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High-fat diet (HFD) is a predisposing factor for metabolic syndrome-related systemic inflammation and
non-alcoholic fatty liver disease (NAFLD). However, there is still no effective therapeutic treatment for
NAFLD. Here, we showed that remdesivir (RDV, GS-5734), as a broad-spectrum antiviral nucleotide
prodrug with anti-inflammatory effects, was effective for attenuating HFD-induced metabolic disorder
and insulin resistance. Results revealed that the liver weight, hepatic dysfunction and lipid accumulation

ﬁ?’;"igd“ were markedly increased compared with that of the Control group, while that of the RDV group exhibited
Remdesivir significant reduction, accompanied by the improved signaling pathway regulating fatty acid metabolism.

In agreement with reduced lipid deposition, RDV supplementation suppressed the systematic and he-
patic inflammation, as evidenced by reduction of inflammatory cytokines and the blockage of nuclear
factor kB (NF-kB) signaling. In addition, stimulator of interferon genes (STING) and its down-streaming
factor interferon regulatory factor 3 (IRF3) were greatly increased in livers of HFD-fed mice, which were
considerably restrained by RDV treatment. The in vitro analysis suggested that RDV functioned as an
inhibitor of STING, contributing to the suppression of dyslipidemia and inflammation induced by
palmitate (PA). However, PA-triggered lipid deposition and inflammatory response was further accel-
erated in hepatocytes with STING over-expression. Notably, RDV-attenuated lipid disorder and inflam-
mation were significantly abrogated by the over-expression of STING in PA-stimulated hepatocytes.
Taken together, these findings indicated that RDV exhibited protective effects against NAFLD develop-
ment mainly through repressing STING signaling, and thus could be considered as a potential therapeutic
strategy.

Dyslipidemia
Inflammation
STING

© 2020 Published by Elsevier Inc.

1. Introduction

Increasing evidence demonstrates that excessive intake of fat is
related to the risk of developing nonalcoholic fatty liver disease
(NAFLD) among humans and animals [1]. NAFLD is a stress-
associated hepatic injury and metabolic disorder featured by
diffuse hepatic steatosis and triglyceride accumulation, leading to
simple fatty liver, steatohepatitis, and even cirrhosis [2]. The
occurrence and progression of NAFLD can be linked to some
essential factors, such as lipid deposition, inflammatory factors and
oxidative stress [3]. During the past decade, accumulating studies
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have validated a critical role of innate immunity in the progression
of hepatic steatosis [4]. Stimulator of interferon genes (STING), also
known as Transmembrane protein 173 (TMEM173), is a signaling
molecule, and its activation induces powerful type I interferon (IFN)
immunity [5]. In response to viral infection, aberrant double-
stranded DNA presents in cytosol and stimulates cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) synthase to
produce cGAMP. The latter activates STING and then recruits STING
to TANK-binding kinase 1 (TBK1), activating the down-streaming
signals including IFN regulatory factor 3 (IRF3) to subsequently
promote the expression of type I IFN genes [6,7]. The importance of
TBK1 activation regulated by STING signaling due to metabolic
stresses has been reported during NAFLD progression [8]. Given the
importance of STING in inflammatory response and NAFLD, we
supposed that it might be a potential therapeutic target for
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developing effective treatments against NAFLD.

Remdesivir (RDV, GS-5734) is a broad-spectrum antiviral
nucleotide prodrug with promising in vitro antiviral activity [9].
RDV improves disease outcomes and attenuates viral loads in se-
vere acute respiratory syndrome CoV (SARS-CoV)-infected mice
with critical inflammatory response. RDV also exhibits protective
effects against acute lung injury (ALI) in rodent animals by reducing
neutrophils infiltration, which was associated with the meditation
of IFNs [10—12]. Therefore, we hypothesized that RDV might be
effective for inflammatory disease, including NAFLD.

In the study, we explored the effects of RDV on NAFLD triggered
by HFD in mice. Orlistat (ORL) is used as a weight-loss agent
because it induces fat malabsorption, and a randomized controlled
trial reported that ORL improved hepatic steatosis in obese NAFLD
patients. Therefore, ORL was used as a positive control in our study.
We found that RDV supplementation could effectively ameliorate
HFD-induced metabolic disorder and insulin resistance in mice.
Hepatic lipid deposition and inflammatory response in HFD-fed
mice were also markedly alleviated by RDV. Both in vivo and
in vitro analysis showed that RDV-alleviated NAFLD was tightly
associated with the suppression of STING signaling, which
contributed to novel strategies for the NAFLD management.

