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ABSTRACT

Adropin, a secretory signal peptide, has shown beneficial effects on improving glucose homeostasis and dysli-
pidemia. However, whether this peptide affects nonalcoholic steatohepatitis (NASH) has remained unclear. In
this study, the serum adropin levels, liver injury and oxidative stress were measured in diet-induced NASH mice.
Adropin knock-out mice and palmitate treated primary hepatic cells were used to investigate the influence of
adropin on liver injury. Our results show that serum adropin levels were decreased and negatively correlated
with liver injury in NASH mice. Knockout of adropin significantly exacerbated hepatic steatosis, inflammatory
responses and fibrosis in mice after either methionine-choline deficient diet (MCD) or western diet (WD) feeding.
And the treatment with adropin bioactive peptides ameliorated NASH progression in mice. Adropin alleviated
hepatocyte injury by upregulating the expression of Gcle, Gclm, and Gpx1 in a manner dependent on Nrf2
transcriptional activity and by increasing the glutathione (GSH) levels. And adropin significantly increased CBP
expression and promoted its binding with Nrf2, which enhanced Nrf2 transcriptional activity. Furthermore,
AAV8-mediated overexpression of hepatic Nrf2 expression functionally restored the liver injury induced by
adropin-deficiency MCD-fed mice. These findings provide evidence that adropin activates Nrf2 signaling and
plays a protective role in liver injury of NASH and therefore might represent a novel target for the prevention
and treatment of NASH.

1. Introduction

resistance, obesity and related disorders, such as type 2 diabetes and
metabolic syndrome. The disease spectrum of NAFLD involves a spec-

Currently, nonalcoholic fatty liver disease (NAFLD) has become one trum of conditions ranging from simple steatosis (SS), steatohepatitis,
of the most common causes of chronic liver diseases linked to insulin cirrhosis and hepatocellular carcinoma (HCC) [1]. Nowadays, the pure
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hepatic steatosis has been regarded as a benign clinical course, but
nonalcoholic steatohepatitis (NASH), the more aggressive form of the
disease, is responsible for a higher risk of cirrhosis, HCC and the in-
creased liver-related mortality in NAFLD patients [2,3].

The mechanism of SS to NASH progression is largely unknown.
Currently, an increasing number of studies have shown that reactive
oxygen species (ROS) plays a vital role in this process [4]. In the SS
state, the hepatocytes are overwhelmed by triglycerides (TGs), which
are now considered a benign compensatory host response. However,
when the hepatic capacity to oxidize, store and export free fatty acids
(FFAs) as TGs are overwhelmed by their flux from the periphery or
hepatic de novo lipogenesis, the excess FFAs in liver may cause lipo-
toxicity. Chronic FFAs overload induces liver injury and hepatocyte cell
death, which triggers hepatic inflammation and fibrogenesis and drives
the progression of SS to NASH [5]. When hepatocytes are overwhelmed
by FFAs, dysfunctional mitochondria produce a large amount of ROS,
which can directly cause cell apoptosis and death [6]. In addition, some
antioxidants have been shown to ameliorate the lipotoxicity in NASH
[7]. Therefore, how to decrease ROS production to alleviate liver injury
is an important target for the treatment of NASH.

Adropin which is encoded by the energy homeostasis-associated
gene (Enho), has been proposed to be a secreted protein [8]. Studies
have shown that dietary nutrients or energy intake can affect the gene
expression and circulating levels of adropin [9-11]. In metabolic
homeostasis, adropin can improve glucose homeostasis and dyslipi-
demia in obesity mice [12]. Furthermore, adropin has been found to
downregulate PDK4 expression and increase the glucose utilization
[13]. Since the metabolic disorders and NAFLD are closely related and
ROS plays an important role in the progression of SS to NASH, we
hypothesized that adropin may exert protective effects on ROS in
NASH. Therefore, the purpose of this study was to investigate whether
adropin can activate antioxidant reaction to facilitate the ROS clearance
and prevent the NASH progression.

2. Materials and methods
2.1. Reagents and antibodies

Adropin(34-76) for animal injections was purchased from
ChinaPeptides. Adropin(34-76) used for cell treatment was obtained
from Phoenix Pharmaceuticals. Antibodies against CD45 (ab10558),
F4/80 (ab6640), MCP1 (ab7202) and Nrf2 (ab62352) were purchased
from Abcam. Antibodies against acetyl-lysine (9681), cleaved Caspase-
3 (9661) and Bax (2772) were obtained from Cell Signaling
Technology. Antibodies against CBP (sc-369), Complex IV (sc-23983),
cytochrome c (sc-13561) and GAPDH (sc-293335) were purchased from
Santa Cruz Biotechnology. Lipofectamine transfection reagent was ob-
tained from Invitrogen.

