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Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases worldwide and can develop to
nonalcoholic steatohepatitis and later hepatic cirrhosis with a high prevalence to hepatocellular carcinoma. Oxidative stress and
chronic hepatic inflammation are implicated in the pathogenesis of NAFLD. MicroRNA-137-3p (miR-137-3p) are associated
with oxidative stress and inflammation; however, its role and mechanism in NAFLD remain unclear. Mice were fed with a
high-fat diet (HFD) for 24 weeks to establish the NAFLD model. To overexpress or suppress hepatic miR-137-3p expression,
mice were intraperitoneally injected with the agomir, antagomir, or respective controls of miR-137-3p at a dose of 100mg/kg
weekly for 6 consecutive weeks before the mice were sacrificed. To validate the involvement of AMP-activated protein kinase
alpha (AMPKα) or cAMP-specific phosphodiesterase 4D (PDE4D), HFD mice were intraperitoneally injected with 20mg/kg
compound C or 0.5mg/kg rolipram every other day for 8 consecutive weeks before the mice were sacrificed. Hepatic miR-137-
3p expression was significantly decreased in mice upon HFD stimulation. miR-137-3p agomir alleviated, while miR-137-3p
antagomir facilitated HFD-induced oxidative stress, inflammation, and hepatic dysfunction in mice. Mechanistically, we
revealed that miR-137-3p is directly bound to the 3′-untranslated region of PDE4D and subsequently increased hepatic cAMP
level and protein kinase A activity, thereby activating the downstream AMPKα pathway. In summary, miR-137-3p improves
NAFLD through activating AMPKα and it is a promising therapeutic candidate to treat NAFLD.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized as
metabolic disorder and hepatic steatosis and emerges as one
of the most common chronic liver diseases worldwide that
can develop to nonalcoholic steatohepatitis (NASH) and
later hepatic cirrhosis with a high prevalence to hepatocellu-
lar carcinoma [1–4]. Multiple factors are implicated in the
pathogenesis of NAFLD, including oxidative stress and
chronic hepatic inflammation [5, 6]. During the simple
hepatic steatosis stage, overwhelming nonestesterified fatty
acids (NEFAs) in the hepatocytes destroy the electron trans-
port chain and impair mitochondrial function, eventually

leading to the accumulation of excessive reactive oxygen
species (ROS) [7]. In addition, these NEFAs and the intra-
cellular substances released from the injured hepatocytes
also activate the intrahepatic Kupffer cells, recruit the infil-
tration of other leukocytes, and generate a proinflammatory
microenvironment, thereby facilitating the progression of
NAFLD. Therefore, it is reasonable to treat NAFLD via sup-
pressing oxidative stress and inflammation.

AMP-activated protein kinase alpha (AMPKα) is a
highly conserved energy sensor in eukaryotic cells, and
AMPKα activation has become an attractive strategy to treat
metabolic diseases [8, 9]. Beyond the function in maintain-
ing intracellular energy homeostasis, AMPKα also plays
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critical roles in modulating oxidative stress and inflamma-
tion [10]. Hu et al. showed that AMPKα activation upregu-
lated the expression of uncoupling protein 2 and thus
restrained myocardial ROS generation [11]. Nuclear factor
erythroid-2-related factor-2 (NRF2) is identified as a core
regulator of antioxidant defenses through binding to the
antioxidant responsive elements of various antioxidant
genes, including glutathione (GSH), superoxide dismutase
(SOD), and catalase (CAT) [12]. Qu et al. showed that
AMPKα activation by gastrodin increased the expression
and nuclear translocation of intrahepatic NRF2 and subse-
quently ameliorated oxidative stress and inflammatory
response in NAFLD rodents [13]. A complex molecular net-
work is orchestrated to converge on nuclear factor-kappa B
(NF-κB) to trigger hepatic inflammation upon different
stresses [14]. Zhang et al. reported that NF-κB was robustly
activated in hepatocytes and the liver upon NAFLD stimuli,
which in turn aggravated hepatic damage via promoting the
generation of multiple proinflammatory cytokines. Intrigu-
ingly, AMPKα activation could block NF-κB transcription
activity and attenuate hepatic inflammation and fibrosis
[15]. Particularly, genetic liver-specific AMPKα activation
significantly reduced hepatic steatosis and inflammation,
thereby alleviating high-fat diet- (HFD-) induced NAFLD
[16]. These findings identify AMPKα as a promising thera-
peutic candidate for NAFLD.

MicroRNAs (miRNAs) are kinds of endogenously
expressed, single-stranded, small noncoding RNAs and
involve in multiple biological processes through binding to
the 3′-untranslated region (UTR) of messenger RNAs for
degradation or translation repression [17–19]. Various miR-
NAs are associated with intracellular ROS generation and
inflammatory response and have been implicated in the
development of NAFLD [20, 21]. miR-378 expression was
elevated in the liver of dietary obese mice and NASH
patients, and this elevation facilitated hepatic inflammation
and fibrosis in mice [15]. Hanin et al. reported that hepatic
miR-132 level was dramatically increased in NAFLD
patients and mice and that the transgenic mice with miR-
132 overexpression exhibited a more severe fatty liver phe-
notype and metabolic syndrome at basal conditions [22].
miR-137-3p is widely expressed across species and organs
and also enriched in the liver. Tian et al. recently determined
that miR-137-3p is directly bound to the 3′-UTR of Src to
inactivate the downstream mitogen-activated protein kinase
(MAPK) pathway, thereby preventing inflammatory
response, oxidative stress, and neuronal injury in ischemic
stroke [23]. Studies on the role of miR-137-3p in hepatic dis-
eases are primarily confined to hepatocellular carcinoma
[24, 25]. A previous study based on miRNA transcriptome
sequencing identified miR-137-3p as a promising antioxi-
dant target in the liver [26]. In the current study, we tried
to investigate the role and molecular basis of miR-137-3p
in NAFLD.

