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ARTICLE INFO ABSTRACT

Aims: Amlexanox, an inhibitor of nuclear factor kB kinase epsilon (IKKe) and TANK-binding kinase 1(TBK1), was
demonstrated to be effective in diabetes and obesity. The aim of this study was to explore the molecular me-
IKKe chanisms of its role in non-alcoholic fatty liver disease (NAFLD).

NAFL]_) Main methods: NAFLD mouse models were established by using eight-week-old male C57BL/6 mice fed with
Hepatic stellate cell high-fat diet (HFD) or (and) lipopolysaccharide (LPS) for 18 weeks. From the beginning of HFD, HFD-induced
mice were subjected to amlexanox or vehicle for 18 weeks. HFD + LPS-induced mice were treated with am-
lexanox or vehicle for the last 6 weeks. Blood biochemistry parameters were determined using automatic bio-
chemistry analyzer. Histological changes of liver tissue were observed by hematoxylin-eosin (H&E) staining and
Oil Red O staining. The expressions of IKKe and smooth muscle actin-a (a-SMA) were evaluated through im-
munohistochemistry. Serum inflammatory mediator was determined by enzyme linked immunosorbent assay
(ELISA). Gene expressions involved in glucose and lipid metabolism, insulin signaling pathway were examined
using quantitative RT-PCR or Western blotting.

Key findings: This study demonstrated that amlexanox reversed glucose and lipid metabolic disturbance and
hepatic steatosis in NAFLD mice model. IKKe was specific expressed in hepatic stellate cells (HSCs) instead of
hepatocytes. This study also found that amlexanox improved insulin signaling (Insulin-IRS-1-Akt) in hepatocytes
through inhibiting inflammation (IKKe-NF-kB-TNF-0/IL-1a) in HSCs.

Significance: The present study confirmed that IKKe was specific expressed in HSCs. Inhibition of activated HSCs
was responsible for effects of amlexanox on NAFLD, with improving insulin signal pathway in hepatocytes.

Keywords:
Amlexanox

1. Introduction significance for the occurrence and development of NAFLD [2]. Insulin

signaling pathways, mediated by impaired tyrosine phosphorylation of

Non-alcoholic fatty liver disease (NAFLD), ranging from simple
steatosis to non-alcoholic steatohepatitis (NASH) [1], is the hepatic
manifestation of the metabolic syndrome. NAFLD is marked with
chronic low-grade inflammation accompanied by insulin resistance
(IR). Hepatic insulin resistance is an important pathophysiological
mechanism of glucose and lipid metabolism disorder, which is of great

insulin receptor substrate (IRS), have previously been reported to be
vital for the development of insulin resistance. Although the molecular
links between inflammation and insulin resistance are not fully un-
derstood, it is clear that the nuclear factor-xB (NF-kB) pathway plays a
vital role [3]. The triggering of stimulus ultimately results in nuclear
translocation of NF-kB and the activation of inflammatory cascades
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Abbreviations IL-1a interleukin-1a
a-SMA  smooth muscle actin-a
AM amlexanox PPAR a peroxisome proliferator-activated receptor-o
IKKe inhibitor of nuclear factor kB kinase epsilon FAS fatty acid synthase
TBK1 TANK-binding kinase 1 G6P glucose-6-phosphase
NAFLD non-alcoholic fatty liver disease PCK1 phosphoenolpyruvate carboxykinase 1
NASH non-alcoholic steatohepatitis SREBP1 sterol response element-binding protein 1
NF-«xB  nuclear factor-xB CD36 fatty acid translocase
IR insulin resistance PKLR pyruvate kinase liver and red blood cell
IRS insulin receptor substrate CCL2 chemokine (C-C motif) ligand 2
NC normal chow Akt RAC-alpha serine/threonine-protein kinase
HFD high-fat diet CCR5 C-C chemokine receptor type 5
LPS lipopolysaccharide STAT3  signal transducer and activator of transcription 3
TG serum triglyceride DAB staining 3,3’-diaminobenzidine staining
TC total serum cholesterol H&E staining hematoxylin-eosin staining
ALT alanine aminotransferase p65 nuclear factor NF-kappa-B p65 subunit
AST aspartate transaminase gRT-PCR quantitative real-time reverse transcriptase polymerase
FFA serum nonesterified free fatty acid chain reaction
UCP1 uncoupling protein 1 ELISA  enzyme linked immunosorbent assay
HSCs hepatic stellate cells Veh vehicle
TNF-a tumor necrosis factor-a