2.2. Animal models

All mice were maintained in a specific pathogen-free facility with
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constant temperature and humidity under a 12 h dark/light cycle, with
free access to food and water. All animal procedures were conducted in
accordance with the guidelines of the Animal Care and Protection
Committee of Sun Yat-sen University. Eight-week-old male C57BL/6J
mice were purchased from the Experimental Animal Center of
Guangdong Province (Guangzhou, China). Adropin knock-out mice
(C57BL/6J background) were constructed using the CRISPR/Cas9
technique by the Shanghai Biomodel Organism Science & Technology
Development Co., Ltd.

2.3. Primary cell culture

Primary hepatocytes were isolated from the liver of C57BL/6J mice
by the two step collagenase perfusion method. And primary murine
hepatocytes were cultured in DMEM supplemented with 10% heat-in-
activated fetal bovine serum, 100 ug/ml streptomycin and 100 units/ml
penicillin. Cells at 70-80% confluence were starved overnight in serum
free medium before exposure to various treatments.

2.4. Statistical analysis

The data was shown as the means + SD. Unpaired Student's t-test
was used to test the difference between two groups. And one-way
analysis of variance (ANOVA) followed by Bonferroni's post hoc test
was applied for comparisons between multiple experimental groups.
SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for all analyses.
Differences were considered significant at P < 0.05.

An expanded methods section is available in the Online Data
Supplement.

3. Results

3.1. Adropin expression decreased in NASH mice and was negatively
correlated with oxidative damage and liver injury

There were significant characteristic features of NASH in mice fed
either methionine-choline deficient diet (MCD) for 8 weeks or western
diet (WD) for 16 weeks compared with those of control mice. The body
weight change, liver weight, adipose tissue weight and food intake in-
formation during the experiment period were shown in Table 1. The
liver sections of NASH mice exhibited a combination of macrosteatosis
and microsteatosis, inflammation, ballooning and severe fibrosis
(Fig. 1A-F). Furthermore, serum ALT, AST levels and liver free fatty
acids were elevated by NASH diet feeding (Fig. S1A-C). We also in-
vestigated the oxidative and antioxidative balance in NASH mice. Re-
markably, the DHE staining showed higher hepatic ROS levels in NASH
mice (Fig. 1A, G). And TUNEL-positive hepatic cells were increased in
mice fed with MCD or WD (Fig. 1A, H). Notably, the liver mal-
ondialdehyde (MDA) levels were significantly higher while GSH levels
were lower in NASH model (Fig. 11, Fig. S1D). Immunoblotting of liver
lysates revealed that caspase-3 cleavage was induced by MCD or WD
feeding (Fig. 1J-K). Furthermore, serum adropin levels were

Table 1
General parameters evaluated in C57BL/6 J male mice fed with MCD diet or WD diet for 8 or 16 weeks.
Control MCD Control WD

Initial body weight (g) 21.70 + 2.05 22.11 + 2.28 22.04 + 2.07 21.58 + 2.45
Final body weight (g) 26.36 = 1.76 15.06 = 1.23 26.24 + 1.84 36.51 + 2.97°
Liver weight (g) 0.93 + 0.22 0.50 = 0.14 1.03 = 0.17 1.38 + 0.20
Subcutaneous fat weight (g) 0.65 = 0.13 0.13 = 0.05 0.65 = 0.15 3.14 = 0.47
Epididymal fat weight (g) 0.54 = 0.12 0.18 = 0.06 0.57 = 0.12 297 = 0.37
Food intake (g/day/mouse) 2.80 = 0.38 2.44 = 0.13 2.88 = 0.14 2.96 = 0.15

All values are mean = SD, n = 8. Statistical analysis of the data for multiple comparisons was performed by ANOVA.

* P < 0.05 versus the control group.
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Fig. 1. Dynamics of serum adropin levels changed in mice fed with NASH diet. Eight-week-old male C57BL/6J mice were fed with MCD diet or WD diet for 8 or 16
weeks. (A) Respresentative liver H&E, sirus red, DHE and TUNEL staining (magnification, x 200), scale bar: 200 pm. (B-E) Hepatic histological analysis of H&E
staining. (F) Quantitative analysis of Sirius Red staining. (G) Quantitative analysis of DHE staining. (H) Quantitative analysis of TUNEL staining. (I) The liver MDA
contents. (J-K) Cleaved caspase-3 expression of total liver lysates from NASH diet-fed mice. (L) Serum Adropin levels. (M) Correlation of serum ALT with serum
adropin levels. (N) Correlation of liver MDA contents with serum adropin levels. (G, K) Control diet group was set as 1. The data are expressed as the mean + SD,

n =8, *P < 0.05 versus the control diet group.

significantly decreased in NASH model (Fig. 1L) and negatively asso-
ciated with the serum ALT levels and liver MDA levels (Fig. 1M-N). And
we measured mRNA levels of adropin in different tissues of NASH mice.
As shown in Fig. S1E, the serum adropin levels decreased in accordance
with the downregulated liver and adipose Enho expression. These re-
sults indicate that adropin may be involved in the oxidative damage
and lipotoxicity in the development of NASH.

