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Obesity-induced miR-802 directly targets AMPK
and promotes nonalcoholic steatohepatitis in
mice

Hao Sun, Sunmi Seok, Hyunkyung Jung, Byron Kemper, Jongsook Kim Kemper"

ABSTRACT

Objective: Obesity-associated nonalcoholic fatty liver disease (NAFLD) is a leading cause of liver failure and death. However, the pathogenesis of
NAFLD and its severe form, nonalcoholic steatohepatitis (NASH), is poorly understood. The energy sensor, AMP-activated protein kinase (AMPK),
has decreased activity in obesity and NAFLD, but the mechanisms are unclear. Here, we examined whether obesity-induced miR-802 has a role in
promoting NASH by targeting AMPK. We also investigated whether miR-802 and AMPK have roles in modulating beneficial therapeutic effects
mediated by obeticholic acid (OCA), a promising clinical agent for NASH.

Methods: Immunoblotting, luciferase assays, and RNA-protein interaction studies were performed to test whether miR-802 directly targets
AMPK. The roles of miR-802 and AMPK in NASH were examined in mice fed a NASH-promoting diet.

Results: Hepatic miR-802 and AMPK levels were inversely correlated in both NAFLD patients and obese mice. MicroRNA in silico analysis,
together with biochemical studies in hepatic cells, suggested that miR-802 inhibits hepatic expression of AMPK by binding to the 3’ untranslated
regions of both human AMPKax 7 and mouse Ampk( 1. In diet-induced NASH mice, OCA treatment reduced hepatic miR-802 levels and improved
AMPK activity, ameliorating steatosis, inflammation, and apoptosis, but these 0CA-mediated beneficial effects on NASH pathologies, particularly
reducing apoptosis, were reversed by overexpression of miR-802 or downregulation of AMPK.

Conclusions: These results indicate that miR-802 inhibits AMPK by directly targeting AmpkG 7, promoting NAFLD/NASH in mice. The miR-802-

AMPK axis that modulates OCA-mediated beneficial effects on NASH may represent a new therapeutic target.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic
liver disease and a leading cause of liver-related death [1,2]. As a
hepatic manifestation of obesity-related metabolic syndrome, NAFLD is
highly associated with type 2 diabetes, dyslipidemia, and cardiovas-
cular disease. NAFLD begins with simple steatosis but may progress to
its more severe form, nonalcoholic steatohepatitis (NASH) and later,
fatal cirrhosis and hepatocellular carcinoma [1,2]. Despite the striking
increase in global prevalence of NAFLD, the underlying mechanisms of
the pathogenesis of NAFLD are poorly understood and treatment op-
tions are limited.

MicroRNAs (miRs) are negative gene regulators that have great ther-
apeutic potential for many diseases, including the NAFLD [3].
Expression of miRs is often aberrantly up- or down-regulated in human
disease, including obesity and NAFLD [3]. For instance, obesity-
induced miR-34a inhibits multiple targets in energy metabolism,
such as SIRT1, B-Klotho, PPARa, and HNF-4¢, promoting fatty liver
and insulin resistance [4—9]. Further, miR-802 in obesity impairs
glucose regulation by targeting HNF1B [10] and inhibits insulin

production by targeting NeuroD [11]. The mechanisms for aberrant
expression of miRs in obesity are generally understudied, but aberrant
activation of the gene-regulatory proteins, CRTC2 and FOX01, was
shown to increase transcription of hepatic miR-34a and pancreatic
miR-802, respectively [11—14]. Further, defective nuclear receptor
FXR-SHP function increased hepatic expression of miR-34a and miR-
802in obesity [4,15]. Indeed, treatment with obeticholic acid (OCA), an
FXR agonist currently in clinical trials for NASH [16], decreased hepatic
miR-802 levels, ameliorating insulin resistance and fatty liver in mice
[15], but the role of miR-802 in NASH has not been determined.

AMP-activated protein kinase (AMPK) is a master energy sensor that
plays a key role in energy metabolism [17—19]. Under low energy
conditions, AMPK is activated and thus, increases cellular energy
levels by inhibiting biosynthetic pathways and activating catabolic
pathways [20—22]. For instance, AMPK decreases hepatic triglyceride
(TG) levels by inhibiting lipogenesis and promoting fatty acid B-
oxidation. Since the activity of AMPK is reduced in obesity and NAFLD
[17,18,23], increasing AMPK activity has been suggested as an
attractive therapeutic option for metabolic diseases, including NAFLD.
Indeed, pharmacological activation of AMPK prevented NAFLD [24] and
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List of Abbreviations

ACC acetyl coA carboxylase

AGO2 Argonaute2

AMPK AMP-activated protein kinase
ALT alanine aminotransferase
ALP alkaline phosphatase

CHX cycloheximide

FASN fatty acid synthase

FXR Farnesoid-X-Receptor

miR microRNA

HFCF high fat cholesterol and fructose
H&E hematoxylin and eosin
HMGCR  HMG-CoA reductase

IB immunoblotting

IHC immunohistochemistry

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

0CA obeticholic acid

ORO oil red o

RIP RNA-binding protein immunoprecipitation
RISC RNA-induced silencing complex

RORa RAR-related orphan receptora.

SHP Small Heterodimer Partner

SIRT1 Sirtuin1

TG triglyceride

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
3’ UTR 3’ untranslated region

liver-specific activation of AMPK protected against NAFLD/NASH in
mice [20,21]. While reactivation of AMPK in NAFLD improved hepatic
steatosis, complete knockout of hepatic AMPK did not promote fatty
liver development [25]. Although AMPK has received great attention as
a promising therapeutic target for metabolic disease, the mechanisms
underlying the low activity of AMPK in obesity and NAFLD are not fully
understood.