producing a variety of pro-inflammatory cytokines, including TNF-a
and IL-6, which participate in IR via phosphorylation of insulin receptor
substrate (IRS) [4]. Also, pharmacological targeting inhibition on IKK[3-
NF-kB pathway could reverse diet-induced insulin resistance in liver
[5].

IKKe, one of the noncanonical IKKs in NF-kB signaling, has been
proved to have role in inflammatory and metabolic disease including
NAFLD, type 2 diabetes, obesity, rheumatoid arthritis and tumor [6-8].
Furthermore, systemic deletion of IKKe partially restored insulin sen-
sitivity [8]. However, studies of pharmacological interference on the
pathway remain unknown.

Here we choose amlexanox (AM), previously identified as a novel
chemical inhibitor of IKKe and TBK1, to observe its roles in hepatic
steatosis, weight gain and insulin sensitivity. Amlexanox (also named
AA-673) is artificially-synthesized pyridine-3-carboxylic acid deriva-
tive. In earlier years, amlexanox was shown to an inhibitor for immune
response and leukotriene antagonist and had anti-asthma in animal
model [9]. Then, amlexanox became widely-used patch to treat re-
current aphthous ulcer for decades in several nations including China
[10,11]. Recently studies have reported administration of this selective
TBK1 and IKKe inhibitor to obese mice significantly improves metabolic
disorders, but the mechanism of amlexanox action is still completely
unclear [12].

Hepatic stellate cells (HSCs), inhabiting in the Disse space between
hepatocytes and sinusoidal endothelial cells, are one of the inherent
nonparenchymal cell types in the liver. In the normal liver, HSCs are in
a ‘quiescent’ state [13]. However, once the liver is injured, quiescent
HSCs differentiate into myofibroblasts. Activated hepatic stellate cells
(HSCs) are known to synthesize and secret cytokines, chemokines, ex-
tracellular matrix proteins, and other genes that contribute to liver fi-
brosis [14,15], but their function is poorly understood in the early
stages before NAFLD fibrosis.

In the present study, we found that (i) Amlexanox reversed meta-
bolic changes and reduced liver inflammation induced by high-fat diet
(HFD) and even concurrently with lipopolysaccharide (LPS); (ii)
Altered gene expression involved in glucose and lipid metabolism im-
proved protective role of amlexanox; (iii) Amlexanox reduced IKKe
expression in hepatic stellate cells; (iv) Amlexanox enhanced insulin
signaling through inhibiting inflammation in HSCs. In conclusion, am-
lexanox was considered as a potential treatment for NAFLD through
IKKe inhibition of hepatic stellate cell.

2. Materials and methods
2.1. Animals

To confirm the role of IKKe or HFD and different response to am-
lexanox, two mice models of non-alcoholic fatty liver were developed
using eight-week-old male C57BL/6 mice fed with a high-fat diet (HFD)
(60 kcal% (35 gm%), Diet: D12492; Beijing HFK Bioscience Co Ltd,
China) with or without LPS injection for 18 weeks. The mice fed on
normal chow diet (NC) (10 kcal% (4.3 gm%); Beijing HFK Bioscience
Co Ltd, China) were contrasted with HFD group. Two mice models of
NAFLD which were subjected to two independent interventions (A and
B). Intervention A had three groups (n = 10 per group). Eight-week-old
male C57BL/6 mice were subjected to chow diet group or 18-week
HFD. From the beginning of intervention, we added vehicle (vehicle:
gavage by Tris-HCl buffer) to NC (NC + Veh) and HFD group
(HFD + Veh) or amlexanox (25 mg/kg, once daily, gavage, dissolved in
Tris-HCl buffer) to HFD group (HFD + AM). We would compare
NC + Veh and HFD + Veh, or HFD + Veh and HFD + AM in following
test. Amlexanox (Abcam, St Louis) was fat soluble but easily dissolved
in Tris-HCl buffer (250 mmol/L Tris-HCI buffer titrated by 150 mmol/L
sodium hydroxide to pH 7.2).