2. Materials and Methods

2.1. Animals and Study Design. Two hundred eight-week-age
male C57BL/6 mice were purchased from Huafukang Biosci-

ence Co., Ltd. (Beijing, China) and adaptively fed in a SPF
barrier facility with free access to water and normal diet
(ND, 10% kcal fat, 70% kcal carbohydrates, and 20% kcal
protein) for 1 week before the study commenced. The
NAFLD model was established by feeding mice with a
HFD (60% kcal fat, 20% kcal carbohydrates, and 20% kcal
protein) for 24 weeks, whereas the matched mice were main-
tained on a ND [27]. To overexpress or suppress hepatic
miR-137-3p expression, mice were intraperitoneally injected
with the agomir, antagomir, or respective controls of miR-
137-3p at a dose of 100mg/kg weekly for 6 consecutive
weeks before the mice were sacrificed. The miR-137-3p ago-
mir (#miR40000149-4-5), antagomir (#miR30000149-4-5),
and respective controls were purchased from Guangzhou
RiboBio Co., Ltd. (Guangzhou, China). To validate the
involvement of AMPKα or cAMP-specific phosphodiester-
ase 4D (PDE4D), HFD mice were intraperitoneally injected
with 20mg/kg compound C (CpC, #171260; Sigma, St.
Louis, MO, USA), 0.5mg/kg rolipram (#R6520; Sigma), or
an equal volume of vehicle every other day for 8 consecutive
weeks before the mice were sacrificed [28, 29]. All mice were
euthanatized by cervical dislocation. The animal experi-
ments were approved by the Animal Care and Use Commit-
tee of Renmin Hospital of Wuhan University and were also
in compliance with the Animal Research: Reporting of In
Vivo Experiments guidelines.

2.2. Biochemical Analysis. Fasting blood glucose (FBG) and
serum insulin levels were measured using a OneTouch
UltraEasy glucometer (LifeScan, Wayne, PA, USA) and the
commercial ELISA kit (#EMINS; ThermoFisher Scientific,
Waltham, MA, USA), respectively, and the homeostatic
model assessment-insulin resistance (HOMA-IR) index
was calculated using the formula: FBG × fasting serum
insulin/22:5. Serum triglyceride (TG), total cholesterol
(TC), alanine transaminase (ALT), and aspartate transami-
nase (AST) were determined by a Beckman automatic bio-
chemistry analyzer (Palo Alto, CA, USA) according to the
manufacturer’s instructions. Hepatic TG (#290-63701), TC
(294-65801), and NEFA (#294-63601) levels were measured
using the commercial kits from Wako (Osaka, Japan).
Hydroxyproline is a major component of collagen, and
hepatic hydroxyproline levels were thus determined to eval-
uate fibrotic remodeling using a commercial kit (#MAK008,
Sigma). Briefly, fresh livers were homogenized and hydro-
lysed in hydrochloric acid (HCl, 12mol/L) at 120°C for 3 h,
which were then incubated with chloramine T and 4-
(dimethylamino) benzaldehyde, with the absorbance mea-
sured at 560 nm. Hepatic ROS generation was determined
by a 2′,7′-dichlorodi-hydrofluorescein diacetate (DCFH-
DA) probe as previously described [30, 31]. In brief, fresh
livers were homogenized and incubated with 50μmol/L
DCFH-DA (#D6883, Sigma) at 37°C for 1 h in the dark,
and then, the fluorescent intensities were determined at the
excitation/emission wavelength of 485/535 nm. Hepatic
hydrogen peroxide (H2O2, #S0038; Beyotime, Shanghai,
China) level, malondialdehyde (MDA, #S0131S; Beyotime)
level, GSH (#S0052; Beyotime) level, total SOD activity
(#S0101S; Beyotime), and CAT activity (#S0051; Beyotime)

2 Analytical Cellular Pathology



were all determined by the commercial kits according to the
manufacturer’s instructions. The inflammatory cytokines,
including interleukin-1 beta (IL-1β, #ab197742; Abcam,
Cambridge, UK), IL-6 (#ab222503; Abcam), monocyte che-
motactic protein-1 (MCP-1, #ab208979; Abcam), tumor
necrosis factor-alpha (TNF-α, #ab208348; Abcam), and IL-
10 (#ab108870; Abcam), were measured by the ELISA
method. Hepatic cAMP levels were determined by a com-
petitive cAMP ELISA kit (#ab65355; Abcam) according to
the manufacturer’s instructions. Briefly, fresh livers were
homogenized and incubated with the Acetylating Reagent
Mix at room temperature for 10min to acetylate cAMP,
which was then added to the protein G coated 96-well plate,
followed by the reconstituted cAMP antibody. Next, horse-
radish peroxidase- (HRP-) conjugated cAMP was added
and the optical density was detected at 450 nm. Hepatic pro-
tein kinase A (PKA) activity was detected using the PKA
Kinase Activity Assay kit (#ab139435; Abcam) based on a
synthetic PKA-specific substrate. For the determination of
adenyl cyclase (AC) activity, fresh livers were homogenized
and incubated with adenosine triphosphate at 37°C for
30min, and then, the hepatic cAMP levels were determined
and normalized to the total protein concentration to calcu-
late the relative AC activity [32].

2.3. Western Blot. Liver tissues and primary hepatocytes
were harvested and lysed in RIPA buffer (#G2002; Service-
bio, Wuhan, China) with the protein concentrations mea-
sured by the Pierce™ BCA Protein Assay kit (#23225;
ThermoFisher Scientific) [33–35]. Next, equal amounts of
total proteins were separated by SDS-PAGE and transferred
onto PVDF membranes that were then blocked with 5%
skimmed milk at room temperature for 1 h and probed with
indicating primary antibodies at 4°C overnight. The primary
antibodies against NRF2 (#ab92946), β-actin (#ab8226),
phospho-NF-κB p65 (p-p65, #ab76302), and total-p65 (t-
p65, #ab32536) were purchased from Abcam, while anti-p-
AMPKα (#50081) and anti-t-AMPKα (#5832) were pur-
chased from Cell Signalling Technology (Beverly, MA,
USA). Anti-PDE4D (#12918-1-AP) was purchased from
Proteintech (Rosemont, IL, USA). On the second day, the
membranes were incubated with the HRP-conjugated sec-
ondary antibodies at room temperature for 1 h. Subse-
quently, the protein bands were visualized by LumiGLO
chemiluminescent substrate and quantified using Image
Lab software.

