (RNAss).

For breast invasive carcinoma and liver hepatocellular
carcinoma, specifically, we accessed RNAss, DNAss, stromal
score, immune score, and ESTIMATE score (the algebraic
sum of the stromal score and the immune score) to analyze
the correlation relationship with PPAR transcriptional
expression.

2.6. Drug Sensitivity Analysis in Pan-Cancer. The data includ-
ing the RNA-seq profiles of PPAR genes and the drug activity
were downloaded from the CellMiner database (https://
discover.nci.nih.gov/cellminer/). Impute package from Bio-
conductor (http://www.bioconductor.org/packages/release/
bioc/html/impute.html) was used to preprocess the raw data.
CellMiner is a web-based tool with genomic and pharmaco-
logic information for investigators to make use of transcript
and drug response data in the NCI-60 cell line sets, which
was compiled by the U.S. National Cancer Institute [13].
Transcript expression levels of 22,379 genes, 360 micro-
RNAs, and drug responses of 20,503 compounds are avail-
able in the CellMiner website [14]. To explore the
correlation between the transcriptional expression of PPAR
genes and compound sensitivity, we followed the methods
of Dong et al. [15], and Pearson correlation analysis was
performed between the two controlled by p value < 0.05.

3. Results

3.1. Differential Expression Analysis and Coexpression
Analysis of PPARs between Tumor and Normal Samples.
The flowchart of the analysis process is summarized in
Figure 1. The gene expression of PPARA, PPARD, PPARG,
PPARGC1A, and PPARGC1B was displayed (Figure 2(a)).
Differential expression analyses with the Wilcox test were
performed on 5 PPAR family genes between tumor and para-
tumor samples (Figure 2(b)). Those 5 PPAR genes were
either down- or upregulated in most types of tumors.
PPARA, PPARG, PPARGC1A, and PPARGC1B were seen
with low expression in the majority of tumors while PPARD
is mainly upregulated.

Specifically, compared to normal tissues, PPARA was
observed with low expression in most types of tumors except

pan-lung: LUAD and LUSC. It is also obvious that PPARA
was the only gene in the PPAR family that was downregu-
lated in CHOL (p < 0:001, Figure 2(c)). Interestingly, how-
ever, we found significant overexpression of PPARD in
CHOL (p < 0:001, Figure 2(d)). There was a significantly dif-
ferential expression of PPARG in BRCA. More than BRCA,
both two lung tumors, LUAD and LUSC, expressed low
PPARG (p < 0:001), which is opposite to PPARA as well as
PPARD and different from the other 4 PPAR family genes
(Figure 2(e)). Significant overexpression of PPARGC1A was
observed in KICH (p < 0:001), and downregulation was
observed in KIRC and THCA (p < 0:001) (Figure 2(f)).

We also queried PPAR protein expressions from the
Human Protein Atlas database (https://www.proteinatlas
.org), and the PPAR proteins that combined to specific anti-
bodies in both tumor and normal issues were displayed in
Figure S1, which tend to follow the same expression
patterns as the results of differential expression analysis.

Coexpression analysis revealed a correlation (correlation
coefficient = 0:45) between PPARA and PPARGC1A, sug-
gesting a potential positive interaction between those two
genes (Figure 2(h)), which was further confirmed by the
protein-protein interaction (PPI) network (Figure S2). The
coexpression relationship could also be observed between
PPARA and PPARG (correlation coefficient = 0:24, p <
0:001). By contrast, a different coexpression pattern was
seen between PPARGC1A and PPAGC1B with a negative
correlation (correlation coefficient = −0:13, p < 0:001).

3.2. Clinical Correlation Analysis. We employed Kaplan-
Meier analyses on PPARA, PPARD, PPARG, PPARGC1A,
and PPARGC1B in 33 TCGA tumors (Figures 3(a)–3(f)).
Based on the median gene expression values, patients were
divided into high and low groups.