Another intervention B had two groups. Eight-week-old male
C57BL/6 mice were subjected to 18-week HFD + LPS (125 pg/kg, once
daily, subcutaneous, saline as solvent). In the last six weeks before the
end of intervention, we added vehicle (HFD + LPS + Veh) (Vehicle:
gavage by Tris-HCI buffer) or amlexanox (HFD + LPS + AM) (25 mg/
kg, once daily, gavage, dissolved in Tris-HCI buffer) for six-week in-
tervention. Finally, we would compare the indicators between
HFD + LPS + Veh and HFD + LPS + AM group. All the mice would be
sacrificed by anesthesia. Animal studies were reported in compliance
with the ARRIVE guidelines [16] and carried out in accordance with the
National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978). All studies were
conducted with the approved protocols by the animal care and ethics
committee of China Three Gorges University. C57BL/6 mice, purchased
from Hubei Research Center of Laboratory Animals, were housed on a
12-h light/black cycle under controlled temperature in China Three
Gorges University Research Animal Center.
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2.2. Energy balance analysis

Energy balance analysis (diet intake and bodyweight) was mon-
itored in individual mouse using metabolic cage (Sans Biotechnology
Co Ltd, China). Mice were placed in metabolic cages for 24 h before
measurement. The data were collected at the indicated time for con-
secutive 3 days.

2.3. Blood biochemistry

Blood glucose was determined in the tail vein blood using portable
glucometer (Roche, Basel, Switzerland). In the end of intervention,
mice were anesthetized by inhaling diethyl ether in anesthesia
chamber. Then we performed the orbital sinus bleeding by removing
the whole eye ball. Blood were collected for checking serum trigly-
ceride (TG), total serum cholesterol (TC), alanine aminotransferase
(ALT) and aspartate transaminase (AST) by using automatic biochem-
istry analyzer. Serum nonesterified free fatty acid (FFA) was measured
by commercial kit (Free fatty acids assay kit, Nanjing Jiancheng
Bioengineering Institute, China). Serum insulin and TNF-a were de-
termined using enzyme linked immunosorbent assay (ELISA) kit
(Millipore, Bedford, MA, USA). Homeostasis model insulin resistance
index was calculated as follows: homeostasis model insulin resistance
assessment (HOMA-IR) = [FBG (mmol/L) x FINS (mIU/L)]/22.5.

2.4. Glucose tolerance test

Oral glucose tolerance test (OGTT) was performed 48h after the
indicated time and fast for 12 h followed by oral glucose gavage (2.0 g/
kg body weight). Blood glucose from tail veil was measured at 0, 60,
120 and 180 min after glucose stimulation.

2.5. Immunoblotting assay

To determine the expression levels of selected proteins, fresh liver
tissue was collected, cut into pieces, snap frozen by lipid nitrogen.
30 mg liver tissue was weighted and grinded with 1 ml Roth lysis buffer.
Roth lysis buffer was comprised of 50 mM HEPES, 150 mM NaCl, 1%
Triton X-100, 5mM EDTA, 5 mM EGTA, 20 mM NaF, 10 M NaOH or HClL
adjusted to pH=7.4 and temporarily added PMSF
(1 mM,100 x ,Sigma,USA), Protein phosphatase inhibitor (PPI, 100 X ,
Beijing Applygen Technologies Inc) when it was used. Liver tissue was
grinded with Roth lysis buffer, ultrasonicated, centrifugated under 4 °C,
8000 g for 5min. Supernatant was drew into new tube and tested for
protein concentration by BCA assay. 30 ug of liver protein was sepa-
rated by way of 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, then transferred onto nitrocellulose membrane and blotted
with specific primary antibody. The band intensity was quantified by
Odyssey Software (Odyssey CLX, LICOR Biosciences, USA). Protein
expression levels were quantified by software Image J (version 1.42).
All data were normalized to the control value.