2.4. Quantitative Real-Time PCR. Total RNA was extracted
from the livers and hepatocytes using TRIzol™ Reagent
(#15596018; ThermoFisher Scientific) and reversely tran-
scribed to cDNA by the RT First Strand cDNA Synthesis
Kit (#G3330; Servicebio, Wuhan, China) according to the
manufacturer’s instructions. Next, quantitative real-time
PCR was performed with SYBR Green Master Mix and nor-
malized to the internal control using the 2-ΔΔCt method
[36–39]. The thermocycling conditions were as follows:
95°C for 10, then 40 cycles of 95°C for 2 sec, 60°C for
20 sec, and 70°C for 10 sec. The primer sequences were listed
as follows: collagen 1α1 (Col1α1), forward, 5′-AGGCTT

CAGTGGTTTGGATG-3′ and reverse, 5′-CACCAACAG
CACCATCGTTA-3′; Col3α1, forward, 5′-CCCAACCCA
GAGATCCCATT-3′ and reverse, 5′-GAAGCACAGGAGC
AGGTGTAGA-3′; connective tissue growth factor (CTGF),
forward, 5′-TGTGTGATGAGCCCAAGGAC-3′ and reverse,
5′-AGTTGGCTCGCATCATAGTTG-3′; transforming
growth factor-beta 1 (TGF-β1), forward, 5′-TGCGCTTGC
AGAGATTAAAA-3′ and reverse, 5′-CGTCAAAAGAC
AGCCACTCA-3′; miR-137-3p, forward 5′-TTATTGCTT
AAGAATACGCG-3′ and reverse, 5′-TCGTATCCAGT
GCAGGGTC-3′; GAPDH, forward, 5′-CGTGCCGCCTG
GAGAAACC-3′ and reverse, 5′-TGGAAGAGTGGGAGTT
GCTGTTG-3′; and U6, forward, 5′-CTCGCTTCGGCAGC
ACA-3′ and reverse, 5′-AACGCTTCACGAATTTGCGT-3′.

2.5. Primary Hepatocyte Isolation and Culture. Primary
hepatocytes were isolated from 8 week-year-old C57BL/6
mice using a two-step collagenase perfusion method as pre-
viously described [27]. Briefly, mice were sacrificed with
the livers harvested and perfused with collagenase buffer.
Next, the livers were gently shacked to release the hepato-
cytes into the medium. Then, the cells were washed and
purified with a 50% Percoll solution (#17-0891-01; GE
Healthcare Life Sciences, Pittsburgh, PA, USA). To mimic
NAFLD stimulation in vitro, primary hepatocytes were
stimulated with 0.5mmol/L palmitic acid plus 1.0mmol/L
oleic acid (PO) for 24 h [27]. To verify the role of miR-
137-3p, primary hepatocytes were preincubated with miR-
137-3p antagomir (50 nmol/L) for 24h using the Lipofecta-
mine 6000™ reagent (#C0526; Beyotime) before PO stimu-
lation. For PDE4D silence, cells were pretransfected with
the small interfering RNA against PDE4D (siPDE4D) or
siRNA for 24 h before miR-137-3p antagomir treatment
[40–42]. The siPDE4D (#sc-152130) and matched siRNA
were purchased from Santa Cruz Biotechnology (Danvers,
MA, USA).

2.6. Luciferase Reporter Assay. The wild-type (WT) or trun-
cated (TRU) 3′-UTR of PDE4D were constructed and
cloned into the pGL3-basic luciferase reporter plasmid (Pro-
mega, Madison, Wisconsin, USA), which were then cotrans-
fected with miR-137-3p agomir (50 nmol/L) into HEK293T
cells for 48 h. Subsequently, the cells were collected, and
the firefly and Renilla luciferase activities were determined
using the Dual-Luciferase Reporter Assay System (Pro-
mega), with the results expressed as the ratio of firefly to
Renilla luciferase activity [43, 44].

2.7. Statistical Analysis. Data were expressed as the means
± standard deviations and analyzed using SPSS software
(Version 19.0). Comparisons between two groups with a
normal distribution and homogeneity of variance were
determined by an unpaired two-tailed Student’s t-test. For
multiple comparisons, one-way analysis of variance followed
by the Tukey post hoc test was performed. A p value < 0.05
was considered significant.
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3. Results

3.1. miR-137-3p Agomir Improves HFD-Induced NAFLD in
Mice. We first examined hepatic miR-137-3p expression in
mice upon HFD stimulation and observed a significant
decrease of miR-137-3p in the liver from HFD-treated mice
(Figure 1(a)). Intriguingly, miR-137-3p expression was
transiently elevated in primary hepatocytes with PO stimula-
tion at 6 h but significantly decreased at 18h and 24 h
(Figure 1(b)). To clarify the function of miR-137-3p in
HFD-induced NAFLD, mice were treated with miR-137-3p
agomir (Figure 1(c)). As shown in Figure 1(d), miR-137-3p
agomir treatment reduced the body weight of HFD mice.
The weight of adipose tissue was also decreased by miR-
137-3p agomir, as determined by the decreased weights of
epididymal and inguinal fat pads (Figure 1(e)). However,
miR-137-3p agomir treatment did not affect food intake
either under basal conditions or upon HFD stimulation
(Figure 1(f)). Systemic metabolic disorder (e.g., hyperglyce-
mia, insulin resistance, and hyperlipemia) is a key feature
of NAFLD and extremely facilitates the progression of
hepatic injury [1]. Consistently, HFD-treated mice had
higher FBG and serum insulin levels, and the HOMA-IR,
an index of insulin resistance, was also increased in HFD
mice, which were all reduced by miR-137-3p agomir treat-
ment (Figures 1(g)–1(i)). In addition, HFD-induced eleva-
tions of serum TG and TC were also decreased in mice
treated with miR-137-3p agomir (Figure 1(j)). In line with
the systemic alterations, miR-137-3p agomir also reduced
lipid accumulation in the liver upon HFD stimulation, as
evidenced by the decreased hepatic TG, TC, and NEFA con-
tents (Figures 1(k) and 1(l)). As expected, HFD-induced
gain of liver weight was blocked in mice with miR-137-3p
agomir treatment (Figure 1(m)). Hepatic fibrosis is an
important pathological change during NAFLD progression,
and our data showed that miR-137-3p agomir significantly
prevented HFD-induced hepatic fibrosis in mice, as con-
firmed by the decreased hepatic hydroxyproline content
and mRNA levels of fibrotic markers, including Col1α1,
Col3α1, CTGF, and TGF-β1 (Figures 1(n) and 1(o)). More-
over, serum ALT and AST levels were also decreased by
miR-137-3p agomir treatment, indicating an improved liver
function (Figure 1(p)). Collectively, these findings indicate
that miR-137-3p agomir improves HFD-induced NAFLD
in mice.

3.2. miR-137-3p Antagomir Aggravates HFD-Induced
NAFLD in Mice. Then, HFD-fed mice were treated with
miR-137-3p antagomir and the efficiency is presented in
Figure 2(a). As shown in Figures 2(b) and 2(c), miR-137-
3p antagomir significantly increased body and adipose tissue
weight. HFD-induced systemic hyperglycemia, insulin resis-
tance, and hyperlipemia were also aggravated in the pres-
ence of miR-137-3p antagomir (Figures 2(d)–2(g)). In
addition, hepatic steatosis was exacerbated in miR-137-3p
antagomir-treated mice upon HFD stimulation, as verified
by the increased hepatic TG, TC, and NEFA contents
(Figure 2(h)). The mice treated with miR-137-3p antagomir
also had heavier liver weight (Figures 2(i) and 2(j)). HFD-

induced hepatic fibrosis and injury were significantly aggra-
vated in miR-137-3p antagomir-treated mice (Figures 2(k)–
2(m)). These data suggest that miR-137-3p antagomir
aggravates HFD-induced NAFLD in mice.