In this study, we show that obesity-induced miR-802 inhibits
expression and activity of AMPK, which contributes to NAFLD/NASH. In
mice fed a NASH-promoting diet, we also show that the miR-802-
AMPK axis can modulate OCA-mediated beneficial effects on NASH
pathologies, particularly reducing hepatocellular apoptosis.

2. MATERIALS AND METHODS

2.1. Animal experiments

Mice were housed at 23 °C with 50% humidity under a 12 h/12 h light/
dark cycle, and food and water were available ad libitum. For evalu-
ating the roles of miR-802 and AMPK in NASH, C57BL/6 male mice
were fed a high fat/cholesterol/fructose diet (Research Diets,
D09100310, 40 kcal% fat, 2% cholesterol, 20 kcal% fructose), termed
the Amylin liver NASH (AMLN) diet, for 7—9 weeks to promote NASH
[1,26]. Then, the mice were injected with 100 pl of 0.5—1 x 10° active
viral particles of adenovirus expressing miR-802-5p, shRNA for
Ampkec 1, or control GFP, and were treated with vehicle or a low dose of
OCA (3 mg/kg/day, in 1% methylcellulose) by oral gavage daily for 2
weeks. Injection of these adenoviral doses does not elicit marked in-
flammatory responses [27—29]. For miR-802 downregulation studies,
mice were fed a high fat diet (HFD) (Envigo Teklad, TD88137) for 15
weeks and then were injected with adenovirus expressing antisense-
miR-802 or control GFP for 1 week. For miR-802 overexpression
studies, mice fed normal chow were injected with adenovirus
expressing miR-802-5p or control GFP for 1 week.

2.2. Study approval

Animal protocols were approved by the Institutional Animal Care and
Use Committee, experiments were approved by the Institutional
Biosafety Committee, and all experiments were performed in accord
with the ethical guidelines of the National Institutes of Health (NIH).

2.3. Human NAFLD patients

Liver specimens from normal individuals without liver disease or
NAFLD steatosis patients were obtained from the Liver Tissue Cell
Procurement and Distribution System that operates under a contract

from the NIH. Because no one on our study team has access to the
subject identifiers linked to the specimens or data, this study is
not considered human research and ethical approval was not
required.

2.4. Histological analyses

Liver tissue was frozen in OCT compound (Sakura Finetek, 4583),
sectioned, and stained with H&E or with Oil Red-0. Paraffin-embedded
liver sections were incubated with F4/80 antibody, and antibody was
detected using a peroxidase-based method (ab64238, Abcam). Liver
collagen was detected by Sirius Red staining (Abcam, ab246832) and
apoptosis was detected by TUNEL staining (Millipore, S7100). Liver
sections were imaged with a NanoZoomer Scanner (Hamamatsu) and
quantification was done using NIH ImageJ.

2.5. Immunoblotting (IB)

Liver tissues were washed with ice-cold PBS and homogenized in RIPA
buffer (50 mM Tris—HCI, pH 7.5, 1 mM EDTA, 0.5% NP40, 1% sodium
deoxycholate, 1 mM DTT, 0.5% SDS, 0.2 mM PMSF, 1 pg/ml pep-
statin, 0.5 pg/ml leupeptin, 5 mM NaF, and 2 mM NagV0,) and then,
sonicated briefly for 3—5 s to prepare liver lysates for IB analyses.
Band densities were quantified using the NIH Imaged program. Protein
levels of p-AMPK at Thr-172 and p-ACC at Ser-79 were determined by
IB and those of p-HMGCR and p-FXR at Ser residues, phosphorylation
targets of AMPK [30,31], were measured by IP followed by IB using a
pan p-Ser antibody. Information on antibodies is provided in Supple-
mentary Information.

2.6. Measurement of AMPK activity in hepatocytes

Primary mouse hepatocytes (PMH) were isolated as described previ-
ously [15,32—34]. Isolated hepatocytes were transfected with 5—
50 nM pre-miR-802, antisense-miR-802, or siRNA for AmpkG1 (ON-
TARGETplus SMART pool, Dharmacon), and 2 days later, cells were
harvested. For miR-802 downregulation, 24 h after transfection, cells
were treated with palmitic acid (300 (M) for 24 h and harvested. AMPK
activity was determined by an HRP-conjugated ELISA (BioAssay Sys-
tems, EAMPK-100).

2.7. Measurement of levels of liver TG/cholesterol and plasma ALP/
ALT

Hepatic levels of TG and cholesterol (Sigma TR0100 and Sigma
MAKO043, respectively) and plasma levels of ALP and ALT (Abcam
ab83369 and Sigma MAKO052, respectively) were determined ac-
cording to the manufacturer’s instructions.
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Figure 1: Hepatic levels of miR-802 and AMPK are inversely correlated in both NAFLD patients and dietary obese mice. (A) Comparison of mammalian 3’UTRs of AMPKx 1
(left) and AMPKG 1 (right) mRNAs that contain complementary sequences (boxed) to the seed region of miR-802 (CAAUGAC). (B) Similarity of mammal sequences aligned to 2.5 kb
of mouse sequence containing the miR-802 gene. Black vertical bars indicate bp identical to the mouse sequence and the position of the conserved miR-802 gene is indicated. (C)
Hepatic miR-802 levels in liver lysates from normal subjects (n = 10) and NAFLD patients (n = 9). (D) Liver extracts from 9 normal or NAFLD patients were randomly combined to
form 3 pooled samples/lane. Levels of the indicated proteins detected by IB (left) and quantitation using Image J (right). (E—F) C57BL/6 mice (n = 3 mice) were fed a normal chow
diet (ND) or a high fat diet (HFD) for 12 weeks. (E) Hepatic miR-802 levels (n = 6). (F) Levels of the indicated proteins detected by IB (left) and quantitation using Image J of AMPK
protein bands relative to actin (right, n = 3 mice). (C—F) The mean and standard error of the mean (SEM) are plotted. Statistical significance was determined by the Student’s t-
test. P values are indicated.