2. Materials and methods
2.1. Animals and experiment design

All animal experiments were approved by the Animal Care and
Use Committee of Hanzhong Central Hospital Shaanxi Province
(Shaanxi, China), and were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals, issued by the National
Institutes of Health (NIH) in 1996. The male, 6—7 weeks old, C57BL/
6 mice (weighing 18—20 g) were purchased from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). Prior
to the in vivo experiments, the mice were allowed to adapt the
environment for 1 week in a specific pathogen-free (SPF), tem-
perature- and humidity-controlled environment (25 + 2 °C, 50 + 5%
humidity) with a standard 12-h light/12-h dark cycle, food and
water in their cages. Remdesivir (purity >99.0%) was purchased
from Absin Biotechnology (Shanghai, China). Orlistat (ORL, purity
>99.0%, Chongqing Zein Pharmaceutical CO., Ltd., Chongqing,
China) was used as a positive control. All mice were randomly
divided into 5 groups: control (Con); control + RDV (20 mg/kg/d);
HFD; HFD + RDV (20 mg/kg/d) and HFD + ORL (20 mg/kg/d). RDV
and ORL were administered by gavage every day for 16 weeks. All
the dosages were determined according to previous studies [10,13],
and the control mice were treated with an equal volume of saline.
The body weight of mice and total energy intake were measured,
and the later one was regarded to the energy of different feeds after
the animal experiment. At the end of the experiment, all animals
were euthanized. Blood was harvested for biochemical investiga-
tion. Fat tissue (epididymal, subcutaneous, visceral, interscapular)
was weighed. The liver tissue samples were harvested for further
analysis.

2.2. Biochemical analysis

Insulin levels in serum were measured using an enzyme-linked
immunosorbent assay (ELISA) kit (Sigma Aldrich, USA) specific for
mouse insulin. Homeostatic model assessment of insulin resistance
(HOMA-IR) was measured according to the fasting levels of glucose
and insulin in serum, respectively [14]. Leptin contents in serum
were evaluated using commercial kit purchased from Solarbio
(Beijing, China) following the manufacturer’s introductions. Mouse
endotoxin ELISA Kit (BOYAO Biotechnology, Shanghai, China) was

used to calculate the serum endotoxin levels in mice following the
manufacturer’s protocols. Triglycerides (TG), total cholesterol (TC),
non-esterified fatty acid (NEFA), low-density lipoprotein choles-
terol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in
serum or liver tissue samples were measured using corresponding
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s protocols. Inter-
leukin 18 (IL-1B), IL-6, IL-18, CXC chemokine ligand (CXCL)-10
(CXCL-10) and tumor necrosis factor-o. (TNF-a) in serum were
assessed using commercial kits (R&D System, Shanghai, China)
following the manufacturer’s instructions.

2.3. Insulin resistance analysis

Oral glucose tolerance tests (OGTT) and insulin tolerance tests
(ITT) were conducted to calculate the insulin resistance. After
fasting for 8 h, mice were orally treated with glucose (2 g/kg body
weight). After glucose treatment, the blood samples were imme-
diately collected from the tail vein at the indicated time (0, 15, 30,
60 and 120 min). Next, the blood glucose contents were determined
using o-toluidine reagent (Sigma Aldrich). As for ITT, the mice were
fasted for 8 h before administering an intraperitoneal injection of
insulin (1 U/kg body weight, Sigma Aldrich). Then, the blood
glucose levels were measured at the indicated time following in-
sulin injection.

2.4. Western blot

Total protein from the liver tissues or cells was prepared in RIPA
buffer (Beyotime, Nanjing, China) containing complete protease
inhibitors (Roche). After boiling for 10 min in SDS loading buffer,
20—40 pg of protein for each sample were electrophoresed through
SDS-PAGE gels standardly according to previous study [13]. Primary
antibodies used in the study were listed in Supplementary Table 1.

2.5. Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from liver tissues or cells with TRIzol
reagent (Invitrogen,USA). Then, RT-qPCR analysis was performed as
previously described [13] on an ABI PRISM 7900HT detection sys-
tem (Applied Biosystems, USA). The mRNA expression levels of the
target genes were normalized to GAPDH. Primer sequence details
were listed in Supplementary Table 2.