2.6. RNA isolation and quantitative real-time reverse transcriptase
polymerase chain reaction (qQRT-PCR)

This study determined gene expression on hepatic gluconeogenesis
genes (glucose-6-phosphase (G6P), phosphoenolpyruvate carbox-
ykinase 1 (PCK1)), hepatic glycolysis (pyruvate kinase, liver and red
blood cell (PKLR)), lipid synthesis (fatty acid synthase (FAS), sterol
response element-binding protein 1 (SREBP1)), lipid oxidation (per-
oxisome proliferator-activated receptor-a (PPARa)), lipid transports
(fatty acid translocase (CD36)), cytokine and chemokine (interleukin-
la (IL-1a), chemokine (C-C motif) ligand 2 (CCL2)) by qRT-PCR. Total
RNA was extracted from frozen liver tissues (—80 °C) using the TRIzol
RNA isolation reagent (Invitrogen, California). Reverse transcription of
1.0 ug RNA was executed according to the instructions of PrimeScript™
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Table 1
Primers designed for qRT-PCR.

Oligo name  Sense Sequence (5’-3") product Size

(bp)

IKKe IKKe-FWD ACCACTAACTACCTGTGGCAT 209
IKKe-REV ACTGCGAATAGCTTCACGATG

G6P G6P-FWD AGGAAGGATGGAGGAAGGAA 162
G6P-REV TGGAACCAGATGGGAAAGAG

PCK1 PCK1-FWD  ATCTTTGGTGGCCGTAGACCT 179
PCK1-REV CCGAAGTTGTAGCCGAAGAA

FAS FAS-FWD GCCATGCCCAGAGGGTGGTT 131
FAS-REV AGGGTCGACCTGGTCCTCA

SREBP1 SREBP1- GAAGCTGTCGGGGTAGCGTC 196
FWD
SREBP1- CTCTCAGGAGAGTTGGCACCTG
REV

PPARa PPARa-FWD  AACATCGAGTGTCGAATATGTGG 101
PPARa-REV  AGCCGAATAGTTCGCCGAAAG

CD36 CD36-FWD  ATGGGCTGTGATCGGAACTG 110
CD36-REV GTCTTCCCAATAAGCATGTCTCC

KPLR KPLR-FWD TCAAGGCAGGGATGAACATTG 131
KPLR-REV CACGGGTCTGTAGCTGAGTG

IL-1a IL-1a-FWD AGTATCAGCAACGTCAAGCAA 105
IL-la- REV  TCCAGATCATGGGTTATGGACTG

CCL2 CCL2-FWD TTAAAAACCTGGATCGGAACCAA 121
CCL2-REV  GCATTAGCTTCAGATTTACGGGT

18s 18s-FWD GAAACGGCTACCACATCCAAGG 158
18s-REV GCCCTCCAATGGATCCTCGTTA

1st Strand cDNA Synthesis Kit (RR047A, TaKaRa, Japan). The qRT-PCR
reaction was done in 20 ul (SYBR® Premix Ex Taq™ RR420A, TaKaRa
Japan). The results were normalized against 18s rRNA signal. The de-
signed primers for IKKe, G6P, PCK1, FAS, SREBP1, PPARa, CD36,
PKLR, IL-1a, CCL2 and 18s (control for normalization) are shown in
Table 1.