Low expression of PPARA was significantly associated
with poor prognosis in patients with KIRC (p < 0:01,
Figure 3(a)), GBM (p = 0:026), and LGG (p = 0:009).

By contrast, elevated expression of PPARD was corre-
lated with worse clinical outcomes of patients with LGG
(p = 0:040), LIHC (p = 0:018), and SARC (p = 0:011) while
elevated PPARD led to better clinical outcomes in BLCA
(p = 0:025) and UVM (p = 0:006).

The higher expression of PPARG and PPARGC1A was
associated with better prognostic outcomes in KRIC
(p < 0:001, Figures 3(c) and 3(d)). Likewise, low expression
of PPARGC1B might be a less favorable sign for clinical out-
comes in patients of READ (p = 0:011, Figure 3(f)), which is
consistent with the differentially low expression in READ
compared to paratumor samples.

Cox proportional hazard regression was applied to detect
the prognostic roles of PPARA, PPARD, PPARG,
PPARGC1A, and PPARGC1B in 33 TCGA tumors. Genes
with a hazard ratio ðHRÞ > 1 were considered as a prognostic
factor. From the forest plot (Figure 3(g)), we found that
PPARD and PPARG were of pan-cancer significance with
HR > 1 in most cancer types.

Specifically, in STAD, we found that the expression of
PPARG (p = 0:016) and PPARGC1A (p = 0:005) was corre-
lated with TNM stages. The expression level of PPARG was
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comparatively lower in stage III and higher in stage IV. Com-
pared to other TNM stages, the expression level of
PPARGC1A was the highest in stage I, followed by stage
IV, and was comparatively low in stage II and stage III
(Figure 4). The difference in the expression level of PPAR
family genes in different TNM stages might serve as predic-
tors of tumor development in clinical applications.

3.3. Immune Subtype Analysis. We applied differential
expression analysis with the Kruskal test on the mRNA
expression of 5 PPAR genes in the six immune subtypes
across 33 TCGA tumor types (Figure 5(a)).

The expression patterns of PPARA (p < 0:001), PPARD
(p < 0:001), PPARG (p < 0:001), PPARGC1A (p < 0:001),
and PPARGC1B (p < 0:001) varied in 6 immune subtypes
in pan-cancers (Figure 5(a)). Obviously, PPARD ranked the
first on the overall expression level in C1-C6.

In addition, different types of tumors displayed variation
within immune subtypes. For the C1-C6 immune subtypes of
LIHC, there were differences in the expression of PPARA
(p < 0:001), PPARD (p < 0:05), and PPARGC1A (p < 0:01)
(Figure 5(b)). C6 had the highest expression of PPARA, followed
by C4 and C3 while C4 has the lowest expression of PPARD.
The expression level of PPARGC1A varied by immune subtypes,
with C3, C4, andC6 comparatively highwhereas C1 andC2 low.

In BRCA, significant differences were observed in the
expression of PPAR family genes in the six immune subtypes
(Figure 5(c)). In general, C4 has the lowest expression of
PPAR genes. The expression of PPARA (p < 0:001), PPARG
(p < 0:001), PPARGC1A (p < 0:001), and PPARGC1B
(p < 0:001) showed similar patterns in C1-C6, with high

expression in C3 and C6 while comparatively low expression
in C1, C2, and C4. PPARD, however, expressed higher in C1
and C2 compared to other immune subtypes.

For SARC, C6 had the lowest expression of PPARA
(p < 0:05) and PPARGC1A (p < 0:01), whereas the expres-
sion level of PPARG (p < 0:05) was the highest among C1,
C2, C3, C4, and C6 immune subtypes (Figure 5(d)).