2.6. Cell culture and treatment

Kupffer cells of the mouse liver and the primary hepatocytes
were isolated by the improved perfusion digestion method as
previously indicated [15,16]. All cells were cultured in standarded
medium (Hyclone, USA) with 10% fetal bovine serum (FBS, Hyclone)
and 100 U/ml penicillin/streptomycin at 37 °C in a humidified at-
mosphere containing 5% CO,. Lipopolysaccharide (LPS) and
palmitate (PA) were purchased from Sigma-Aldrich to induce
inflammation and dyslipidemia in cells. For RNA silencing, the se-
quences of siRNAs targeting mouse STING and the negative control
(NC) siRNA were designed and synthesized by GenePharma
(Shanghai, China). The pcDNA3.1-STING to over-express STING in
cells was bought from Cyagen Company (Cyagen Biosciences Inc.,
Guangzhou, China). All in vitro transfection was performed using
the Lipofectamine 3000 Reagent (Invitrogen) according to the
manufacturer’s protocols.
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2.7. Cell viability

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) Cell Proliferation and Cytotoxicity Assay Kit
(Beyotime) was used to calculate the cell viability following the
instructions by the manufacturer.

2.8. 0il red O staining in cells

Cells were processed using oil red O (Sigma-Aldrich) staining to
calculate the lipid content according to the manufacturer’s
protocols.

2.9. Histological analysis

Liver and epididymal white fat tissue were cut, fixed in 10%
formalin, and embedded in paraffin. The formalin-fixed and
paraffin-embedded tissue were cut into 4 pum thick sections and
stained with hematoxylin and eosin (H&E) and/or Oil red O staining
for histological assessments. The average adipocyte size in adipose
tissue sections was determined using Image] software. The scoring
criteria for steatosis, inflammation and ballooning were performed
and analyzed according to a previous study [17]. Immunohisto-
chemistry (IHC) was performed on the liver sections with primary
antibody of F4/80 (Abcam, USA) at 4 °C overnight, followed by a
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matching secondary antibody for 1 h at 37 °C. Slides were then
incubated in 3,3’-diaminobenezidine (DAB) and hydrogen peroxide
substrate. Random areas were calculated with an optical
microscope.

2.10. Statistical analysis

All data were expressed as mean + standard error of the mean
(SEM). For comparison between 2 groups, Student’s two-tailed t-
test was performed. For multiple groups, parametric statistical
analysis was used with one-way analysis of variance (ANOVA) with
Bonferroni post hoc analysis. P < 0.05 was defined as statistically
significant. GraphPad PRISM (version 6.0; GraphPad Software, USA)
was used for data analysis.

3. Results
3.1. Remdesivir attenuates metabolic syndrome in HFD-fed mice

HFD-fed mice were administrated with RDV to determine its
potential protective effects on the suppression of systemic meta-
bolic syndrome. As shown in Fig. 1A and B, body weight and fat
mass of HFD-fed mice were significantly reduced by RDV treat-
ment. However, HFD-increased total energy intake was not effec-
tively attenuated in mice administered with RDV (Fig. 1C). RDV
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supplementation reduced the serum leptin of HFD-challenged mice
(Fig. 1D). The size of adipocytes enlarged by HFD was markedly
reduced by RDV administration (Fig. 1E and F). Moreover, fasting
blood glucose level and insulin level were highly increased by HFD,
while being attenuated by RDV, along with significantly reduced
HOMA-IR (Fig. 1G—I). OGTT and ITT showed the insulin resistance in
HFD-fed mice, and RDV effectively ameliorated insulin resistance
and helped to keep blood glucose stability compared to the HFD
group (Fig. 1]). Finally, we found higher serum endotoxin in HFD-
fed mice than that of the Con group, whereas being decreased in
mice co-treated with HFD (Fig. 1K). These findings demonstrated
that RDV exhibited protective effects against HFD-induced meta-
bolic syndrome.

3.2. Remdesivir alleviates hepatic function and lipid accumulation
in HFD-induced mice

Furthermore, liver weight and the ratio of liver weight to body
weight were significantly decreased and almost reached a normal
level after RDV treatment in HFD-challenged mice (Fig. 2A and B).