2.8. RT-gPCR

Levels of miRs were determined using TagMan™ MicroRNA Assay
(ThermoFisher, 4427975) and normalized to SnoRNA. Levels of
mRNAs were measured by RT-gPCR using primers listed in

Supplemental Table 1 and normalized to 36B4 mRNA.

2.9. Luciferase reporter assays

The 3’ UTR regions harboring the miR-802 binding site of human
AMPKx1 (310 bp, +2569/+2878) and mouse AmpkB1 (249
bp, +801/-+1059) were amplified from genomic DNA isolated from

human HepG2 (ATCC, HB-8065) and mouse Hepalcic7 (ATCC,
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CRL-2026) cells, respectively. The amplified fragments were
inserted into pmirGLO luciferase reporter (Promega, E1330) and
mutations were introduced in the miR-802 site by site-directed
mutagenesis (Agilent, 200521). Cells were transfected with
200 ng of luciferase reporter plasmids, 200 ng of B-galactosidase
plasmid, and 1—50 nM precursor-miR-802, and harvested 2 days
later. The values for luciferase activities were normalized to -
galactosidase activities.

2.10. Cycloheximide (CHX) study

Protein stability studies using CHX were done as previously described
[35—37]. Briefly, Hepalcic7 cells were transfected with 50 nM siRNA
for AMPKB1, and 2 days later, cells were treated with 10 pg/ml CHX
for the indicated times. AMPKa protein levels in cell lysates were
detected by IB.

2.11. RNA-binding protein immunoprecipitation (RIP)

Hepalcic7 cells were transfected with 1 nM pre-miR-802, and 24 h
later, cells were lysed in RIPA buffer with 0.5 mM DTT, protease
inhibitors and 250 unit/ml RNase inhibitor (Promega, N2515). Cell
lysates were incubated with 1 pg AGO2 antibody at 4 °C for 1 h and
then, incubated with protein G Sepharose beads for 1 h. The beads
were washed 4 times with RIPA buffer containing 1 M NaCl, and then,
incubated with Proteinase K at 45 °C for 15 min. RNAs were
recovered using miRNeasy (Qiagen, ID 217004) and levels of RNAs
were determined by RT-qPCR using primers listed in Supplemental
Table 2.

2.12. Statistical analysis

OriginPro 2020b was used for data analysis. Statistical analysis of
different groups was performed using the Student’s unpaired t-test or
one-way ANOVA with Tukey post-test as appropriate. The mean and
standard errors (SEM) are presented and differences with p < 0.05
were considered statistically significant.

3. RESULTS

3.1. Elevated miR-802 levels in both NAFLD patients and obese
mice correlate with decreased protein AMPK levels

The activity of the AMPK heterotrimer complex is repressed in obesity
and NAFLD [17—19,23], but the underlying mechanisms are not
clearly understood. Complementary sequences to the miR-802 seed
region (CAAUGAC) are conserved in the 3’untranslated regions
(3’UTRs) of one or both AMPKx1 and AMPKGB 1 mRNAs in mammals
(Figure 1A) and miR-802 gene sequences are also highly conserved
(Figure 1B). Since the AMPK complex is obligate for its catalytic
function [17,22], inhibition of the expression of either o or B subunit by
miR-802 results in the same outcome of decreased AMPK activity. We,
therefore, hypothesized that obesity-induced miR-802 promotes
NAFLD by directly targeting AMPK.

We first examined expression of miR-802 and AMPK in liver samples of
NAFLD steatosis patients and in diet-induced obese mice. Compared to
normal individuals, hepatic miR-802 levels are elevated in the NAFLD
patients (Figure 1C) and protein levels of AMPKo1/2 and 1 were
substantially reduced, over 80%, while B2 levels were modestly
reduced in the patients (Figure 1D). In dietary obese mice, hepatic miR-
802 levels were also elevated (Figure 1E), and conversely, protein
levels of AMPKo1/2 and 1 were reduced, compared to mice fed
normal chow (Figure 1F). These results show a strong inverse corre-
lation between hepatic expression of miR-802 and AMPK in both
NAFLD patients and obese mice.

3.2. MiR-802 bhinds to the 3'UTRs of both mouse AmpkG1 and
human AMPKa1

We next determined if the predicted miR-802 binding sites in the 3'UTR
sequences of mouse AmpkB 1 and human AMPKx1 mRNAs (Figure 1A)
are functional. The 3’ UTRs of both mouse AmpkG7 and human
AMPKo:1 mRNAs containing the wild type (WT) miR-802 recognition
sequence, or a mutated sequence, were inserted into a luciferase re-
porter, and reporter assays were performed in primary mouse hepato-
cytes and human HepG2 cells, respectively.

Overexpression of miR-802 modestly, but significantly, inhibited the
activity of luciferase reporters containing the WT sequence but not the
mutated sequence in mouse hepatocytes (Figure 2A). Similarly, in hu-
man HepG2 cells, overexpression of miR-802 significantly inhibited the
activity of luciferase reporters containing the WT miR-802 sequence
from the 3’ UTR of human AMPKx71 mRNA, but not the mutated
sequence (Figure 2B). These results suggest that miR-802 binds to the
3'UTRs of both mouse AmpkG 1 and human AMPKx1 mRNAs.