3.4. Stemness Indices and Microtumor Environment in Pan-
Cancer. Stromal scores of TCGA cancer samples were calcu-
lated by applying the ESTIMATE (Estimation of STromal
and Immune cells in MAlignant Tumors using Expression
data) algorithm [11]. Spearman correlation analysis was used
to describe the correlation between the expression level of
PPAR family genes and stromal scores in pan-cancer. As is
shown in Figure 6(c), we found a positive correlation
between PPARA and stromal scores in TGCT
(correlation coefficient = 0:60, p = 0). There was likewise a
relationship between PPARD and LAML with a correlation
coefficient = 0:48, p < 0:001. The expression of PPARG was
positively correlated with a number of tumor types, including
BRCA, DLBC, LGG, MESO, OV, PCPG, PRAD, SARC, and
SKCM, suggesting that elevated expression of PPARG was
associated with lower tumor purity in many types of tumors.
Significant differences were found between PPARGC1A and
PPARGC1B towards their relationship with tumor purity.
The higher expression of PPARGC1A was correlated with
high tumor purity in CHOL, GBM, KIRC, KIRP, and THCA,
while with low stromal scores of BLCA, HNSC, LUSC, and
TGCT, which was the opposite to the pattern of PPARGC1B.

Differential analysis

Coexpression analysis

Clinical analysis

Immune subtype analysis

Stemness score

Tumor purity

Drug sensitivity

Stage analysis

Survival analysis

Cox proportional
hazard model

RNAss

DNAss

Stromal score

Immune score

UCSC Xena database

RNA-seq data,
phenotype data
survival data,

stemness scores,
immune subtype data

Figure 1: The flowchart of the present study.
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To analyze the correlation between PPARs and stemness
features of pan-cancer, we calculated the stemness indices of
TCGA tumor samples by using a one-class logistic regression
(OCLR) algorithm and performed Spearman correlation
analysis based on gene expression and stemness scores [12].
Two types of stemness indices were accessed, which included
DNA methylation-based stemness index (DNAss) and
mRNA expression-based stemness index (RNAss).

There were differences between the two stemness indices on
the correlation with the PPAR expression level in TCGA tumors.
For DNAss, it is obvious that there were strong correlations
between TGCT and PPAR family genes, with positive correla-
tions of PPARD (correlation coefficient = 0:56, p < 0:001),
PPARG (correlation coefficient = 0:44, p < 0:001), and
PPARGC1B (correlation coefficient = 0:52, p < 0:001) and
negative correlations of PPARA (correlation coefficient = −0:59,
p < 0:001) and PPARGC1A (correlation coefficient = −0:66,
p < 0:001) (Figure 6(a)).

For RNAss, strong negative correlations were observed
between TGCT RNAss and PPARA (correlation coefficient =
− 0:63, p < 0:001), between THYM RNAss and PPARD
(correlation coefficient = −0:81, p < 0:001), between PCPG
RNAss and PPARG (correlation coefficient = −0:53, p < 0:001),
and between PRAD RNAss and PPARGC1A (correlation
coefficient = −0:63, p < 0:001) (Figure 6(b)). A positive associa-
tion between the expression profiles of PPARGC1B and the
RNAss of TGCT was detected (correlation coefficient = 0:64,
p < 0:001), suggesting that PPARGC1B might correlate with
the stemness in TGCT.

In BRCA (Figure 7(a)), specifically, the expression pro-
files of PPARA was positively correlated with BRCA stromal
scores (correlation coefficient = 0:14, p < 0:001), immune

scores (correlation coefficient = 0:21, p < 0:001), and ESTI-
MATE score (correlation coefficient = 0:2, p < 0:001). The
expression profiles of PPARD were positively correlated with
BRCA DNAss (correlation coefficient = 0:19, p < 0:001),
immune scores (correlation coefficient = 0:27, p < 0:001),
and ESTIMATE score (correlation coefficient = 0:21, p < 0:001).
Notably, we found negative correlations between PPARG
expression with RNAss (correlation coefficient = −0:45,
p < 0:001) and DNAss (correlation coefficient = −0:14, p <
0:001) while positive correlations with BRCA’s stromal
score (correlation coefficient = 0:47, p < 0:001), immune
score (correlation coefficient = 0:34, p < 0:001), and
ESTIMATE score (correlation coefficient = 0:43, p < 0:001).
In addition, slight but statistically significant correlations
were found between PPARGC1A and stemness indices
and tumor purity. There were strong correlations, however,
between PPARGC1B and stromal score (correlation
coefficient = 0:23, p < 0:001), immune score (correlation
coefficient = 0:34, p < 0:001), and ESTIMATE score
(correlation coefficient = 0:32, p < 0:001).