2.7. Histology and morphology

The murine liver samples fixed in 4% formaldehyde were prepared
and embedded in paraffin. Paraffin-embedded liver tissues were sec-
tioned (8 um thick) and then stained with hematoxylin & eosin dye (H&
E) and immunohistochemistry (3,3’-diaminobenzidine (DAB) staining.
Fresh liver was rapidly frozen sectioned in slide for Oil Red O staining.
The immunohistostaining was performed according to instruction of the
streptavidin-biotin complex (SABC) assay (Boster, China). Paraffin-
embedded sections were dewaxed with xylene and rehydrated in series
of alcohols, incubated at 95 °C for 5min in antigen retrieval (0.01 M
citrate buffered saline, pH 6.0) and then at room temperature for
20 min. The sections were then treated with 3% hydrogen peroxide for
5 min. The slides were treated with 5% bovine serum albumin (Boster,
China) to prevent nonspecific antibody binding. The primary antibody
treatment was done overnight at 4°C in PBS. Imaging was obtained
using a Nikon microscope and analyzed by software (HMIAS-2000,
Champion Image Inc, China).

2.8. Statistical analysis

The data were analyzed by SPSS 20.0 statistical analysis software
and results were expressed as the mean *+ standard deviation (S.D.).
The significant difference was statistically analyzed using Student's t-
test in two groups. The significant difference was statistically analyzed
using ANOVA in more than two groups. P < 0.05 (two tails) was
considered statistically significant.
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Fig. 1. Amlexanox prevents weight gain and produces reversible metabolic changes in HFD-fed mice. (A) Representative images of HFD-fed mice (left) and
HFD-fed amlexanox-treated mice for 18 weeks (right). (B) Adipose tissue shown in representative images of HFD-fed mice (left) and HFD-fed amlexanox-treated mice
(right). (C) Body weight in each group indicated. (D) Oral glucose tolerance test in the preventative treatment group. (E) Area under the curve (AUC) for OGTT (BG
0-180min) in each group. (F and G) Food intake or energy intake per gram body weight after 4 weeks treatment. (H) Fasting serum insulin (FINS) levels were
detected by ELISA Kkit. (I) The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated according to [FBG (mmol/L) X FINS (mIU/L)]1/
22.5.n = 10 per group. #P < 0.05 for NC (normal chow) + vehicle (Veh)-treated controls compared with HFD + Veh-treated controls, *P < 0.05 for HFD + Veh-
treated controls compared with HFD + amlexanox-treated mice. All data in the figure are shown as the mean + S.D. or as a dot plot showing each data point and the
mean.
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Fig. 2. Amlexanox reverses weight gain and metabolic disorders in HFD + LPS induced mice. (A) Representative images of mice induced by HFD + LPS (right)
and HFD + LPS induced mice in which amlexanox was administrated by gavage for six weeks after week 12 (left). (B) Adipose tissue shown in representative images
of HFD + LPS induced mice (right) and HFD + LPS induced amlexanox-treated mice (left). (C) Body weight of mice induced by HFD + LPS and mice in which
amlexanox was administrated by gavage after week 12. (D) Oral glucose tolerance test (OGTT) in the treatment group. (E) Area under the curve (AUC) for OGTT (BG
0-180min) in each group. (F and G) Food intake or energy intake per gram body weight after 4 weeks treatment. (H and I) Fasting serum insulin (FINS) and the
homeostasis model assessment of insulin resistance (HOMA-IR) index. n = 10 per group. #P < 0.05 compared with HFD + LPS induced controls. All data in the
figure are shown as the mean =+ S.D. or as a dot plot showing each data point and the mean.
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Table 2
Characteristics of the experimental animals after intervention study (Mean * S.D.).
Index NC + Veh (n = 10) HFD + Veh (n = 10) HFD + AM (n = 10) HFD + LPS + Veh (n = 10) HFD + LPS + AM (n = 10)
TC (mmol/L) 1.83 = 0.39" 4.54 = 0.23 2.27 + 0.38" 4.84 = 0.23 3.67 + 0.40"
TG (mmol/L) 0.59 = 0.06" 1.27 = 0.05 0.74 + 0.06" 1.50 + 0.12 1.08 + 0.03"
ALT (IU/L) 37.50 * 4.50 37.63 + 4.20 26.50 + 3.23" 51.50 + 2.99 29.67 + 5.17°
AST (IU/L) 125.00 + 13.00 133.00 + 14.37 86.50 + 5.86" 171.50 + 8.85 134.25 + 6.06"
FFA (umol/L) 423.39 * 60.48" 862.87 = 56.93 621.64 + 76.23" 1086.71 = 90.25 747.65 = 71.17°
Liver weight (g) 1.17 = 0.06" 1.75 = 0.13 1.32 = 0.06" 2.05 = 0.10 1.47 + 0.05"
Liver triglyceride (mmol/g) 0.79 + 0.13° 1.48 = 0.33 0.67 + 0.06" 2.41 = 0.50 1.00 + 0.10"