3.3. miR-137-3p Agomir Reduces Hepatic Oxidative Stress
and Inflammation in HFD Mice. Oxidative stress is impli-
cated in the pathogenesis of NAFLD [45]. As shown in
Figures 3(a) and 3(b), hepatic ROS and H2O2 levels were sig-
nificantly elevated in HFD mice, which were reduced by
miR-137-3p agomir. Accordingly, HFD-induced lipid per-
oxidation was suppressed in miR-137-3p agomir-treated
mice, as evidenced by the decreased hepatic MDA content
(Figure 3(c)). NRF2 is the core regulator of antioxidant
defenses through upregulating the downstream antioxidant
genes [45, 46]. As shown in Figure 3(d), hepatic NRF2
expression, as well as the antioxidant GSH, total SOD activ-
ity, and CAT activity were all decreased upon HFD stimula-
tion, which were significantly prevented in the presence of
miR-137-3p agomir (Figures 3(d)–3(f)). Chronic inflamma-
tion is the other pathogenic factor of NAFLD [15]. As shown
in Figure 3(g), HFD treatment promoted NF-κB activation
in the liver that was significantly suppressed by miR-137-
3p agomir, as confirmed by the decreased p65 phosphoryla-
tion. Consistently, the levels of proinflammatory cytokines,
including IL-1β, IL-6, MCP-1, and TNF-α, were decreased,
while the anti-inflammatory IL-10 was increased in the liver
from mice with miR-137-3p agomir treatment (Figures 3(h)
and 3(i)). Taken together, we conclude that miR-137-3p
agomir reduces hepatic oxidative stress and inflammation
in HFD mice.

3.4. miR-137-3p Antagomir Promotes Hepatic Oxidative
Stress and Inflammation in HFD Mice. Conversely, miR-
137-3p antagomir-treated mice had higher hepatic ROS and
H2O2 generations upon HFD stimulation (Figures 4(a) and
4(b)). As expected, hepatic MDA level was further increased
by miR-137-3p antagomir treatment (Figure 4(c)). In con-
trast, HFD-induced suppressions on hepatic GSH level, total
SOD activity, and CAT activity were further amplified by
miR-137-3p antagomir (Figures 4(d) and 4(e)). In addition,
the extent of hepatic inflammation was more severe in
miR-137-3p antagomir-treated mice than those treated with
control antagomir in response to HFD stimulation, as evi-
denced by the increased hepatic IL-1β, IL-6, MCP-1, and
TNF-α levels and decreased IL-10 level (Figures 4(f)–4(h)).
Our results identify that miR-137-3p antagomir promotes
hepatic oxidative stress and inflammation in HFD mice.

3.5. miR-137-3p Agomir Ameliorates HFD-Induced NAFLD
through Activating AMPKα. Next, we tried to investigate
the potential involvement of AMPKα in miR-137-3p
agomir-mediated hepatoprotective effects against NAFLD.
As shown in Figures 5(a) and 5(b), miR-137-3p agomir
was preserved, while miR-137-3p antagomir significantly
reduced hepatic AMPKα phosphorylation upon HFD stimu-
lation. Then, HFD mice were treated with CpC to inhibit
AMPKα to further validate its necessity in this process. As
shown in Figures 5(c) and 5(d), AMPKα inhibition
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significantly abolished the antioxidant effects of miR-137-3p
agomir in NAFLD mice, as determined by the increased
hepatic ROS, H2O2, and MDA generation. In addition,
miR-137-3p agomir-mediated suppression on hepatic
inflammation was also abrogated by CpC (Figure 5(e)). Fur-
thermore, miR-137-3p agomir reduced hepatic lipid accu-
mulation in vehicle-treated HFD mice, yet failed to do so
in those with CpC injection (Figure 5(f)). As expected, the

loss of liver weight seen in miR-137-3p agomir-treated
HFD mice was also prevented by CpC administration
(Figure 5(g)). Meanwhile, AMPKα inhibition significantly
blocked the antifibrotic effects of miR-137-3p agomir in
HFD mice, as evidenced by the increased hepatic hydroxy-
proline content and mRNA levels of fibrotic markers
(Figures 5(h) and 5(i)). More importantly, CpC-treated
HFD mice showed higher serum ALT and AST levels in
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Figure 1: miR-137-3p agomir improves HFD-induced NAFLD in mice. (a) Mice were fed with a HFD for 24 weeks to establish NAFLD,
whereas the matched mice were maintained on a ND. Relative miR-137-3p level in the liver from mice was detected (n = 6). (b) Primary
hepatocytes were isolated from 8 week-year-old C57BL/6 mice and stimulated with 0.5mmol/L palmitic acid plus 1.0mmol/L oleic acid
(PO) for 24 h. Relative miR-137-3p level in PO-stimulated primary hepatocytes was detected (n = 6). (c) For miR-137-3p overexpression,
mice were intraperitoneally injected with the miR-137-3p agomir or agomir control (100mg/kg weekly) for 6 consecutive weeks before
being sacrificed. Relative miR-137-3p level in the liver from mice with or without miR-137-3p agomir injection (n = 6). (d) Body weight
in mice after 24 weeks of HFD feeding (n = 8). (e) The weights of epididymal and inguinal fat pad in mice after 24 weeks of HFD
feeding (n = 8). (f) Food intake (n = 10). (g, h) Serum parameters of FBG and insulin in mice (n = 6). (i) Quantification of the insulin
resistance index HOMA-IR (n = 6). (j) Serum parameters of TG and TC in mice (n = 6). (k, l) Hepatic lipid accumulation as determined
by the TG, TC, and NEFA levels (n = 6). (m) Quantification of the liver weight (LW) and LW to tibial length ratio (LW/TL) (n = 8). (n)
Hepatic hydroxyproline level (n = 6). (o) Relative mRNA levels of Col1α1, Col3α1, CTGF, and TGF-β1 in the liver (n = 6). (p) Serum
ALT and AST levels (n = 8). Data were expressed as the means ± standard deviations, and ∗p < 0:05 was considered significant. n.s.
indicated no significance.
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the presence of miR-137-3p agomir, indicating that miR-
137-3p agomir-mediated hepatoprotective effects against
NAFLD were blunted by AMPKα inhibition (Figure 5(j)).
Together, we prove that miR-137-3p agomir ameliorates
HFD-induced NAFLD through activating AMPKα.