For LIHC (Figure 7(b)), however, there were slight
correlations between each PPAR family gene and stemness
indices and TME except relatively strong associations
between PPARA and tumor purity (stromal score:
correlation coefficient = −0:17, p < 0:001; immune score:
correlation coefficient = −0:29, p < 0:001; and ESTIMATE
score: correlation coefficient = −0:26, p < 0:001).

3.5. Drug Sensitivity Analysis in Pan-Cancer. To analyze the
potential effects of the PPAR family on drug response, we
performed Pearson correlation analysis between the
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Figure 2: Differential expression analysis. (a) The box plot showing the transcriptional expression levels of PPARs. (b) The heatmap showing
the transcriptional level of PPARs in TCGA tumor types compared to normal tissues; the gradient colors represent the log Fold Change
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transcriptional expression of PPAR family genes in NCI-
60 cancer cell lines and drug activity of 263 antineoplastic
drugs retrieved from the CellMiner database [16].

The scatter plots that displayed a significant correlation
relationship between drug sensitivity and gene expression are
presented in Figure 8 and ranked by the p value, selected
by p < 0:05. Notably, PPARGC1B was positively correlated
with the sensitivity of Bafetinib (correlation coefficient =
0:493, p < 0:001) and Nilotinib (correlation coefficient =
0:486, p < 0:001) and the resistance of staurosporine
(correlation coefficient = −0:469, p < 0:001). The sensitivity
of dabrafenib, a selective inhibitor of mutated forms of
BRAF kinase for BRAF-mutated melanoma, thyroid cancer,
and non-small-cell lung cancer, was found to be positively
associated with PPARGC1A (correlation coefficient = 0:448,
p < 0:001) and PPARGC1B (correlation coefficient = 0:377,
p = 0:003). Highly expressed PPARG tumor cells were more
resistant to carboplatin (correlation coefficient = −0:422,
p < 0:001), cisplatin (correlation coefficient = −0:396, p =
0:002), arsenic trioxide (correlation coefficient = −0:419, p <
0:001), and lomustine (correlation coefficient = −0:410, p =
0:001) (Figure 8).

4. Discussion

In the present study, we aimed to explore the correlation of
PPAR transcriptional expression with TCGA tumor features,
which include TME, clinical significance, immune subtypes,
stemness, and drug responses. PPAR isotypes showed dis-
tinct effects on tumor development. Using multidimensional
analysis, we first performed differential expression analysis
on a total of 11,057 samples (10,327 tumor samples and
730 adjacent samples) across 33 TCGA cancer types and
found significant difference on the PPARs’ expression level
in different tumor types. We also applied survival analysis
and Cox proportional hazard regression. Statistically signifi-
cant survival differences were observed between high and
low PPAR-expressed patients in some types of cancers,
suggesting that PPARs might become potential prognostic
indicators for clinical applications.