3.2. Adropin deficiency accelerated NASH progression and aggravated
oxidative stress

Mice lacking adropin (Adropin-KO) were used to assess the role of
adropin in the pathogenesis of NASH. There was no significantly dif-
ference between Adropin-KO mice and WT mice in body weight change,
liver weight, adipose tissue weight and daily food intake (Table 2).
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Table 2
General parameters evaluated in WT or adropin-KO mice fed with MCD diet or WD diet for 4 or 16 weeks.
MCD WD
WT Adropin-KO WT Adropin-KO
Initial body weight (g) 24.25 + 1.47 24.09 + 1.36 23.98 + 1.05 23.73 = 1.37
Final body weight (g) 16.46 = 1.42 16.73 = 1.52 35.54 = 2.50 36.01 + 4.17
Liver weight (g) 0.67 = 0.10 0.65 = 0.14 1.43 = 0.12 1.47 = 0.10
Subcutaneous fat weight (g) 0.21 = 0.06 0.22 = 0.07 3.37 = 0.41 3.34 = 0.30
Epididymal fat weight (g) 0.23 = 0.06 0.26 = 0.10 3.24 = 0.25 3.02 = 0.42
Food intake (g/day/mouse) 2.51 + 0.16 2.48 + 0.23 3.14 + 0.18 3.10 = 0.26

All values are mean = SD, n = 6. Statistical analysis of the data for multiple comparisons was performed by ANOVA.

After MCD feeding for 4 weeks or WD feeding for 16 weeks, compared
to wild type (WT) mice, Adropin-KO mice exhibited the more severe
hepatic macrosteatosis, inflammation and ballooning, with a sig-
nificantly higher NAS score (Fig. 2A-E). And the fibrosis areas were
increased in the Adropin-KO mice (Fig. 2F). Notably, Adropin-KO mice
had pronounced perisinusoidal fibrosis (Fig. 2A), a pattern character-
istic of fibrosis with a metabolic etiology such as NASH. Oil Red O
staining and hepatic triglyceride (TG) measurement also demonstrated
the more lipid accumulation in Adropin-KO mice (Fig. 2A, G). In MCD-
fed mice, adropin-deficiency had no significantly effects on the fasting
glucose and insulin levels. However, in WD-fed mice, adropin-defi-
ciency exacerbated the insulin resistance (Fig. S2A-B). Furthermore,
serum ALT and AST levels were notably higher in the Adropin-KO mice
than WT mice (Fig. 2H). Staining of F4/80, CD45 and MCP1 were
performed to evaluate the extent of inflammatory responses in the liver.
Compared to WT mice, more inflammatory responses proceeded in the
liver tissues of the Adropin-KO mice (Fig. S3A-D). There was also a
substantial induction of genes related to fibrosis (Collal, Acta2) and
inflammation (Il1b, 116 and Tnf) in the Adropin-KO livers (Fig. 2D-E).

As for oxidative stress, ROS levels were significantly increased in the
liver of Adropin-KO mice as compared to WT mice (Fig. 3A-B). And
TUNEL-positive cells increased in Adropin-KO mice (Fig. 3A, Q).
Moreover, MDA levels, a product of lipid peroxidation, were notably
higher in the livers of Adropin-KO mice (Fig. 3D). The GSH levels in
liver were lower in Adropin-KO mice than WT mice (Fig. 3E). In ad-
dition, increased expression of cleaved caspase-3 was observed in
Adropin-KO mice (Fig. 3F-G). Collectively, these data suggests that
adropin plays an important role in the process of NASH in mice and its
deficiency exacerbates key pathogenic events of NASH.

3.3. Treatment with adropin alleviated hepatocyte injury in NASH mice and
hepatocytes

To investigate the therapeutic effects of adropin on NASH, mice
were fed MCD for 4 weeks and then were randomly divided into 3
groups, which were administered daily intraperitoneal (i.p.) injections
of vehicle, low-dose adropin peptide (34—76) (50 nmol/kg/i.p.) or
high-dose adropin (500 nmol/kg/i.p.) for one week. Injections of
adropin had no influence on the body weight, liver weight, adipose
tissue weight and daily food intake in MCD-fed mice (Table 3). And
high-dose adropin treatment attenuated the liver steatosis, inflamma-
tion and ballooning in MCD-fed mice (Fig. 4A-E). The H&E and Oil Red
O staining showed high-dose adropin treatment shifted the liver stea-
tosis from macrosteatosis to microsteatosis (Fig. 4A). Furthermore,
compared with those in MCD control mice, liver fibrosis areas (Fig. 4F),
hepatic TG (Fig. 4G), hepatic ROS (Fig. 4H) and serum ALT, AST levels
(Fig. 41) were attenuated in high-dose adropin treated mice. Moreover,
the mRNA expression of genes related to fibrosis (Collal, Acta2) and
inflammation (Il1b, Il6 and Tnf) was downregulated by high-dose
adropin treatment (Fig. 4J). While the liver MDA levels were lower in
the group with high-dose adropin treatment than in the vehicle group,