3.6. miR-137-3p Activates AMPKα through Downregulating
PDE4D. Finally, we investigated the potential mechanism
through which miR-137-3p activated AMPKα. Using the
online TargetScan software, PDE4D was selected for further
examination because of its role in promoting cAMP
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hydrolysis and subsequently inactivating the cAMP/PKA
pathway, the classic upstream mechanism of AMPKα [47,
48]. As shown in Figure 6(a), a predicted binding between
miR-137-3p and the 3′-UTR of PDE4D was found. And
the results from luciferase reporter assay further validated
this direct interaction (Figure 6(b)). Moreover, we found
that miR-137-3p antagomir increased, while miR-137-3p
agomir decreased hepatic PDE4D mRNA and protein levels
in HFD mice (Figures 6(c)–6(e)). As expected, hepatic
cAMP level and PKA activity were decreased by miR-137-3p
antagomir, yet increased by miR-137-3p agomir in HFD mice
(Figures 6(f) and 6(g)). AC catalyzes the generation of cAMP
fromATP; however, our data suggested that neither the antag-
omir nor the agomir of miR-137-3p affected hepatic AC activ-
ity in HFD mice (Figure 6(h)). To confirm the necessity of
PDE4D in miR-137-3p antagomir-mediated inactivation of
AMPKα, primary hepatocytes were pretransfected with
siPDE4D to knock down the endogenous PDE4D expression
(Figure 6(i)). As shown in Figure 6(j), miR-137-3p antagomir

significantly reduced AMPKα phosphorylation in PO-
treated hepatocytes, which was prevented in those with
PDE4D silence. In addition, we also used a specific PDE4D
inhibitor, rolipram, to suppress PDE4D activity in HFD
mice. As expected, miR-137-3p antagomir-mediated delete-
rious effects on NAFLD were attenuated by rolipram, as
evidenced by the decreased serum ALT and AST levels
(Figure 6(k)). In conclusion, we reveal that miR-137-3p
activates AMPKα through downregulating PDE4D.

4. Discussion

The liver is one of the most important organs to modulate
glycolipid metabolism and the whole-body energy homeo-
stasis, whose function would be extremely impaired due to
the excessive hepatic lipid accumulation. NAFLD consists
of a spectrum of pathophysiological conditions that ranges
from simple hepatic steatosis to advanced NASH associated
with enhanced hepatic inflammation and fibrogenesis, then
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to the end-stage liver disease such as cirrhosis and hepatocel-
lular carcinoma [1, 49]. Due to the high prevalence of meta-
bolic syndrome nowadays, NAFLD has become one of the
most common chronic liver diseases and affects over 25%
of the global population worldwide [50]. Currently, no spe-
cific and effective therapies are available to prevent NAFLD
progression, and transplantation is the only choice for these
patients with end-stage NAFLD. In the present study, we
found that hepatic miR-137-3p expression was significantly

decreased in the development of NAFLD and that the treat-
ment with miR-137-3p agomir could reduce hepatic oxida-
tive stress and inflammation, thereby improving NAFLD in
mice. Taken together, our findings identify miR-137-3p as a
promising therapeutic target to treat NAFLD.

The exact mechanisms for the initiation and progression
of NAFLD remain unclear. Emerging studies report that
excessive hepatic ROS and chronic inflammation are closely
associated with hepatocyte injury and hepatic fibrosis.
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Under physiological conditions, the liver contains multiple
antioxidant defenses, including the antioxidant enzymes
(e.g., SOD and CAT), which catalyze the transition from
nocuous free radicals to innocuous water. Yet, the expres-
sions of these enzymes in the liver were significantly reduced
in the context of NAFLD [46, 51]. NRF2 is a redox-sensitive
transcription factor to induce the expression of these antiox-
idant enzymes, and our data revealed that hepatic NRF2
expression was significantly downregulated in HFD mice,

accompanied with decreased GSH content, and total SOD
and CAT activities. NF-κB functions as the major modulator
of inflammatory response and is sequestered in the cyto-
plasm as an inactive form through binding to the inhibitor
of NF-κB in quiescent cells, which then translocates to the
nucleus to promote the transcription of various inflamma-
tory cytokines under stressed conditions [52]. Herein, we
found that NF-κB p65 phosphorylation was enhanced in
the liver from HFD mice, and the levels of downstream IL-
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(n = 6). (i) Primary hepatocytes were transfected with siPDE4D or siRNA for 24 h, and relative PDE4D mRNA level was detected (n = 6).
(j) Primary hepatocytes were preincubated with miR-137-3p antagomir (50 nmol/L) for 24 h and then stimulated with PO for 24 h. To
knock down PDE4D, cells were pretransfected with siPDE4D or siRNA for 24 h before miR-137-3p antagomir treatment. AMPKα
phosphorylation in miR-137-3p antagomir-treated primary hepatocytes with or without PDE4D silence (n = 6). (k) Mice were fed with a
HFD for 24 weeks to establish NAFLD and were also intraperitoneally injected with the miR-137-3p agomir, antagomir, or respective
controls (100mg/kg weekly) at the last 6 consecutive weeks. To inhibit PDE4D, mice were intraperitoneally injected with 0.5mg/kg
rolipram or an equal volume of vehicle every other day for 8 consecutive weeks before the mice were sacrificed. Serum ALT and AST
levels in miR-137-3p antagomir-treated HFD mice with or without PDE4D inhibition (n = 8). Data were expressed as the means ±
standard deviations, and ∗p < 0:05 was considered significant. n.s. indicated no significance.
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1β, IL-6, MCP-1, and TNF-α were also increased. Intrigu-
ingly, miR-137-3p agomir significantly reduced, whereas
miR-137-3p antagomir further promoted hepatic oxidative
stress and inflammation upon HFD stimulation.

miRNAs are a class of endogenous genetic regulators with
pleiotropic functions, such as controlling ROS production and
inflammatory response. Cheng et al. demonstrated that miR-
421 overexpression significantly decreased hepatic MnSOD
and CAT expression and subsequently aggravated oxidative
damage upon NAFLD stimulation via directly targeting sir-
tuin 3 [53]. In addition, Zhang et al. recently showed that
miR-96-5p was capable of suppressing p66shc expression,
thereby reducing oxidative stress and hepatic steatosis [54].
Based on these contexts, we thus investigated the function of
miR-137-3p, a potential antioxidant molecule in the liver, dur-
ing NAFLD progression [26]. Intriguingly, our data revealed
that miR-137-3p overexpression could reduce hepatic oxida-
tive stress and inflammation, thereby improving NAFLD in
mice. Mechanistically, miR-137-3p is directly bound to the
3′-UTR of PDE4D, a cAMP-specific phosphodiesterase, and
subsequently increased hepatic cAMP level and PKA activity,
thereby activating the downstream AMPKα pathway. Con-
sistently, other findings also proved that the treatment with
PDE inhibitors could protect against HFD-induced NAFLD
[55, 56]. Beyond AMPKα, many other downstream targets
of miR-137-3p have been proposed. Tian et al. revealed that
miR-137-3p directly bound to the 3′-UTR of Src and subse-
quently inhibited the MAPK pathway [23]. Findings from
Wei et al. identified AFM as a potential target of miR-137-
3p to mediate its regulation on the progression of hepatocel-
lular carcinoma [24]. More recently, Yang et al. reported that
miR-137-3p negatively regulated peptidylprolyl isomerase C
(Ppic) expression via direct targeting and that Ppic knock-
down partially reversed the effects of miR-137-3p inhibition
[57]. Whether other possible targets of miR-137-3p exist in
the regulation of NAFLD remains unclear and needs further
investigation.