3.3. Association of miR-802 and 3'UTR of Ampk@ 1 with the AGO2
complex

MiRs inhibit protein translation and/or promote mRNA degradation by
guiding the argonaute2 (AGO2)-containing RNA-induced silencing
complex (RISC) to the 3'UTR of target mRNAs [38]. To test whether
miR-802 and the 3'UTR of Ampk(1 associate with the AGO2-RISC
complex, we performed RNA-binding protein immunoprecipitation
(RIP) assays in Hepalc1c7 cells (Figure 2C). Cytosolic mature miR-802
sequences were significantly enriched in the AGO2 complex, but the
nuclear primary miR-802 (pri-miR-802) sequences were not detect-
able (Figure 2D). Further, the 3'UTR of AmpkB 7 mRNA was enriched in
the complex while the 3'UTR of control Actin mRNA was not
(Figure 2E). These results suggest that miR-802 and the 3'UTR of
AmpkB 1 mRNA are associated with the AGO2 complex (Figure 2F) and
further supports the conclusion that miR-802 binds to the 3'UTRs of
AmpkB 1 mRNA resulting in gene silencing.

3.4. Overexpression of miR-802 decreases, whereas
downregulation of miR-802 increases, AMPK expression and activity
in hepatocytes

Since hepatic miR-802 and AMPK levels are inversely correlated in
obese mice (Figure 1E,F), we next tested whether the modulation of
miR-802 levels by its overexpression or downregulation affects
expression of AMPKB1 and AMPK activity in primary mouse hepato-
cytes (PMH).

Overexpression of precursor miR-802 resulted in decreases in both
Ampk@3 1 mRNA levels and AMPK activity in a dose-dependent manner
(Figure 3A). Conversely, in hepatocytes treated with palmitate to mimic
obesity, antisense oligonucleotide-mediated downregulation of miR-
802 resulted in increases in both AmpkB7 mRNA levels and AMPK
activity (Figure 3B). Protein levels of p-AMPKa. phosphorylated at Thr-
172, an indicator of the AMPK activity [17,18,22], were increased after
miR-802 downregulation (Figure 3C). The inverse correlations between
miR-802 and AMPK expression/activity, together with biochemical
studies in hepatic cells (Figure 2), suggest that miR-802 directly tar-
gets AMPK, reducing hepatic AMPK function.

3.5. The AMPK[} subunit is important for stability of the AMPKa
subunit

The heterodimer complex of AMPK is obligate for its catalytic function
[17,22]. The overexpression of miR-802 decreased both expression of
the AMPK[B1 subunit and the activity of AMPK in mouse hepatocytes
(Figure 3A) whereas downregulation of miR-802 had the opposite effect
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luciferase vectors for 48 h. Luciferase activity in cell extracts normalized to -galactosidase activity (n = 4—8 wells in 3 (A) and 2 (B) independent experiments). (C—E) As-
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significant.

(Figure 3B). Downregulation also results in increased protein levels of p-
AMPKo. and AMPKa. (Figure 3C). To test whether the reduced AMPKB1
levels and consequently, reduced AMPK complex levels results in
increased degradation of the AMPKa subunit and subsequently, AMPK
activity, AMPKB1 was downregulated in Hepaicic7 cells by siRNA.
Downregulation of AMPKB1 substantially reduced protein levels of the
AMPKa:. subunit (Figure 3D), suggesting that stability of the o subunit is
dependent on incorporation into the complex.

To further test whether the reduced P1 levels lead to decreased
protein stability of the o subunit, we examined the effect of down-
regulation of AMPKB1 on the protein degradation of AMPKa by
inhibiting protein synthesis with cycloheximide (CHX) and measuring
AMPKa. protein levels over time. The AMPKa. subunit was relatively

stable in Hepalc1c7 cells, with little decrease of protein levels even
after 9 h of CHX treatment (Figure 3E). In contrast, downregulation of
AMPKB1 substantially decreased AMPKo. levels at the initiation of
CHX treatment, and progressively reduced levels to about 50% of the
initial level after 9 h of CHX treatment (Figure 3E). These results
suggest that reduced levels of AMPKB1 result in destabilization of
AMPKa., possibly because the AMPKe is not incorporated into a
stable complex.

3.6. Downregulation of miR-802 in dietary obese mice improves
AMPK activity

MiR-802 levels are increased in obesity [10,11,15], where hepatic
AMPK activity is low [23,26]. We, thus, examined whether the miR-802
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Figure 3: (A—D) In PMH, overexpression of miR-802 decreases and downregulation of miR-802 increases AMPK levels and activity. (A, B) Primary mouse hepatocytes
(PMHs) were transfected with (A) control RNA (ctrl) or 5 or 50 nM of pre-miR-802 or (B) control RNA (ctrl) and 5 or 50 nM anti-miR-802 for 48 h. Levels of miR-802 and Ampk@1
mRNA levels were determined by RT-qPCR and AMPK activities were measured as described in the Experimental Procedures. (C) PMHs were transfected with control RNA (ctrl) or
anti-miR-802 and 48 h later, treated with 300 M palmitic acid (PA) for 24 h. The indicated proteins detected by IB (n = 3 culture dishes). (D) Hepalc1c7 cells were transfected
with control RNA (ctrl) or siRNA for Ampk( 1 for 48 h. The indicated proteins in cell extracts detected by IB (left) and bands quantitated using Image J (right). (E) Downregulation of
AMPKf1 reduces protein stability of the AMPKo1 subunit. Mouse Hepaic1c7 cells transfected with control RNA or siRNA of Ampk@ 1 for 48 h. Cells were then treated with
10 pg/ml cycloheximide (CHX) for the indicated times, and the indicated proteins in cells lysates were detected by IB. Two representative blots are shown (left) and quantitation of
AMPKo: levels normalized to actin with the 0-time level set to 1 is shown at the right (n = 3 culture dishes/time point). (A, B, D, E) The mean and SEM are plotted, and statistical
significance was determined by the one-way ANOVA w/Tukey’s test. P values are indicated.