2 P < 0.05, compared with HFD + Veh.
b p < 0.05, compared with HFD + LPS + Veh.

A B
NC+Veh HFD+Veh HFD+AM HFD+LPS+Veh HFD+LPS+AM

Fig. 3. Amlexanox reverses hepatic steatosis in HFD-fed and HFD + LPS induced mice. (A) Representative pictures of the livers of mice in HFD-fed mice
gavaged with amlexanox (n = 10, right) or vehicle (n = 10, panels middle) and NC-fed mice (n = 10, left). Micrographs, H&E staining (20 X ) and Oil Red O
staining of liver (40 X ) in the groups indicated. (B) Representative pictures of the livers of HFD + LPS induced mice (n = 10, left) and HFD + LPS induced
amlexanox-treated mice (n = 10, right). Micrographs, H&E staining (20 x ) and Oil Red O staining of livers (40 x ) in the each group indicated.
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Fig. 5. Amlexanox reduces liver inflammation in HFD-fed and HFD + LPS
induced mice. TNF-a levels (A and D) were detected by ELISA kit. The IL-1a (B
and E) and CCL2 (C and F) mRNA levels were determined by quantitative real-
time qRT-PCR in the groups indicated. The values are expressed as
mean * S.D. n = 6 independent experiments,. #P < 0.05 compared with
HFD-fed vehicle-treated controls, *P < 0.05 compared with NC + Veh-treated
controls, +P < 0.05 compared with HFD + LPS induced controls.

3. Results

3.1. Amlexanox produces reversible weight loss and metabolic changes in
HFD-fed mice

The intervention A used oral administration to investigate the effect
of amlexanox. Amlexanox prevented the weight gain produced by HFD
(Fig. 1A-C) independent of influence on food intake and energy intake
(Fig. 1F and G). Moreover, we assessed the metabolic parameters
caused by amlexanox. Mice treated with amlexanox improved glucose
tolerance especially postprandial glucose with an approximate 20%
reduction in the area under the curve of OGTT (Fig. 1D and E). Am-
lexanox reversed the elevations in fasting serum insulin concentrations
and HOMA-IR caused by the HFD, suggesting improved insulin sensi-
tivity (Fig. 1H and I).

3.2. Amlexanox improves weight gain and metabolic disorders in
HFD + LPS induced mice

In the intervention B, we evaluated amlexanox effect on HFD + LPS
induced mice. Firstly, we displayed LPS increased lipid deposition even
more significantly than HFD-fed mice, characterizing with moderate
higher liver inflammation level and serum enzyme indexes (ALT, AST)
through daily subcutaneous injection of LPS (Supplementary Fig).
Secondly, HFD + LPS induced mice were treated with LPS for 12 weeks
followed by amlexanox for 6 weeks. Amlexanox produced a 10 g weight
loss (Fig. 2C) and fat mass decrease (Fig. 2A and B) in the absence of
food intake or energy intake reduction (Fig. 2F and G). Mice treated
with amlexanox significantly decreased blood glucose and the area
under the curve of OGTT (Fig. 2D and E). Amlexanox showed similarly
reversible effect in fasting serum insulin concentrations and HOMA-IR
caused by HFD + LPS group (Fig. 2H and I). Totally, these findings
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showed amlexanox improved weight gain and metabolic disorders in
two NAFLD models (HFD-fed mice and HFD + LPS induced mice).