the GSH levels were significantly higher (Fig. 4K-L). Furthermore, the
injections of adropin decreased the hepatic levels of cleaved caspase-3
(Fig. 4M-N). These results suggest that the injections of the bioactive
peptide adropin (34 —76) can ameliorate NASH and oxidative stress in
mice.

In accordance with the findings in mice, palmitate (PA)-treated cells
showed a substantial increase in the ROS levels, which were reduced by
adropin treatment in a dose- and time-dependent manner (Fig. S4A-B).
And adropin can significantly lower the Oy~ and H,0; levels induced by
PA treatment (Fig. S4C-D). Furthermore, adropin treatment elevated
the mitochondrial membrane potential (MMP) in a dose- and time-de-
pendent manner (Fig. S4E-F). Cleaved caspase-3, which was elevated
by PA treatment, was maintained at a normal level by adropin (Fig.
S4G-H). In addition, analysis of cytosol and mitochondrial fractions
showed that adropin can abrogate the cytochrome c release and Bax
mitochondrial translocation that were caused by palmitate treatment
(Fig. S4I-N). Overall, these results demonstrate treatment with adropin
can alleviate hepatocyte injury of NASH in vivo and in vitro.

3.4. Adropin elicited antioxidant reaction through the Nrf2 pathway

In adropin-KO mice, there was no difference of Nox4, superoxide
dismutase (Sod1, Sod2), catalase (Cat) and peroxiredoxin (Prdx1) ex-
pression as compared to the control, but the mRNA expression of glu-
tathione peroxidase-1 (Gpx1) and glutamate-cysteine ligase subunits
(Gclc, Gelm) was much lower (Fig. 5A). In hepatocytes, adropin treat-
ment also elevated the GSH levels and the expression of Gclc, Gelm and
Gpx1 in a dose-dependent manner (Fig. SSA-B). Ethacrynic acid (EA)
incubation can significantly decrease the GSH levels (Fig. 5B). And
adropin administration failed to decrease ROS levels by EA incubation
(Fig. 5C). Therefore, it could be inferred that adropin can increase the
expression of y-glutamylcysteine synthase (y-GCS), which is the first
rate-limiting enzyme in GSH synthesis to increase the amount of GSH.
Furthermore, adropin can elevate GPX1, which can convert H,O, to
H-0 to reduce the ROS levels in liver. These results suggest that adropin
enhances the antioxidant reaction to protect against NASH progression.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important
endogenous transcription factor for cells to defend against oxidative
stress. Under physiological conditions, Nrf2 binds to Keapl in the cy-
toplasm. Under stress conditions, Nrf2 disaggregates from Nrf2/Keapl
complex and then translocates into the nucleus where it binds to the
antioxidant response element (ARE) to initiate the transcription of an-
tioxidant related genes. The qPCR and western blot results showed that
PA can relatively elevate Nrf2 expression and induce its nuclear
translocation, while adropin caused the greater elevation of Nrf2 ex-
pression, which was further confirmed by immunofluorescence mea-
surement (Fig. 5D-G, Fig. S6A). Furthermore, adropin can significantly
enhance Nrf2 transcriptional activity (Fig. SH). To verify that Nrf2
activation participated in adropin cytoprotection, we transfected cells
with siRNA to knock down the expression of Nrf2. And under Nrf2
knockdown conditions, adropin failed to protect hepatocytes from
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Table 3
General parameters evaluated in C57BL/6J male mice with intraperitoneal
injections of vehicle, low-dose adropin or high-dose adropin.

Vehicle L-Adropin H-Adropin
Initial body weight (g) 21.90 + 1.81 21.75 + 1.79 22.47 + 1.90
Final body weight (g) 14.46 = 1.51 14.64 = 1.50 14.78 = 1.55
Liver weight (g) 0.54 + 0.07 0.57 * 0.14 0.60 + 0.11
Subcutaneous fat weight (g) 0.25 = 0.09 0.28 = 0.06 0.29 = 0.10
Epididymal fat weight (g) 0.25 = 0.11 0.30 = 0.10 0.31 = 0.11
Food intake (g/day/mouse) 241 = 0.21 2.38 = 0.30 2.40 = 0.23

All values are mean + SD, n = 8. Statistical analysis of the data for multiple
comparisons was performed by ANOVA.

palmitate-induced MMP loss and ROS increase (Fig. 5I-J). In addition,
adropin cannot upregulate Gclc, Gclm or Gpx1 expression or the GSH
levels when Nrf2 was knocked down (Fig. 4K, Fig. S6B-D).