has a role in decreased AMPK function in obesity. In diet-induced
obese mice, hepatic levels of miR-802 were reduced by injection
with adenovirus producing antisense-miR-802 (Figure 4A). Protein
levels of AMPKB1 in liver extracts were increased after miR-802
downregulation (Figure 4B). Protein levels of both p-AMPKe phos-
phorylated at Thr-172, an indicator of the AMPK activity [17,18,22],
and AMPKo, were also increased after miR-802 downregulation.
Downregulation of miR-802 led to decreased neutral lipids and
decreased hepatic TG levels (Figure 4C). These results indicate that

inhibition of miR-802 in obese mice improves AMPK function and
hepatic steatosis.

3.7. Overexpression of miR-802 in lean mice reduces hepatic
AMPK activity

Conversely, we tested whether overexpression of miR-802 in the liver
of lean mice to the levels observed in obese mice (Figure 1E) can cause
decreased AMPK activity. Adenoviral-mediated overexpression of miR-
802 resulted in about a 2-fold increase in miR-802 levels (Figure 4D),
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Figure 4: (A—C) Downregulation of miR-802 in dietary obese mice increases AMPK expression and activity and decreases liver TG levels. (A—C) To downregulate miR-
802 expression, C57BL/6 mice were fed a HFD diet for 15 weeks, and then, injected via the tail vein with control adenovirus (Ad-crtl) or adenovirus expressing antisense miR-802
one week before sacrifice. (A) Experimental scheme and hepatic miR-802 levels (right) (n = 3—5 mice). (B) Protein levels of the indicated proteins in liver lysates determined by IB
(n = 3 mice). (C) H&E and Qil Red 0 staining of liver sections (left) and hepatic TG levels (right). (D—F) Conversely, overexpression of miR-802 in mice fed a normal chow decreases
AMPK activity and increases liver TGs. C57BL/6 mice were fed normal chow diet (ND) were injected via the tail vein with control adenovirus (ctrl) or adenovirus expressing miR-
802-5p one week before sacrifice. (D) Experimental scheme (left) and hepatic miR-802 levels (right) (n = 5 mice). (E) Protein levels of the indicated proteins in liver lysates from 3
mice determined by IB (left) and bands quantitated using Image J (right). (F) H&E and Oil Red O staining of liver sections (left) and hepatic TG levels (right) (n = 4 mice). (C, F) Scale
bar (50 um). (A,C,D,F) The mean and SEM are plotted and statistical significance was determined by the Student’s t-test (n = 5—6). P values are indicated.
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and in reduced protein levels of AMPKB1 and the active form of
AMPKa.1, phosphorylated AMPKa.1 (Figure 4E). SIRT1 is an upstream
activator of AMPK via a LKB1-AMPK axis [39] and decreases hepatic
lipid levels [40]. Overexpression of miR-802 decreased protein levels
of SIRT1, which was associated with modestly increased liver TG levels
(Figure 4E,F). These results suggest that overexpression of miR-802,
even in lean mice, reduced expression of AMPKB1 and SIRT1, which
contribute to decreased AMPK activity and increased liver TGs.

3.8. In diet-induced NASH mice, OCA-mediated beneficial effects
on hepatic AMPK activity and steatosis are reversed by miR-802
Obeticholic acid (OCA), a specific agonist for the nuclear receptor
FXR, is being actively tested for treatment of NASH patients [41], but
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the underlying mechanisms for the 0CA-mediated metabolic effects
are not fully understood. Recently, we showed that defective FXR-
SHP regulation in obesity aberrantly increases miR-802 expression,
promoting fatty liver, and conversely that activation of FXR by OCA
reduces miR-802 levels in obese mice [15]. Since miR-802 inhibits
the expression and activity of AMPK (Figures 2-4), we hypothesized
that OCA-mediated beneficial effects are mediated in part by
reducing miR-802 levels resulting subsequently in increased AMPK
activity and improved NASH pathologies. To test this idea, we
examined the effects of overexpression of miR-802 on hepatic AMPK
activity and steatosis in OCA-treated mice. Mice fed a NASH-
promoting high fat/cholesterol/fructose (HFCF) diet were injected
with Ad-miR-802 or control virus, and then, treated daily with OCA for
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Figure 5: In mice fed a NASH diet, 0CA-mediated beneficial effects on hepatic AMPK activity and steatosis are reversed by miR-802. C57BL/6 mice were fed a HFCF diet
for 7 weeks, and then, injected via the tail vein with control adenovirus or adenovirus expressing miR-802-5p, and treated daily with a low dose of OCA (3 mg/kg mice) or vehicle
for 2 weeks before sacrifice. (A) Experimental scheme. (B) Hepatic levels of miR-802 (right, n = 4 mice). (C) Levels of the indicated proteins in liver lysates determined by IB and
quantitation using Image J (right, n = 3 mice). (D) Images of representative livers (top) and the ratio of liver/body weight (bottom). (E) H&E and Qil Red O staining of liver sections.
Scale bar (50 um). (F) Liver TG and cholesterol levels. (n = 5—6 mice). (B,C,D,F) The mean and SEM are plotted. Statistical significance was determined by the one-way ANOVA. p

values are indicated. NS, not significant.
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2 weeks (Figure 5A). Since OCA has known side effects, such as
pruritus and poor serum lipid profiles [41], we treated the mice with a
much lower dose of OCA (3 mg/kg) compared to the doses utilized in
published studies (10—50 mg/kg).