3.3. Amlexanox reverses hepatic steatosis in HFD-fed and HFD + LPS
induced mice

To further investigate the protective role of amlexanox in liver
tissue in NAFLD, we evaluated morphologic characteristics and serum
parameters. Serum triglyceride (TG), serum cholesterol (TC), serum free
fatty acids (FFA), serum alanine aminotransferase (ALT), and aspartate
transaminase (AST), which were elevated in HFD-fed mice, were re-
duced by amlexanox (Table 2). Larger lipid droplets in liver were shown
in HFD-fed mice by H&E and Oil Red O staining, but were largely
disseminated by treatment with amlexanox (Fig. 3A), which was con-
sistent with marked reduction in liver weight and liver triglyceride
content (Table 2). Similar phenotype was seen in HFD + LPS induced
mice (Fig. 3B, Table 2). These data suggested that amlexanox lowered
lipids accumulation in liver tissue in HFD-fed group and HFD + LPS
group.

3.4. Amlexanox improves genes expression involved in glucose and lipid
metabolism

Firstly, we examined expression of genes involved in lipid meta-
bolism. To investigate lipogenic mechanism of amlexanox action, it was
found that amlexanox decreased mRNA levels of FAS and SREBPI1.
Because SREBP1-FAS was important pathway in lipid synthesis, there
indicated that amlexanox reduced lipid synthesis (Fig. 4A and Q).
PPARa is a key nuclear factor involved in lipid oxidation and CD36
plays an important role in the lipid entry into mitochondria. HFD was
associated with compensatory high expression of PPARa and CD36
(Fig. 4A), indicating a higher lipid overload. PPARa and CD36 in liver
tissue were decreased by amlexanox in HFD + LPS induced mice
(Fig. 4C). CD36 was decreased while PPARa remained unchanged in
HFD-fed mice by amlexanox (Fig. 4A).

Also, this assay checked gene expression involved in hepatic glucose
metabolism. Gluconeogenic genes (G6P, PCK1) in liver tissue were
decreased by amlexanox in HFD + LPS induced mice (Fig. 4D).This was
improved by lower fasting blood glucose. G6P was decreased after
amlexanox treatment in HFD-fed mice however PCK1 remained un-
changed (Fig. 4B). Glycolytic gene (PKLR), which had higher expression
in HFD-fed mice, was reversed to lower level in amlexanox-treated mice
(Fig. 4B and D). These results suggested that amlexanox could decrease
hepatic gluconeogenesis and lipid synthesis.

3.5. Amlexanox reduces liver inflammation in HFD-fed and HFD + LPS
induced mice

The characteristic of non-alcoholic fatty liver disease is a low grade
inflammation. Since LPS was a trigger of inflammatory cascade, we
assessed inflammatory reactions. We found increased levels of pro-in-
flammatory genes (IL-la, CCL2) and serum TNF-a in HFD-fed
(Fig. 5A-C) and HFD + LPS induced mice (Fig. 5D-F). Interestingly,
amlexanox improved serum concentration of TNF-a and pro-in-
flammatory genes expression both in HFD-fed and HFD + LPS induced
mice (Fig. 5A-F).

3.6. Amlexanox reduces IKKe expression in hepatic stellate cell

We found IKKe was not expressed in hepatocytes, but in the liver
interstitium. HFD could increase the expression of IKKe in liver inter-
stitium (Fig. 6A), which was further raised by LPS treatment (Fig. 6B).
IKKe expression was significantly decreased using amlexanox in HFD-
fed and HFD + LPS induced mice (Fig. 6A and B). To figure out the
positioning of IKKe, we used serial slices and conducted im-
munohistochemistry stain of IKKe and a-SMA, a marker of hepatic
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HFD+AM