3.5. Adropin upregulated Nrf2 transcription activity through CBP

Since CBP-induced acetylation of Nrf2 was found to increase the
binding of Nrf2 to ARE and increase Nrf2-dependent transcription, we
further examined its role in adropin upregulation of Nrf2 transcrip-
tional activity. Fig. 6A-C showed that adropin enhanced CBP expres-
sion at both the mRNA and protein levels. And we immunoprecipitated
nuclear extracts of treated cells by anti-Nrf2 or anti-NF-kB antibody,
increases in acetylated Nrf2 protein levels and the binding of Nrf2 with
CBP and a reduction in the binding of NF-kB with CBP were found by
adropin administration (Fig. 6D-G). In addition, ChIP analysis in-
dicated that adropin-induced increase in CBP levels significantly up-
regulated the transactivation of Gclc and Gpx1 (Fig. 6H-I). When CBP
was knocked down by siRNA, adropin administration failed to increase
Nrf2 transcriptional activity (Fig. 6J-K). Furthermore, Nrf2 and CBP
expression were remarkably downregulated in Adropin-KO mice fed
with NASH diet (Fig. 6L-0O). And the Nrf2 DNA binding activity was
also impaired in the liver of Adropin-KO mice (Fig. 6P). Collectively,
these results show that adropin alleviates oxidative stress through the
induction of Nrf2 activity and CBP plays a vital role in adropin-induced
Nrf2 transcriptional activity.

3.6. Overexpression of hepatic Nrf2 expression functionally restored the
liver injury induced by adropin-deficiency in mice

The above studies illustrated the peptide adropin enhanced Nrf2
transcription activity to alleviate the oxidative stress and liver injury.
To further test this in vivo, we generated Nrf2 overexpression adeno-
associated virus (AAV) type 8 under control of the Tbg promoter. Tail
vein injection of AAV-Nrf2 increased the Nrf2 expression specifically in
the liver (Fig. S5). We transduced WT and Adropin-KO mice with AAV-
GFP or AAV-Nrf2 and fed these mice with MCD for 4 weeks. The body
weight change, liver weight, adipose tissue weight and food intake in-
formation during the experiment period were shown in Table 4. As
what we observed above, adropin deficiency exacerbated steatosis, in-
flammation and fibrosis in the NASH progression. Overexpression of
Nrf2 in liver improved the NASH in WT mice and eliminated worsening
of inflammation and fibrosis but had no effect on steatosis in Adropin-
KO mice (Fig. 7A-F). Oil Red O staining and hepatic triglyceride (TG)
measurement also demonstrated overexpression of Nrf2 in the liver
failed to decrease the lipid accumulation in Adropin-KO mice (Fig. 7A,
G). DHE staining showed the ROS levels were lowered by AAV-Nrf2
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(Fig. 7A, H). Furthermore, the serum ALT and AST levels were de-
creased by AAV-Nrf2 treatment in adropin-KO mice (Fig. 7I). CD45 and
MCP1 staining showed that less inflammatory responses were found
within the liver tissues of the AAV-Nrf2 treated-mice (Fig. SSA-C). And
the induction of genes related to inflammation and fibrosis in Adropin-
KO mice was attenuated by AAV-Nrf2 (Fig. 7J). Accordingly, caspase 3
cleavage (Fig. 7K-L) and MDA levels (Fig. 7M) returned to control le-
vels by AAV-Nrf2 administration and the liver GSH levels (Fig. 7N)
were increased by AAV-Nrf2 in Adropin-KO mice. Notably, the genes
involved in the lipogenesis were upregulated in adropin-KO mice,
which could not be rescued by overexpression of Nrf2 pathway
(Fig. 70). This may partly explain the Nrf2 overexpression could not
improve the steatosis in Adropin-KO mice. Overall, these results support
the important functional role of Nrf2 activity in mediating adropin's
effects on NASH progression.