Y.-N. Li, Y. Su / Biochemical and Biophysical Research Communications 526 (2020) 381—388

HFD-enhanced serum ALT and AST levels were markedly reduced
by RDV supplementation, demonstrating the activity of RDV to
alleviate liver dysfunction (Fig. 2C). In addition, TG, TC and LDL-C
contents in serum of mice were markedly up-regulated by HFD
compared with the Con group, and these effects were significantly
reversed by RDV supplement. Opposite result was detected in the
change of serum HDL-C (Fig. 2D and E). Consistently, RDV treatment
markedly reduced liver TG, TC and NEFA contents in HFD-
challenged mice (Fig. 2F). Histological calculation demonstrated
that HFD obviously caused lipid accumulation in hepatic sections,
while being evidently attenuated due to RDV supplementation,
accompanied by the markedly reduced inflammation score,
ballooning score and steatosis score (Fig. 2G and H). To better un-
derstand the molecular mechanism of RDV on lipid deposition,
fatty acid metabolism-associated signals were evaluated. RT-qPCR
and/or western blot results showed that HFD-induced dyslipide-
mia in liver of mice was markedly reversed by RDV treatment, as
evidenced by the significantly reduced genes associated with fatty
acid synthesis (HMGCR, SREBF1, FASN, SCD1 and PPARY) and fatty
acid uptake (CD36, SLC27A1 and FABP1), and the improved
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expression of molecules related to fatty acid B-oxidation (PPARa,
CPT1a and ACOX1) (Fig. 21 and ]). These results demonstrated that
RDV suppressed HFD-induced dyslipidemia in NAFLD mice.

3.3. Remdesivir inhibits inflammatory response in liver of HFD-fed
mice

A number of pro-inflammatory cytokines contributed to the
occurrence of NAFLD [18]. Consistently, HFD-challenged mice had
higher inflammatory factors in serum and liver, as showed by the
markedly increased IL-18, IL-6, IL-1B8, TNF-a. and CXCL-10 levels.
Notably, these inflammatory effects triggered by HFD were abro-
gated due to RDV supplementation (Fig. 3A and B). F4/80, as a
critical macrophage marker regulating inflammation, was found to
be clearly up-regulated by HFD, whereas being obviously reduced
by RDV (Fig. 3C). We then found that the mRNA and protein ex-
pressions of STING were higher in liver of HFD-fed mice than in
control mice, which were significantly decreased in mice co-treated

c

with RDV. Furthermore, the levels of phospho-TBK1, phospho-IRF3
and IFN- were higher in HFD mice than that of the control group,
indicating that the STING/IRF3 signaling was activated, along with
markedly up-regulated expression of phospho-NF-«kB. Neverthe-
less, these effects were greatly reversed by RDV supplementation
(Fig. 3D and E). These results illustrated that RDV suppressed
inflammation during NAFLD development by blocking STING/IRF3
signaling.

To confirm the effects of RDV on inflammation, the in vitro ex-
periments were performed using the isolated Kupffer and hepa-
tocytes treated with PA or LPS. At first, MTT results demonstrated
that RDV was non-cytotoxic to cells (Supplementary Fig. 1). RT-
qPCR analysis showed that PA and LPS exposure significantly
stimulated the mRNA expression levels of IL-18, IL-6, IL-1, TNF-a
and CXCL-10 both in Kupffer and hepatocytes. Of note, these results
were overtly inhibited by RDV (Fig. 3F and G). Western blot analysis
showed that STING expression levels in Kupffer and hepatocytes
were highly induced by PA and LPS, which were also clearly down-
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regulated by RDV (Fig. 3H and I). These in vitro findings confirmed
the anti-inflammatory effects of RDV.

3.4. Remdesivir-regulated lipid accumulation and inflammation is
dependent on STING in PA-incubated hepatocytes

To confirm the effect of STING on the activation of lipid meta-
bolism and inflammation, we transfected hepatocytes with STING
siRNA or plasmid to reduce or over-express STING, and then
exposed hepatocytes to PA for 24 h. We first knocked down STING
in hepatocytes using its specific siRNA sequence (Fig. 4A). Oil Red O
staining validated the role of RDV in reducing lipid deposition in
hepatocytes induced by PA, which was similar with the results
caused by siSTING. These findings were accompanied by the
decreased expression of SREBF1, FASN, SCD1 and CD36, and the
increased PPARa, CPT1a and ACOX1 (Fig. 4B and C). Moreover, both
RDV and siSTING reduced the mRNA levels of pro-inflammatory
cytokines and chemokine in PA-stimulated hepatocytes (Fig. 4D).
Consistently, the protein expression levels of phospho-TBK1,
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phospho-IRF3, IFN-f and phospho-NF-kB promoted by PA were
markedly abolished by RDV and STING knockdown (Fig. 4E). Then,
we over-expressed STING in the isolated hepatocytes (Fig. 4F).
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tightly associated with STING expression change.