OCA treatment reduced hepatic levels of miR-802 and infection with
Ad-miR-802 reversed the reduction (Figure 5B). Treatment with OCA
increased protein levels of p-AMPK phosphorylated at Thr-172, a
marker of AMPK activity [17,18,22] (Figure 5C). AMPK reduces hepatic
lipid contents by inhibiting acetyl coA carboxylase (ACC) via phos-
phorylation at Ser-79 [42]. Consistent with increased p-AMPK, protein
levels of p-ACC were increased, and those of FASN, a key lipogenic
protein, were also reduced (Figure 5C). The liver size (Figure 5D),
neutral lipid levels (Figure 5E), and liver TG levels (Figure 5F) were
reduced in OCA-treated mice. All these OCA-mediated effects were
reversed by miR-802 (Figure 5B—F).

AMPK also phosphorylates and inhibits HMG-CoA reductase (HMGCR),
a key cholesterol synthetic enzyme [30]. OCA treatment substantially
increased p-HMGCR levels (Supplemental Fig. 1) but did not reduce
hepatic cholesterol levels (Figure 5F) possibly because of compen-
sating actions through other regulatory pathways affecting liver
cholesterol levels. Collectively, these results suggest that OCA treat-
ment reduced miR-802 levels, which contributes to improved AMPK
activity and hepatic steatosis in NASH mice.

3.9. 0CA-mediated beneficial effects on NASH are reversed by
miR-802

We next determined if the reversal by miR-802 of the 0CA-mediated
beneficial effects on AMPK activity and steatosis are extended to NASH
pathologies, including hepatic inflammation and fibrosis. Since AMPK
inhibits pro-apoptotic caspase-6 in NASH mice [26,43], we also exam-
ined the role of the miR-802-AMPK axis in hepatocyte apoptosis.
Treatment with OCA (Figure 6A) substantially reduced the number of
apoptotic cells determined by TUNEL staining and reduced macro-
phage infiltration (Figure 6B). However, hepatic fibrosis, determined by
collagen staining, was modest and detected only around hepatic portal
veins, which may be due to relatively short time of feeding the NASH
diet. However, OCA treatment substantially decreased fibrosis. Most of
these beneficial OCA effects were reversed by miR-802 (Figure 6B,C).
Overexpression of miR-802 also reversed the OCA-mediated de-
creases in the plasma levels of ALP and ALT, indicators of liver damage
(Figure 6C).

In gene expression studies, mRNA levels of key genes involved in
hepatic fibrosis, inflammation, and apoptosis, such as Col7a7, Acta2,
Tnfo, Cxcl1, Gadd45, and Casp6, were reduced in OCA-treated mice,
and these OCA effects were largely reversed after overexpression of
miR-802 (Figure 6D). IB analyses revealed that protein levels of
COL1A1, a key pro-fibrotic protein, and those of phosphorylated p65
(p-p65), a subunit of the NFKB complex, were decreased after OCA
treatment (Figure 6E). Protein levels of phosphorylated JNK (p-JNK), a
marker of liver damage and apoptosis, were also reduced. Remark-
ably, miR-802 overexpression reversed the effects of OCA on protein
levels of COL1A1, p-p65, and p-JNK (Figure 6E).

Since OCA treatment increased AMPK activity (Figure 5C) and
decreased apoptosis (Figure 6B), we further tested whether OCA
represses caspase-6, a direct target of AMPK involved in hepato-
cellular apoptosis [26]. Protein levels of the active cleaved form of
caspase-6 were reduced by OCA and the reduction was reversed by
miR-802 (Figure 6F). These results indicate that OCA treatment
increases AMPK activity and reduces NASH pathologies, particularly
apoptosis, and that these beneficial OCA effects are reversed by
miR-802.
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3.10. OCA-mediated beneficial effects on NASH pathologies,
particularly reduced hepatocyte apoptosis, are reversed by
downregulation of AMPK

To further evaluate the role of a miR-802-AMPK axis in NASH, we
tested whether the OCA-mediated beneficial effects are diminished by
downregulation of AMPK (Figure 7, Supplemental Fig. 2). OCA treat-
ment reduced the number of apoptotic cells determined by TUNEL
staining and decreased hepatocyte ballooning, and hepatic inflam-
mation determined by H&E and F4/80 staining, respectively, and these
beneficial OCA effects were largely abolished by downregulation of
AMPKa1 (Figure 7C). OCA treatment reduced liver fibrosis, but this
OCA effect was not markedly altered by AMPK downregulation
(Figure 7C). OCA treatment reduced plasma ALP and ALT levels, and
these effects were blunted in AMPKo—downregulated mice
(Figure 7D).

Hepatic mRNA levels of Col1al, Acta2, Tnfx, Cxcll, Gadd45, and
Casp6 were decreased after OCA treatment, but these effects were
generally partially reversed by AMPKo1 downregulation (Figure 7E).
OCA reduced protein levels of COL1A1, TNFa, and the cleaved form of
caspase-6 and downregulation of AMPKa.1 increased protein levels of
both TNFo and the cleaved caspase-6 in OCA-treated mice (Figure 7F).
Collectively, these results indicate that OCA reduces hepatic inflam-
mation and apoptosis in NASH mice, and that most of these beneficial
effects, particularly on reducing apoptosis, are impacted by both miR-
802 and AMPK.