In summary, we prove that miR-137-3p is a key player in
regulating NAFLD via activating AMPKα.

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 declare that there are no conflicts of interest.

Authors’ Contributions

Yuanjie Yu, Ming Li, and Qian Zhang conceived the hypoth-
esis and designed the study. Yuanjie Yu, Chunping He,
Shiyun Tan, and Ming Li carried out the experiments and
acquired the data. Mengjun Huang and Yitian Guo con-
ducted the data analysis. Yuanjie Yu and Ming Li drafted
and revised the manuscript. Yuanjie Yu and Chunping He
contributed equally to this work.

Acknowledgments

This work was supported by grants from the Fundamental
Research Funds for the Central Universities (No.
2042020kf0085).

References

[1] J. Zhou, F. Zhou, W. Wang et al., “Epidemiological features of
NAFLD from 1999 to 2018 in China,” Hepatology, vol. 71,
no. 5, pp. 1851–1864, 2020.

[2] L. L. Qian, L. Wu, L. Zhang et al., “Serum biomarkers com-
bined with ultrasonography for early diagnosis of non- alco-
holic fatty liver disease confirmed by magnetic resonance
spectroscopy,” Acta Pharmacologica Sinica, vol. 41, no. 4,
pp. 554–560, 2020.

[3] Z. Wu, H. Ma, L. Wang et al., “Tumor suppressor ZHX2
inhibits NAFLD-HCC progression via blocking LPL- medi-
ated lipid uptake,” Cell Death and Differentiation, vol. 27,
no. 5, pp. 1693–1708, 2020.

[4] I. Schulien, B. Hockenjos, A. Schmitt-Graeff et al., “The tran-
scription factor c-Jun/AP-1 promotes liver fibrosis during
non- alcoholic steatohepatitis by regulating Osteopontin
expression,” Cell Death and Differentiation, vol. 26, no. 9,
pp. 1688–1699, 2019.

[5] J. Li, X. Li, D. Liu et al., “Phosphorylation of eIF2α signaling
pathway attenuates obesity-induced non- alcoholic fatty liver
disease in an ER stress and autophagy-dependent manner,”
Cell Death & Disease, vol. 11, no. 12, p. 1069, 2020.

[6] L. Sun, Y. Pang, X. Wang et al., “Ablation of gut microbiota
alleviates obesity-induced hepatic steatosis and glucose intol-
erance by modulating bile acid metabolism in hamsters,” Acta
Pharmaceutica Sinica B, vol. 9, no. 4, pp. 702–710, 2019.

[7] Y. Liu, W. Xu, T. Zhai, J. You, and Y. Chen, “Silibinin amelio-
rates hepatic lipid accumulation and oxidative stress in mice
with non-alcoholic steatohepatitis by regulating CFLAR-JNK
pathway,” Acta Pharmaceutica Sinica B, vol. 9, no. 4,
pp. 745–757, 2019.

[8] X. Zhang, Z. G. Ma, Y. P. Yuan et al., “Rosmarinic acid atten-
uates cardiac fibrosis following long-term pressure overload
via AMPKα/Smad3 signaling,” Cell Death & Disease, vol. 9,
no. 2, p. 102, 2018.

[9] G. Qi, Y. Zhou, X. Zhang et al., “Cordycepin promotes brow-
ning of white adipose tissue through an AMP-activated pro-
tein kinase (AMPK)-dependent pathway,” Acta
Pharmaceutica Sinica B, vol. 9, no. 1, pp. 135–143, 2019.

[10] J. Zhu, Y. F. Wang, X. M. Chai et al., “Exogenous NADPH
ameliorates myocardial ischemia-reperfusion injury in rats
through activating AMPK/mTOR pathway,” Acta Pharmaco-
logica Sinica, vol. 41, no. 4, pp. 535–545, 2020.

[11] C. Hu, X. Zhang, W. Wei et al., “Matrine attenuates oxidative
stress and cardiomyocyte apoptosis in doxorubicin-induced
cardiotoxicity _via_ maintaining AMPK α /UCP2 pathway,”
Acta Pharmaceutica Sinica B, vol. 9, no. 4, pp. 690–701, 2019.

[12] X. Zhang, C. Hu, C. Y. Kong et al., “FNDC5 alleviates oxidative
stress and cardiomyocyte apoptosis in doxorubicin-induced
cardiotoxicity via activating AKT,” Cell Death and Differentia-
tion, vol. 27, no. 2, pp. 540–555, 2020.

[13] L. L. Qu, B. Yu, Z. Li, W. X. Jiang, J. D. Jiang, and W. J. Kong,
“Gastrodin ameliorates oxidative stress and proinflammatory
response in nonalcoholic fatty liver disease through the

11Analytical Cellular Pathology



AMPK/Nrf2 pathway,” Phytotherapy Research, vol. 30, no. 3,
pp. 402–411, 2016.

[14] R. B. Damgaard, H. E. Jolin, M. Allison et al., “OTULIN pro-
tects the liver against cell death, inflammation, fibrosis, and
cancer,” Cell Death and Differentiation, vol. 27, no. 5,
pp. 1457–1474, 2020.

[15] T. Zhang, J. Hu, X. Wang et al., “MicroRNA-378 promotes
hepatic inflammation and fibrosis via modulation of the NF-
κB-TNFα pathway,” Journal of Hepatology, vol. 70, no. 1,
pp. 87–96, 2019.

[16] D. Garcia, K. Hellberg, A. Chaix et al., “Genetic liver-specific
AMPK activation protects against diet-induced obesity and
NAFLD,” Cell Reports, vol. 26, no. 1, pp. 192–208.e6, 2019.