It is also worth noting that PPARG along with
PPARGC1A was found to be differentially expressed in the 4
stages of stomach adenocarcinoma, with highest PPARG in
stage IV, which is consistent with the findings of Nagy et al.
that PPARG may contribute to STAD carcinogenesis [17]. In
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Figure 3: The results of survival analysis of PPARs in pan-cancer. (a–f) Kaplan-Meier plots of PPARs in pan-cancer showing the differential
survival outcomes of high PPAR and low PPAR (p < 0:05). (g) Cox proportional hazard analyses illustrating the hazard ratios (HRs) of PPARs
in 33 TCGA tumors; those PPARs whose HR > 1 in certain types of cancer were regarded as danger factors of the very type of cancer, which
were unfavorable for prognostic outcomes.
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this study, however, PPARGwas found to have low expression
in the majority of TCGA cancers. Evidence backed for
PPARG’s antineoplastic actions in inducing cell cycle arrest,
terminal differentiation, and anti-inflammatory effect [18].
Troglitazone (TGZ), a PPARG agonist, was reported to induce
G2/M cell cycle arrest through activation of p38 mitogen-
activated protein kinase in renal cell carcinoma [18, 19], and
similar effects were also seen in bladder cancer cells [20].
Another agonist of PPARG, curcumin, was able to eliminate
oxidative stress and chronic inflammation via downregulating
the WNT/β-catenin pathway, which is observed to have aber-
rant activation in many cancers [21]. Sporadically, the tumor-
promoting side of PPARG was observed in some cancers; it is
easy to infer that the precise effects of PPARG and its agonists
might depend on types of cancers and tumor environment.

Moreover, according to the C1-C6 immune subtypes
previously identified by investigators [10], we classified
tumor samples by representative immune signatures and
examined the RNA-seq level of PPARA, PPARD, PPARG,
PPARGC1A, and PPARGC1B from C1 to C6, which were
all seen to have differential expressions. These immune fea-
tures along with extracellular matrix, tumor vasculature,
and tumor cells make up the concept of the tumor microen-
vironment (TME), the heterogeneity of which highly influ-
ences therapeutic response and clinical prognosis [22].
Thus, we further accessed the fractions of stromal cells and
immune cells in tumor samples of 33 TCGA cancer types
by calculating stromal scores, immune scores, and ESTI-

MATE scores. Those TME characteristics were correlated
with the expression level of PPARA, PPARD, PPARG,
PPARGC1A, and PPARGC1B. Unexpectedly, correlations
did exist in some types of cancers. In breast invasive carci-
noma, particularly, PPARG and PPARGC1B were negatively
correlated with tumor purity.

Stemness has been proposed to describe the stem cell-like
characteristics of the tumor: self-renewal and dedifferentiation
[23]. The acquisition of stem cell-like properties has been
reported to be found in many tumor progression [24]. Here,
we utilized an OCLR approach to calculate the RNAss score
and DNAss score of tumor samples and then correlated it with
transcriptional signatures of PPARs. We found an association
between PPARs and stemness within tumors, suggesting that
PPARs may play a role in stemness maintenance.

This study also found that the transcriptional expression
level of PPARs, PPARG1A, and PPARG1B was associated
with drug responses. Notably, high expression of PPAGC1B
was even more sensitive to Bafetinib and Nilotinib across
cancer treatments, which is of clinical significance for
selection of antitumor therapies.

The three isotypes of peroxisome proliferator-activated
receptors differ in both physiological functions and roles
in carcinogenesis. PPARα, encoded by PPARA, mainly
enriches in the liver, kidney, and heart, regulating fatty
acid metabolism and mitochondrial biosynthesis [25]. In
addition to its endogenous ligands (fatty acids), PPARα
responds to the PPARα agonists (synthetic fibrates), such
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Figure 5: The results of correlation analysis between members of PPAR and immune subtypes. (a) The transcriptional expression of PPARs
in C1-C6 immune subtypes across TCGA cancers. (b–d) Box plots showing the expression level of PPAR immune subtypes in LIHC, BRCA,
and SARC, respectively (∗∗∗p < 0:001; ∗∗p < 0:01; ∗p < 0:05). LIHC: liver hepatocellular carcinoma; BRCA: breast invasive carcinoma; SARC:
Sarcoma.
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as fenofibrate and gemfibrozil, which have been working
well in the treatment for hypolipidemic diseases [26].
Moreover, PPARα agonists have been reported to show
antitumor effects in colon carcinogenesis. However, it is
still controversial whether the roles of PPARα is cancer-
repressing or cancer-promoting [25]. Some studies sug-
gested that long-term activation of PPARα induced hepa-
tocellular carcinoma in mice and was essential for the
development of hepatic steatosis [27]. The roles of PPARα
in carcinogenesis require further elucidation. PPARG,
encoding PPARγ, functions as a key regulator of glucose
homeostasis and adipocyte differentiation [28]. Downregu-
lation of PPARγ is associated with decreased terminal dif-
ferentiation and cell cycle arrest, which induces cell
proliferation and leads to tumorigenesis [7, 29]. The
potential mechanism was proposed by Drori et al. that
the PPARγ-induced differentiation may be mediated by a
putative PPARγ coactivator, HIC5, suggesting the impor-
tance of coactivators in PPARγ signaling [30]. Peroxisome
proliferator-activated receptor coactivators 1 alpha and
beta (PPAGC1A and PPARGC1B, respectively) cooperate
with PPARPγ, allowing the subsequent interaction