4. Discussion

Adropin was first discovered as a peptide that regulates glycolipid
metabolism in 2008 [8]. It has also been shown that adropin can reg-
ulate the expression of hepatic lipid synthesis genes [8]. In addition, a
large number of population studies confirmed that the serum levels of
adropin were negatively correlated with the risk factors of metabolic
diseases [14-16]. However, adropin's role in regulating nonalcoholic
steatohepatitis was still unclear. For the first time, our study confirms
that the expression of adropin decreased in NASH models of mice fed
MCD or WD. Our research also elucidates its protective mechanism
involved in nonalcoholic steatohepatitis. The results demonstrate that
adropin can activate the Nrf2 pathway to elicit an antioxidant response,
which may alleviate the progress of nonalcoholic steatohepatitis. Our
study results suggest that adropin may be a new biomarker for the di-
agnosis of NASH and a new target for the treatment of NASH.

Nonalcoholic fatty liver disease is not a single disease entity. It
describes a spectrum of liver conditions that range from simple steatosis
to nonalcoholic steatohepatitis coupled with marked inflammation and
fibrosis to severe liver disease such as cirrhosis and possibly hepato-
cellular carcinoma. The biological mechanisms causing progression
through the spectrum of NAFLD stages are not well defined. The initial
hypothesis proposed by Day and James was the ‘two-hit’ model [17].
Insulin resistance (IR) plays an important role in the “first hit”; IR leads
to hepatic de novo lipogenesis and impairs fatty acid (FA) export, which
results in hepatic steatosis. In addition, on the basis of the first hit, the
liver is sensitive to injury. Furthermore, lipid peroxidation damage and
oxidative stress, which were caused by the “secondary hit”, induce in-
flammation, hepatic cell degeneration or necrosis and even liver fibrosis
and the occurrence of cirrhosis. To study the hepatic injury from SS to
NASH, MCD or long-term WD diet-induced NASH is widely used animal
models. And we observed that the decreased expression of adropin was
associated with liver injury in the diet-induced NASH mice. In addition,
in vivo studies demonstrated that adropin deficiency can accelerate the
liver cells apoptosis and exacerbate NASH progression in mice. In vitro,
adropin can also elevate the cell viability, which was decreased by the
pretreatment of palmitate. These results suggested that adropin plays a
vital role in alleviating liver injury in the course of NASH progression.

One of the mechanisms by which free fatty acids induce lipotoxicity
is the production of excessive reactive oxygen species by a large number
of free fatty acids in the process of oxidation, which can destroy the
reactive oxygen system balance [18]. Excessive reactive oxygen pro-
duction can cause lipid peroxidation [19], inflammation, destruction of
protein and enzyme activity [20], and cell dysfunction and apoptosis
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Fig. 5. Adropin induced antioxidant reaction and activated the Nrf2 pathway. (A) Adropin-KO mice and the wild type (WT) littermate were fed with MCD or WD for
4 or 16 weeks. The mRNA expression of antioxidant related genes were measured. WT control group was set as 1. The data are expressed as the mean = SD, n = 6,
*P < 0.05 versus WT control. Primary murine hepatocytes preloaded with PA (400 uM) were treated with or without adropin (100 ng/ml) or ethacrynic acid (EA)
(2 mg/ml) for 24 h. The intracellular GSH levels (B) and the relative ROS content (C) were measured. Primary murine hepatocytes pretreated with PA (400 pM) were
treated with adropin at different dosages (0-100 ng/ml) for 24 h. The mRNA expression of Nrf2 (D), the protein expression of Nrf2 (E-G) and the Nrf2 transcription
activity (H) were measured. Primary murine hepatocytes preloaded with PA (400 uM) were treated with or without adropin (100 ng/ml) and transfected with or
without Nrf2 siRNA for 24 h. And the relative MMP (1), intracellular ROS content (J) and GSH levels (K) were measured. (C, D, F, G, H, 1, J) Blank control group was
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[21]. A large number of population studies have confirmed that levels
of reactive oxygen species are increased in NASH patients [22,23] and
that the levels of ROS were associated with the extent of liver damage
[24]. A clinical randomized controlled double-blind experiment also
confirmed that vitamin E, as a natural scavenging reactive oxygen
species, can relieve liver damage in NASH patients [25]. ROS, including
0,7, H,O5 and ONOO ™, are produced by almost all cell types. NADPH
oxidase is major source of ROS production [26]. NADPH oxidases may
contribute to hepatic oxidative injury by producing O, [27]. However,
our results showed that adropin had no significant effect on Nox4 ex-
pression, which suggested that adropin had no effect on the production
of ROS derived from NADPH oxidase. In addition to NOX, mitochondria
are thought to be primary contributors to oxidative stress because the