4. DISCUSSION

NAFLD is a leading cause of liver failure and death. Despite the striking
global increase in NAFLD, the precise mechanisms for its pathogenesis
are poorly understood. In this study, we show that obesity-induced
elevated miR-802, in part due to defective FXR-SHP regulation [15]
and activated NF-kB function [14], directly targets AMPKB1 and re-
duces AMPK activity, promoting NAFLD. In addition, miR-802 in obesity
may inhibit AMPK and promote NAFLD by directly or indirectly inhib-
iting other potential targets, such as RORa and SIRT1 (model in
Figure 8). MiR-802, thus, together with obesity-associated aberrant
factors and signaling, represses AMPK function to promote NAFLD/
NASH.

A role for obesity-induced miR-802 in impaired glucose regulation and
insulin production has been demonstrated [10,11]. We now show that
miR-802 also has an important role in NAFLD/NASH. Our studies
indicate that miR-802 directly binds to the 3'UTRs of both human
AMPKo1 and mouse Ampk( 1, leading to decreased expression and
activity of AMPK, thereby, promoting NAFLD/NASH. A recent study
showed that infection of mice with S. japonicum decreased miR-802
and increased AMPK levels, reducing hepatic lipogenesis [14].
Although NASH pathologies were not examined, this miR-802-parasite
study is largely consistent with our finding that obesity-induced miR-
802 reduces AMPK expression/activity, thereby promoting fatty liver.
The Ampko1 subunit was also inhibited by miR-291, facilitating
lipogenesis [44]. Recently, Song and colleague demonstrated that miR-
378 promotes hepatic inflammation and fibrosis in NASH via silencing
of the AMPKvy2 subunit and subsequently, activation of the NFkB-
TNFa [45]. Thus, our findings, together with published miR studies
[38,44,45], indicate that all three subunits of AMPK are inhibited by
multiple miRs in NAFLD.

Expression of miR-802 is elevated in obese and NAFLD patients and
also in the liver, kidney, islets, and serum of obese mice [10,11,14,15].
Recent studies showed that nuclear levels of FOX01 are substantially
increased, leading to upregulation of miR-802 in the islets of obese

MOLECULAR METABOLISM 66 (2022) 101603 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Original Article

A Ad-miR-802 or Ad-ctrl
—Q@ HFCF ‘$ HFCF  Examine NASH pathologies (inflammation, fibrosis,
C57BL/6 7 weeks 4 2 weeks apoptosis) by histological, gRT-PCR, and IB analyses

3 mg/kg OCA, daily

) 3 Vehicle, Ad-ctrl
B Vehicle OCA (3 mg/kg) [ OCA, Ad-ctrl
Ad:  ctrl ctrl miR-802 01 OCA, Ad-miR-802

! c
Sirius Red staining Serum ALT
= -4
§5 8 p=0.0011 = 160, O
52 O P 3 120 7
sz 4 2 80
© o -
e o 2 2 40
2 <7 o 0
3
:UE) ; TUNEL staining .
: p=8X10+ = Serum ALP
—_ — o
£ 1.6,p=5X10* S 40, P70.0034
- [ — oD
= 1.2 = 30 7Y
- w 5
g 5 08 3 20
= s 04 5 10 -4
0.0 0
D Gadd45 Caspaseb
p=0. 0002 p=0. 0063
E T e 2.0 p=0.W5
2 L
< 1.5
% 1.0
T 0.5
« 0.0
E Vehicle OCA (3 mg/kg) F Vehicle OCA (3 mg/kg)
Ad: ctrl ctrl miR-802 Ad: ctrl ctrl miR-802
ro-CASP6
25 COL1A . P
I p-p65 15+ cleav-CASP6
50
I - o)
% ek ] aapoH

75 kDa

JNK

5
kDa

Figure 6: 0CA-mediated beneficial therapeutic effects on NASH pathologies, including inflammation, fibrosis, and apoptosis, are reversed by miR-802. C57BL/6 mice
were fed and treated as described in Figure 5. (A) Experimental scheme. (B) Liver sections stained with F/480, Sirius Red, and TUNEL for detection of hepatic inflammation, fibrosis
(collagen), and apoptosis, respectively (left). Scale bar (50 pm). Image analyses were done using Image J and the area of collagen staining and TUNEL levels were quantified (right,
n = 5 mice). (C) Plasma ALT and ALP levels. (D) mRNA levels of indicated genes (n = 5—6 mice). (E, F) Levels of the indicated proteins determined by IB (left, n = 3 mice). (B—D)
The mean and SEM are plotted and statistical significance was determined by the one-way ANOVA. p values are indicated. NS, not significant.
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Figure 7: 0CA-mediated beneficial effects on NASH pathologies, particularly reducing apoptosis, are reversed by downregulation of AMPK. Mice were fed a NASH diet
for 7 weeks and injected via tail veins with adenovirus expressing shRNA of Ampka 1 or control GFP, and 2 weeks later, the mice were sacrificed. (A) Experimental scheme. (B)
Quantitation of protein levels of AMPKa. detected by IB using Image J (n = 3 mice). (C) Liver sections stained with TUNEL, H&E, F4/80, and Sirius Red for detection of hepatocyte
apoptosis, ballooning, inflammation, and fibrosis (collagen), respectively (left). Scale bar (50 pm). Image analyses were done using Image J and the area of TUNEL and collagen
levels were quantified (right, n = 4—6 mice). (D) Plasma ALT and ALP levels. (E) mRNA levels of indicated genes (n = 5—6 mice). (F) Levels of the indicated proteins determined by
IB (n = 3 mice, left) and quantitation using Image J (right). (B—F) The mean and SEM are plotted and statistical significance was determined by the one-way ANOVA. p values are
indicated. NS, not significant.
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Figure 8: A new role of a miR-802-AMPK axis in promoting NAFLD/NASH. Model: Hepatic expression of miR-802 is aberrantly increased in obesity in part due to defective
FXR-SHP repression of AHR, an activator of miR-802, and activated NF-kB function. Obesity-induced miR-802 inhibits hepatic AMPK by binding to the 3'UTR of Ampk(7 mRNA,
promoting hepatic steatosis and NASH pathologies, including hepatic inflammation and hepatocellular apoptosis in mice. Obesity-induced miR-802 also inhibits AMPK and
promotes NAFLD/NASH by directly or indirectly inhibiting other potential targets, such as RORa. and SIRT1. OCA-mediated beneficial effects on NASH pathologies, particularly
hepatocellular apoptosis, are reversed by overexpression of miR-802 or downregulation of AMPK. The miR-802-AMPK axis may, thus, represent new therapeutic targets for the

treatment of NAFLD/NASH.