between PPARγ and other transcription factors [31, 32].
Pharmacological activators of PPARδ also show controver-
sial effects on the hallmarks of caner, which may depend
on the type of PPARδ ligands and target tissues [33, 34].

Although this study is the first one to multidimensionally
analyze peroxisome proliferator-activated receptors (PPARs)
in pan-cancer, it still possessed some limitations that warrant
consideration. Firstly, all the samples involved in this study
were from America, and thus, we were not quite sure about
the applicability of the prediction model in Europe and Asia.
Second, the results of this study have not been verified by
other independent databases, and thus, our future work is
validating it by our own data and other public database.
Third, the potential mechanism in this study is based on bio-
informatics analysis and has not been verified by molecular
and animal experiments. The analysis of this study focuses
on the correlation between the PPAR family and multiple
omics data. However, the biostatistical correlation could
not elucidate the direct interaction and direct regulation
mechanism, which should be the main limitation of this
study. Thus, we plan to verify these potential mechanisms
via molecular experiments. Further investigations are
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Figure 6: The results of correlation analysis between members of PPAR and stemness indices and microenvironment scores. (a, b) The two
heatmaps showing the correlation of the expression level of PPARA, PPARD, PPARG, PPARGC1A, and PPARGC1B and stemness indices
(DNAss and RNAss) in 33 TCGA cancer types. DNAss: DNAmethylation-based stemness score; RNAss: RNA-based stemness score. (c) The
heatmap showing the correlation between stromal scores and the mRNA expression of PPARs (red points represent a positive correlation
while blue points represent a negative correlation).
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Figure 7: The correlation between PPARs and their coactivators and stemness scores (RNAss and DNAss), stromal scores, immune scores,
and ESTIMATE scores in breast invasive carcinoma (BRCA) and liver hepatocellular carcinoma (LIHC).
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required to figure out the potentials of PPARs and their coac-
tivators as drug targets for cancer, which makes our study
even more important in the contribution to the expression
signature analysis of PPARA, PPARD, PPARG, PPARGC1A,
and PPARGC1B.

5. Conclusion

Weperformedmultidimensional analyses on PPARA, PPARG,
PPARD, PPARGC1A, and PPARGC1B, including differential
expression analysis in pan-cancer, immune subtype analysis,
clinical analysis, tumor purity analysis, stemness correlation

analysis, and drug responses. PPARs and their coactivators
expressed differently in different types of cancers, in different
immune subtypes. This analysis reveals various expression pat-
terns of the PPAR family at a level of pan-cancer and provides
new clues for the therapeutic strategies of cancer.

Data Availability

The datasets generated and/or analyzed during the current
study are available in Supplementary Materials and TCGA
program (https://portal.gdc.cancer.gov).
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Figure 8: Drug response analysis. The correlation between drug sensitivity and PPARA, PPARD, PPARG, PPARGC1A, and PPARGC1B
across TCGA cancers. The scatter plots are ranked by p value.
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