mitochondrial single-electron transport chain can produce most of the
ROS, such as Oy [28]. ROS generation is proportional to transmem-
brane potential [29]. We observed that the mitochondrial membrane
potential was significantly decreased and that the O, levels increased
in the NASH model, while adropin treatment significantly elevated
mitochondrial membrane potential and reduced the O, levels. This
demonstrates that adropin possesses the capability to alleviate the ROS
predominately produced from liver mitochondria. In hepatocytes, O~
can be converted into H,O, and further eliminated to H,O by SOD or
GPX and other antioxidant enzymes or compounds. In support of this,
we observed that adropin increased the GSH levels and the expression
of Gclc, Geclm and Gpx1. Altogether, the results of our study suggested
that adropin may favor mitochondrial function and antioxidant
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Fig. 6. Adropin increased CBP expression and its binding with Nrf2 to enhance Nrf2 transcriptional activity. Primary murine hepatocytes pretreated with PA
(400 uM) were treated with adropin at different dosages (0-100 ng/ml) for 24 h. The mRNA expression of Cbp (A) and the protein expression of CBP (B-C) were
measured. CBP-Nrf2 and CBP-NFkB interactions were studied by immunoprecipitation (IP) in the hepatocytes treated with or without adropin (100 ng/ml) (D-G).
Chromatin immunoprecipitation (ChIP) assays were performed to investigate the presence of CBP at the antioxidant response element (ARE) sites on the promoters of
Gcle (H) and Gpx1 (I) in the hepatocytes treated with or without adropin (100 ng/ml). Primary murine hepatocytes pretreated with PA (400 uM) were treated with or
without adropin (100 ng/ml) and transfected with CBP siRNA or control for 24 h. And the DNA-binding activity of Nrf2 (J) and the mRNA expression of Gpx1 (K)
were measured. (A, C, E, F, G) PA-treated group was set as 1. (H, I, J, K) Blank control group was set as 1. The data are expressed as the mean = SD, n = 3-5,
*P < 0.05 versus PA-treatment group. NC indicates negative control. N.S indicates no significance. Adropin-KO mice and the wild type (WT) littermate were fed
with MCD or WD for 4 or 16 weeks. The mRNA (L) and protein expression (M-O) of Nrf2 and Cbp were measured. And the liver lysates DNA-binding activity of Nrf2
was detected (P). (L, N, O, P) WT control group was set as 1. The data are expressed as the mean + SD, n = 6, *P < 0.05 versus WT control.

Table 4
General parameters evaluated in WT or adropin-KO mice with administration of AAV8-GFP or AAV8-NTrf2 vectors.
WT Adropin-KO
AAVS-GFP AAV8-N1f2 AAVS-GFP AAV8-Nrf2

Initial body weight (g) 22.28 * 2.34 21.91 * 2.64 22.88 * 3.06 21.75 * 3.31

Final body weight (g) 15.10 * 1.64 14.89 * 1.46 15.55 * 1.34 15.38 = 1.40

Liver weight (g) 0.57 + 0.10 0.60 + 0.15 0.57 + 0.10 0.63 = 0.12

Subcutaneous fat weight (g) 0.29 + 0.13 0.24 + 0.08 0.26 + 0.10 0.28 + 0.12

Epididymal fat weight (g) 0.29 * 0.11 0.30 + 0.14 0.27 + 0.13 0.28 = 0.10

Food intake (g/day/mouse) 2.46 * 0.29 2.49 * 0.33 2.44 * 0.38 2.39 * 0.43
All values are mean + SD, n = 8. Statistical analysis of the data for multiple comparisons was performed by ANOVA.
enzymes to alleviate oxidative stress and apoptosis, resulting in pro- promote the localization of Nrf2 in the nucleus via acetylation of Nrf2
tection against the course of NASH development. and thus increase Nrf2 transcriptional activity of its downstream