[17] X. Ren, Z. Chen, J. Ruan et al., “Trichloroethylene-induced
downregulation of miR-199b-5p contributes to SET-
mediated apoptosis in hepatocytes,” Cell Biology and Toxicol-
ogy, vol. 35, no. 6, pp. 565–572, 2019.

[18] W. Yi, M. J. Tu, Z. Liu et al., “Bioengineered miR-328-3p mod-
ulates GLUT1-mediated glucose uptake and metabolism to
exert synergistic antiproliferative effects with chemotherapeu-
tics,” Acta Pharmaceutica Sinica B, vol. 10, no. 1, pp. 159–170,
2020.

[19] H. M. Liu, Y. Jia, Y. X. Zhang et al., “Dysregulation of miR-
135a-5p promotes the development of rat pulmonary arterial
hypertension in vivo and in vitro,” Acta Pharmacologica
Sinica, vol. 40, no. 4, pp. 477–485, 2019.

[20] M. Gjorgjieva, C. Sobolewski, D. Dolicka, M. Correia de Sousa,
and M. Foti, “miRNAs and NAFLD: from pathophysiology to
therapy,” Gut, vol. 68, no. 11, pp. 2065–2079, 2019.

[21] X. Jin, J. Gao, R. Zheng et al., “Antagonizing circRNA_002581-
miR-122-CPEB1 axis alleviates NASH through restoring
PTEN-AMPK-mTOR pathway regulated autophagy,” Cell
Death & Disease, vol. 11, no. 2, p. 123, 2020.

[22] G. Hanin, N. Yayon, Y. Tzur et al., “miRNA-132 induces
hepatic steatosis and hyperlipidaemia by synergistic multitar-
get suppression,” Gut, vol. 67, no. 6, pp. 1124–1134, 2018.

[23] R. Tian, B. Wu, C. Fu, and K. Guo, “miR-137 prevents inflam-
matory response, oxidative stress, neuronal injury and cogni-
tive impairment via blockade of Src-mediated MAPK
signaling pathway in ischemic stroke,” Aging (Albany NY),
vol. 12, no. 11, pp. 10873–10895, 2020.

[24] Q. Wei, L. Zhao, L. Jiang et al., “Prognostic relevance of miR-
137 and its liver microenvironment regulatory target gene
AFM in hepatocellular carcinoma,” Journal of Cellular Physiol-
ogy, vol. 234, no. 7, pp. 11888–11899, 2019.

[25] T. Sakabe, J. Azumi, Y. Umekita et al., “Prognostic relevance of
miR-137 in patients with hepatocellular carcinoma,” Liver
International, vol. 37, no. 2, pp. 271–279, 2017.

[26] S. Yang, J. Luo, Y. Long et al., “Mixed diets reduce the oxi-
dative stress of common carp (Cyprinus carpio): based on
microRNA sequencing,” Frontiers in Physiology, vol. 10,
p. 631, 2019.

[27] J. Tong, C. J. Han, J. Z. Zhang et al., “Hepatic interferon regu-
latory factor 6 alleviates liver steatosis and metabolic disorder
by transcriptionally suppressing peroxisome proliferator-
activated receptor γ in mice,” Hepatology, vol. 69, no. 6,
pp. 2471–2488, 2019.

[28] Y. Baumer, S. McCurdy, T. M. Weatherby et al., “Hyperlipid-
emia-induced cholesterol crystal production by endothelial
cells promotes atherogenesis,” Nature Communications,
vol. 8, no. 1, p. 1129, 2017.

[29] Z. G. Ma, J. Dai, W. B. Zhang et al., “Protection against cardiac
hypertrophy by geniposide involves the GLP-1 receptor /
AMPKα signalling pathway,” British Journal of Pharmacology,
vol. 173, no. 9, pp. 1502–1516, 2016.

[30] C. Hu, X. Zhang, N. Zhang et al., “Osteocrin attenuates inflam-
mation, oxidative stress, apoptosis, and cardiac dysfunction in
doxorubicin-induced cardiotoxicity,” Clinical and Transla-
tional Medicine, vol. 10, no. 3, article e124, 2020.

[31] Z. Guo, N. Tang, F. Y. Liu et al., “TLR9 deficiency alleviates
doxorubicin-induced cardiotoxicity via the regulation of
autophagy,” Journal of Cellular and Molecular Medicine,
vol. 24, no. 18, pp. 10913–10923, 2020.

[32] M. D. Lou, J. Li, Y. Cheng et al., “Glucagon up-regulates
hepatic mitochondrial pyruvate carrier 1 through cAMP-
responsive element-binding protein; inhibition of hepatic glu-
coneogenesis by ginsenoside Rb1,” British Journal of Pharma-
cology, vol. 176, no. 16, pp. 2962–2976, 2019.

[33] D. Fan, Z. Yang, Y. Yuan et al., “Sesamin prevents apoptosis
and inflammation after experimental myocardial infarction
by JNK and NF-κB pathways,” Food & Function, vol. 8,
no. 8, pp. 2875–2885, 2017.

[34] C. Hu, X. Zhang, P. Song et al., “Meteorin-like protein attenu-
ates doxorubicin-induced cardiotoxicity via activating cAMP/
PKA/SIRT1 pathway,” Redox Biology, vol. 37, article 101747,
2020.

[35] F. Y. Liu, D. Fan, Z. Yang et al., “TLR9 is essential for HMGB1-
mediated post-myocardial infarction tissue repair through
affecting apoptosis, cardiac healing, and angiogenesis,” Cell
Death & Disease, vol. 10, no. 7, p. 480, 2019.

[36] X. Zhang, J. X. Zhu, Z. G. Ma et al., “Rosmarinic acid alleviates
cardiomyocyte apoptosis via cardiac fibroblast in doxorubicin-
induced cardiotoxicity,” International Journal of Biological Sci-
ences, vol. 15, no. 3, pp. 556–567, 2019.

[37] W. Zhan, X. Liao, Z. Chen et al., “LINC00858 promotes colo-
rectal cancer by sponging miR-4766-5p to regulate PAK2,”
Cell Biology and Toxicology, vol. 36, no. 4, pp. 333–347, 2020.

[38] L. Wu, S. Xiang, X. Hu et al., “Prostate-specific antigen modu-
lates the osteogenic differentiation of MSCs via the cadherin
11-Akt axis,” Clinical and Translational Medicine, vol. 10,
no. 1, pp. 363–373, 2020.

[39] X. Zhang, C. Hu, Y. P. Yuan et al., “Endothelial ERG alleviates
cardiac fibrosis via blocking endothelin-1-dependent para-
crine mechanism,” Cell Biology and Toxicology, vol. 37, no. 6,
pp. 873–890, 2021.