mice [11]. Furthermore, a dysregulated FXR-SHP-AHR axis in obesity
increased transcription of miR-802 in the liver [15]. Activated NF-kB
also increased hepatic expression of miR-802 [14]. Indeed, the pro-
moter region of miR-802 contains multiple binding sites for NF-xB and
STATs (Supplemental Fig. 3). Thus, transcription of miR-802 is likely
elevated in obesity and NAFLD by dysregulated transcriptional factors
and inflammatory signaling.

Numerous previous studies have revealed the promising therapeutic
potential of OCA in liver disease [16,41]. OCA protected against
cholestatic liver damage by reducing hepatic inflammation and fibrosis
in mice [46]. OCA also inhibited liver cell death by suppressing
metabolic stress-induced p53 activation in NASH mice [47]. In the
present study, OCA activation of FXR improved AMPK activity and
reduced expression of hepatic genes promoting NASH pathologies, and
most of the OCA-mediated beneficial effects were reversed by miR-
802 overexpression or AMPK downregulation. FXR also regulates
numerous genes in the intestine, including the gut hormone FGF15/19,
to maintain healthy lipid levels by inhibiting bile acid/lipid synthesis,
intestinal lipid absorption and bile acid recycling [32,48,49]. Thus, OCA
activation of FXR leads to amelioration of NASH by directly acting on
hepatic FXR-SHP-miR-802 pathway but also indirectly through the gut-
liver crosstalk.

The gene-regulatory function of FXR can be modulated in physiology
and disease by post-translational modifications [31,36,50,51]. Rele-
vant to our present study, a previous study showed that AMPK
phosphorylates FXR and inhibits its transcriptional activity in a gene-
selective manner, promoting liver injury under cholestatic conditions
[31]. Consistent with this previous study, OCA treatment increased
AMPK activity and substantially increased p-FXR levels in NASH mice
(Supplemental Fig. 4), leading to differential regulation of direct FXR
targets involved in hepatic metabolism, including Shp, Bsep, Scarb1,
BKL, and Atg7, and an indirect target, Cyp7a7 (Supplemental Fig. 5).
Although OCA-induced AMPK may inhibit FXR activity via phosphory-
lation, it is likely that this inhibition only partially counteracts the direct
activation of FXR by OCA since OCA activation of FXR had overall
beneficial effects on NASH.

Recently, Zhao et al. demonstrated that an AMPK-caspase-6 axis is a
key regulator of liver damage and apoptosis in NASH mice [26].
Consistent with this study, OCA activation of FXR improved AMPK

activity, resulting in decreased active caspase-6 levels and reduced
apoptosis in NASH mice. FXR maintains healthy liver and homeostasis
by transcriptional repression of inflammation, autophagy, and
apoptosis [46,50,52]. The published FXR ChIP-seq data in dietary
obese mice [53] revealed that treatment with GW4064, an FXR agonist,
increased FXR binding peaks within the caspase-6 gene
(Supplemental Fig. 6). These genomic data, together with OCA-
mediated decreased mRNA levels of caspase-6, imply that activation
of FXR may inhibit hepatocyte apoptosis via direct repression of Cas-
pase-6, in addition to repression of miR-802 [15]. Future research will
be needed to test whether FXR protects against liver damage by
transcriptional repression of pro-apoptotic genes.

A recent study demonstrated that while reactivation of AMPK in NAFLD
improved hepatic steatosis, complete liver-specific knockout of AMPK
did not promote fatty liver development [25]. In the present study,
overexpression of miR-802 decreased protein levels of AMPKB1 and
reduced AMPK activity, which was associated with modestly increased
hepatic TGs. Although these conflicting results may be due to different
experimental conditions, miR-802 may promote fatty liver and NASH
pathologies by inhibiting additional targets, including RORa, which
contain a binding site for miR-802 (Supplemental Fig. 7). RORa was
shown to activate AMPK, attenuating fatty liver [54]. Indeed, the 3'UTR
of Roro: contains a binding site for miR-802 (Supplemental Fig. 7A) and
overexpression of miR-802 reduced protein levels of RORa:. in both lean
and dietary obese mice (Supplemental Figs. 8 and 9). MiRs often
negatively regulate multiple targets in the same disease processes [4—
9]. Obesity-induced miR-802, may, thus, inhibit AMPK activity and
promote fatty liver, not only by directly targeting AMPK[31, but also by
directly or indirectly inhibiting other potential targets, such as RORa.
and SIRT1.

In summary, we present evidence demonstrating a functional link
between elevated miR-802 levels in obesity and impaired AMPK
function, which promotes NAFLD/NASH. We further show that over-
expression of miR-802 or downregulation of AMPK reversed most of
the beneficial therapeutic effects of OCA on NASH pathologies,
particularly the reduction of hepatocellular apoptosis. As both miR-802
and AMPK are highly conserved in humans and mice, the miR-802-
AMPK axis identified in this study may represent a novel therapeutic
target for the treatment of NAFLD/NASH patients.
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