Nrf2 is the most important transcription factor involved in the in- genes [38,39]. Liu et al. [40] have also indicated NF-kB p65 can in-
duction of antioxidant responses [30]. It has been well documented that hibit the ability of the Nrf2-induced antioxidant response by dis-
Nrf2-dependent antioxidant and cytoprotective genes contain almost all sociating the binding of Nrf2 with CBP. In our study, we observe that
antioxidant enzymes, such as heme oxygenase and some members of adropin can increase the expression of CBP, promote its interaction
the GST family [31]. When the cells are exposed to oxidative stress, with Nrf2 and inhibit its binding with NF-xB. And adropin failed to
Nrf2 translocates to the nucleus and further activates ARE-mediated induce an increase in Nrf2 transcriptional activity when CBP was
downstream gene expression [32]. It is now well accepted that com- knocked down, suggesting that the adropin-induced Nrf2 activation is
plete loss of Nrf2 in liver leads to aggravate NASH progression [33]. CBP dependent. It is worth noting that except for the CBP, there are
And activation of Nrf2 pathway in the liver attenuates the liver injury in other cofactors that can associate with the Nrf2 and regulate its ac-
NASH [34,35]. Similar results were found in our study. Overexpression tivity. We also roughly screened the expression of some factors such
of hepatic Nrf2 expression functionally attenuated the liver injury in as Maff, Mafg, Mafk, c-jun and p300. And adropin treatment did not
MCD-fed mice. So Nrf2 is a key target in the future NASH treatment. affect their expression like CBP (data not shown). Therefore, in this
Furthermore, Our results showed that adropin can significantly upre- study we mainly investigated the CBP-Nrf2 interaction in the adropin
gulate the Nrf2 activity. Adropin-KO mice exhibited lower expression protective effects. However, we cannot totally exclude other cofactors
and activity of Nrf2 by NASH diet feeding and adropin treatment can in this process because they can also modulate Nrf2 activity by
increase the level of Nrf2 in the nucleus and its transcriptional activity binding to Nrf2 or modifying Nrf2 without altering the expression
in vivo and in vitro, thereby increasing the expression of downstream themselves. Further more detailed studies of adropin's regulation of
antioxidant genes (Gclc, Gelm and Gpx1). However, it is worth noting Nrf2 activity may clarify this matter. On the other hand, we also
that activation of Nrf2 pathway by AAV abolished worsening of in- found that adropin-KO mice had lower expression of Nrf2, while
flammation and fibrosis but had no effect on steatosis in Adropin-KO adropin treatment upregulated Nrf2 expression. However, this could
mice. This suggests that systemic adropin deficiency in mice might not be explained by upregulated expression of CBP. In recent years, it
accelerate NASH progression not only via oxidative stress in liver. has been reported that Nrf2 expression is modulated by many ways of
Adropin can regulate glucose metabolism which seems irrelevant of epigenetic modification such as DNA methylation [41], histone
Nrf2 and we indeed found adropin-deficiency exacerbated the insulin modifications [42] and microRNA [43]. Whether epigenetic mod-
resistance in WD-fed mice. Furthermore, in accordance with previous ification is involved in the upregulation of Nrf2 by adropin is a di-
researches [8,36], we also found genes involved in the lipogenesis were rection for future research and needs to be further clarified.
upregulated in adropin-KO mice by NASH diet feeding, which could not Although the prevalence of NAFLD has gradually increased, there
be rescued by the enhanced antioxidant reaction through Nrf2 pathway. are still insufficient effective measures for the clinical treatment of
This may partly explain that Nrf2 overexpression had no significant NASH [44]. Due to the critical pathological features of NASH, such as
effect on liver steatosis in adropin-KO mice. Future studies investigate oxidative stress, hepatocyte damage and apoptosis in the progression of
deeply into the physiological function of adropin and its role in meta- NASH, few compounds such as vitamin E [45], CCR2/CCRS5 inhibitors
bolic diseases may shed light on this issue. and GS-4997 (an inhibitor of apoptosis signal-regulating kinase 1) [46]
CBP has been reported to bind to the Nrf2 transcription region to have been tested for alleviating the progress of NASH. And we at-

promote its transcriptional activity [31,37]. In addition, CBP can tempted to explore whether adropin can be used as a promising peptide
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Fig. 7. Overexpression of hepatic Nrf2 expression functionally restored the liver injury induced by adropin-deficiency in mice. WT and Adropin-KO male mice fed
MCD for 4 weeks. AAV8-GFP and AAV8-Nrf2 vectors were administered following the initiation of MCD feeding. (A) H&E, Sirius Red, Oil Red O, and DHE staining of
liver sections (magnification, X 200), scale bar: 200 um. (B-E) Hepatic histological analysis of H&E staining. (F) Quantitative analysis of Sirius Red staining. (G)
Hepatic TG contents. (H) Quantitative analysis of DHE staining. (I) Serum ALT and AST levels. (J) The mRNA expression of Collal, Acta2, Il1b, Il6 and Tnf in the liver.
(K-L) Cleaved caspase-3 expression of total liver lysates. (M) The liver MDA levels. (N) The liver GSH levels. (O) The mRNA expression of Fasn, Acaca, Scd1, Cptla,
Acadm and Cd36. (H, J, L, O) WT/GFP group was set as 1. The data are expressed as the mean = SD,n = 8, *P < 0.05 wt/GFP versus Adropin-KO/GFP; #P < 0.05

Adropin-KO/GFP versus Adropin-KO/Nrf2.

for the treatment of NASH. We observed that the injection of adropin
peptide can significantly alleviate the progression of MCD-induced
NASH in mice. Furthermore, the injection of adropin activated the Nrf2
pathway and increased the antioxidant responses of MCD mice, thus
attenuating liver injury.

5. Conclusion

The present study demonstrated that adropin plays a protective role
in liver injury of NASH by regulating the Nrf2-ROS pathway and pro-
vided a novel viewpoint that adropin could be a potential peptide for
use in the treatment of NASH.
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