[40] X. Zhang, C. Hu, N. Zhang et al., “Matrine attenuates patho-
logical cardiac fibrosis via RPS5/p38 in mice,” Acta Pharmaco-
logica Sinica, vol. 42, no. 4, pp. 573–584, 2021.

[41] F. Chen, Z. Zhong, H. Y. Tan et al., “Suppression of lncRNA
MALAT1 by betulinic acid inhibits hepatocellular carcinoma
progression by targeting IAPs via miR-22-3p,” Clinical and
Translational Medicine, vol. 10, no. 6, article e190, 2020.

[42] X. Zhang, C. Hu, X. P. Yuan et al., “Osteocrin, a novel
myokine, prevents diabetic cardiomyopathy via restoring
proteasomal activity,” Cell Death & Disease, vol. 12, no. 7,
p. 624, 2021.

[43] L. L. Lv, Y. Feng, M. Wu et al., “Exosomal miRNA-19b-3p of
tubular epithelial cells promotes M1 macrophage activation
in kidney injury,” Cell Death and Differentiation, vol. 27,
no. 1, pp. 210–226, 2020.

[44] L. Chen, L. Chen, Z. Qin et al., “Upregulation of miR-489-3p
and miR-630 inhibits oxaliplatin uptake in renal cell

12 Analytical Cellular Pathology



carcinoma by targeting OCT2,” Acta Pharmaceutica Sinica B,
vol. 9, no. 5, pp. 1008–1020, 2019.

[45] X. Chen, H. Xue,W. Fang et al., “Adropin protects against liver
injury in nonalcoholic steatohepatitis via the Nrf2 mediated
antioxidant capacity,” Redox Biology, vol. 21, article 101068,
2019.

[46] K. K. Upadhyay, R. N. Jadeja, H. S. Vyas et al., “Carbon mon-
oxide releasing molecule-A1 improves nonalcoholic steatohe-
patitis via Nrf2 activation mediated improvement in
oxidative stress and mitochondrial function,” Redox Biology,
vol. 28, article 101314, 2020.

[47] C. E. Molina, J. Leroy, W. Richter et al., “Cyclic adenosine
monophosphate phosphodiesterase type 4 protects against
atrial arrhythmias,” Journal of the American College of Cardiol-
ogy, vol. 59, no. 24, pp. 2182–2190, 2012.

[48] C. Liang, Y. Li, M. Bai et al., “Hypericin attenuates nonalco-
holic fatty liver disease and abnormal lipid metabolism via
the PKA-mediated AMPK signaling pathway in vitro and
in vivo,” Pharmacological Research, vol. 153, article 104657,
2020.

[49] D. Q. Huang, H. B. El-Serag, and R. Loomba, “Global epidemi-
ology of NAFLD-related HCC: trends, predictions, risk factors
and prevention,”Nature Reviews. Gastroenterology & Hepatol-
ogy, vol. 18, no. 4, pp. 223–238, 2021.

[50] C. Estes, Q. M. Anstee, M. T. Arias-Loste et al., “Modeling
NAFLD disease burden in China, France, Germany, Italy,
Japan, Spain, United Kingdom, and United States for the
period 2016-2030,” Journal of Hepatology, vol. 69, no. 4,
pp. 896–904, 2018.

[51] M. H. Kim, J. B. Seong, J. W. Huh, Y. C. Bae, H. S. Lee, and
D. S. Lee, “Peroxiredoxin 5 ameliorates obesity-induced non-
alcoholic fatty liver disease through the regulation of oxidative
stress and AMP-activated protein kinase signaling,” Redox
Biology, vol. 28, article 101315, 2020.

[52] T. Luedde and R. F. Schwabe, “NF-κB in the liver–linking
injury, fibrosis and hepatocellular carcinoma,” Nature
Reviews. Gastroenterology & Hepatology, vol. 8, no. 2,
pp. 108–118, 2011.

[53] Y. Cheng, J. Mai, T. Hou, and J. Ping, “MicroRNA-421 induces
hepatic mitochondrial dysfunction in non-alcoholic fatty liver
disease mice by inhibiting sirtuin 3,” Biochemical and Biophys-
ical Research Communications, vol. 474, no. 1, pp. 57–63, 2016.

[54] Y. Zhang, C. Wang, J. Lu et al., “Targeting of miR-96-5p by
catalpol ameliorates oxidative stress and hepatic steatosis in
LDLr-/- mice via p66shc/cytochrome C cascade,” Aging
(Albany NY), vol. 12, no. 3, pp. 2049–2069, 2020.

[55] G. H. Heeba, R. M. el-Deen, R. G. Abdel-latif, and M. Khalifa,
“Combined treatments with metformin and phosphodiesterase
inhibitors alleviate nonalcoholic fatty liver disease in high-fat
diet fed rats: a comparative study,” Canadian Journal of Physiol-
ogy and Pharmacology, vol. 98, no. 8, pp. 498–505, 2020.

[56] R. M. el-Deen, G. H. Heeba, R. G. Abdel-latif, and M. Khalifa,
“Comparative effectiveness of phosphodiesterase 3, 4, and 5
inhibitors in amelioration of high-fat diet-induced nonalco-
holic fatty liver in rats,” Fundamental & Clinical Pharmacol-
ogy, vol. 34, no. 3, pp. 353–364, 2020.

[57] X. Yang, B. Shu, Y. Zhou, Z. Li, and C. He, “Ppic modulates
CCl4-induced liver fibrosis and TGF- β-caused mouse hepatic
stellate cell activation and regulated by miR-137-3p,” Toxicol-
ogy Letters, vol. 350, pp. 52–61, 2021.

13Analytical Cellular Pathology


	MicroRNA-137-3p Improves Nonalcoholic Fatty Liver Disease through Activating AMPKα
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Study Design
	2.2. Biochemical Analysis
	2.3. Western Blot
	2.4. Quantitative Real-Time PCR
	2.5. Primary Hepatocyte Isolation and Culture
	2.6. Luciferase Reporter Assay
	2.7. Statistical Analysis

	3. Results
	3.1. miR-137-3p Agomir Improves HFD-Induced NAFLD in Mice
	3.2. miR-137-3p Antagomir Aggravates HFD-Induced NAFLD in Mice
	3.3. miR-137-3p Agomir Reduces Hepatic Oxidative Stress and Inflammation in HFD Mice
	3.4. miR-137-3p Antagomir Promotes Hepatic Oxidative Stress and Inflammation in HFD Mice
	3.5. miR-137-3p Agomir Ameliorates HFD-Induced NAFLD through Activating AMPKα
	3.6. miR-137-3p Activates AMPKα through Downregulating PDE4D

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