4. Discussion

In the present study, we for the first time demonstrated that
NAFLD induced by HFD could be effectively attenuated by the
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treatment of RDV through improving metabolic disorder, insulin
resistance, hepatic dyslipidemia and inflammatory response. We
confirmed that STING signaling was involved in NAFLD progression
via mediating inflammation and lipid metabolism. On the basis of
these findings, we proposed that RDV is a potential anti-NAFLD
therapeutic candidate.

RDV (GS-5734), a well-known broad-spectrum antiviral drug,
inhibits murine hepatitis virus (MHV) and alleviates SARS-CoV
mouse model [12,19]. RDV was reported to improve pulmonary
function or severe lung pathology by reducing immune cell infil-
tration and inflammatory response [10—12]. STING is an endo-
plasmic reticulum (ER)-membrane protein, and is essential in
regulating innate immune signaling [6]. STING links up-streaming
DNA sensors to down-streaming IRF3 and NF-kB pathway activa-
tion to subsequently induce the expression of type I interferon such
as IFN-o and IFN-f, which leads to a potent anti-viral condition
[20,21]. STING is expressed in various tissues or organs, and the
STING activation could result in cell metabolic disorders in an auto-
immune or auto-inflammatory disease animal model [22,23].
STING is also a trans-membrane protein, known as a key signal in
the cytoplasmic DNA-TBK1-IRF3 pathway [24]. Furthermore, STING
could activate the NF-kB signaling through promoting TBK1 [25].
Then, the activated IRF3 and NF-«B could enter the nucleus and
induce the expression of IFNs and pro-inflammatory factors
including IL-18, IL-6, IL-1B and TNF-a [26]. The synergy between
IRF3 and NF-kB in inflammation has been demonstrated before
[27]. 1t has been widely demonstrated that chronic hepatic
inflammation aggravates insulin resistance and hyperglycemia,
further contributing to the progression of NAFLD [28]. Thus,
inflammation suppression could be involved in the treatment of
fatty liver. Recently, STING expression was reported to be up-
regulated during NAFLD progression, which enhanced
macrophage-regulated hepatic inflammation [29]. Here in our
study, we confirmed that inflammatory response was involved in
NAFLD development, as evidenced by the remarkably increased
expression of IL-18, IL-6, IL-1B, TNF-o. and CXCL-10, which was,
however, evidently reversed by RDV treatment. Therefore, RDV had
anti-inflammatory effects, which were validated in PA- and LPS-
incubated Kupffer and hepatocytes. In addition, RDV-ameliorated
inflammation was accompanied with the suppression of STING, as
well as its down-streaming signals, including the phospho-TBK1,
phospho-IRF3 and IFNB. STING signal then activated NF-kB, pro-
moting increases of inflammatory factors in NAFLD. Importantly,
the in vitro results demonstrated that STING over-expression could
further aggravate PA-induced inflammatory response in hepato-
cytes. At the same time, RDV-hindered inflammation and activation
of TBK1/IRF3/NF-kB signaling was dramatically abrogated by STING
over-expression in PA-exposed cells. All these findings demon-
strated that RDV-restrained inflammation was largely dependent
on STING expression.

Accumulating evidence has demonstrated that chronic liver
inflammation aggravates lipid peroxidation-associated lipotoxicity,
further accelerating the progression of NAFLD [30,31]. STING knock
down by specific siRNA showed the similar effects of RDV to blunt
inflammatory response, which was involved in the attenuation of
lipid deposition. Meanwhile, STING over-expression diminished the
protective effects of RDV on the lipid metabolism in PA-treated
hepatocytes. Thus, inflammatory response regulated by STING
was involved in RDV-ameliorated lipid metabolic disorders during
fatty liver progression.

In summary, our results showed that RDV had the efficacy on
restraining NAFLD progression by improving lipid metabolism
abnormity and inflammation. Further mechanism study demon-
strated that these effects regulated by RDV were closely associated
with the blockage of STING signaling. The study supplied a novel

finding that RDV inhibited dyslipidemia and inflammation to
improve the progression of NAFLD, and RDV has potential impor-
tance in the field of NAFLD treatment.
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