Fig. 6. Inmunohistochemical staining of IKKe or a-SMA. (A and B) IKKe expression and location were assessed in groups indicated. (C) IKKe (top line) and a-SMA
(bottom line) location were evaluated through immunohistochemical staining of serial sections in HFD + Veh group (left) and HFD + AM group (right). As a-SMA
was a marker of hepatic stellate cells activation, amlexanox reduced IKKe expression in hepatic stellate cells. Representative micrographs are shown at 200-fold (left
bottom) and 400-fold (right enlarge) magnification. n = 3 independent experiments.

stellate cells activation. Our results showed IKKe was precisely and
specifically expressed in HSCs (Fig. 6C). However, amlexanox de-
creased IKKe and a-SMA expression in HSCs of HFD-fed mice, sug-
gesting that amlexanox reduced activation of HSCs through inhibiting
IKKe expression.

3.7. Amlexanox improves insulin signaling and inflammation pathway in
liver tissue

The expression of IKKe and the phosphorylation of NF-kB subunit
(p65) were decreased by amlexanox in HFD-fed and HFD + LPS in-
duced mice (Fig. 7A-D), however the phosphorylation of Akt and in-
sulin receptor substrate-1 (IRS-1) were increased (Fig. 7E), as a key
signal transduction molecule in insulin pathway. Considering decreased
serum and gene levels of inflammatory markers (Fig. 5), the results
showed amlexanox improved insulin signaling through inhibiting the
inflammatory pathway mediated by NF-xB signaling.

4. Discussion

Non-alcoholic fatty liver disease is one of the most common liver
diseases in adults and emerging as a new health crisis worldwide [17].
Through extensive previous researches, it has become clear that in-
flammation and insulin resistance are involved in the pathogenesis of
NAFLD, involving multiple signaling pathways. NF-kB has a key role in
the development in NAFLD [3]. Lipopolysaccharide (LPS) is the trigger
of NF-kB pathway through toll-like receptor (TLR) and IKKe could also
be inducible expressed. Many previous studies showed that both in-
flammatory stimuli (LPS) and diet-related metabolic challenge (carbo-
hydrate, cholesterol) promoted the progression of NAFLD [18,19].
Nevertheless, they often used continuous subcutaneous infusion of LPS.
In this study, we displayed HFD + LPS increased lipid deposition even
more significantly than HFD-fed mice, suggesting LPS led to NASH
through NF-xB signaling, which established stable NASH model and
subcutaneous injection (once daily, 125 pg/kg) was recommended
procedure to aggravate lipid deposition which was used in following
assay.
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Fig. 7. Amlexanox improves insulin

HFD+LPS+AM signaling and inflammation
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Fig. 8. Schematic model of altered insulin pathway in hepatocyte by
amlexanox effect on hepatic stellate cell. Amlexanox inhibited IKKe ex-
pression in HSC cells, which led to a reduction in inflammation factors secreted
by HSCs then insulin signaling pathway (Insulin-IR-IRS-1-Akt) were increased.
Furthermore insulin signaling pathway related genes were altered, including
hepatic gluconeogenesis (G6P, PCK1) and lipid synthesis (SREBP1-FAS).

IKKe, one of the noncanonical IKKs, also named inducible IKK
(IKKi), has been reported to have significant roles in liver steatosis [8],
obesity [20], osteoclast-related disorders [21] and cancer [22]. Fur-
thermore, suppression of the IKKe has been proved to restore insulin
sensitivity [8] and promote regeneration of pancreatic [-cells [23].
TBK1 had highly homologous structure with IKKe. TBK1 deficiency also
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impaired activation and nuclear translocation of interferon  (IFNP)
regulatory factor-3 (IRF3) which led to IFNf} production in response to
virus infection. Previous studies have showed its role on antiviral innate
immune responses [24] and oncogenic role in melanoma [25], non-
small cell lung cancer (NSCLC) [26], HTLV-1 (human T-cell leukemia
virus type 1) [27], and breast cancer [28]. Few studies showed its role
in metabolic diseases. TBK1 is ubiquitously expressed in all tissues,
whereas IKKe expression only in specific tissues, with highest levels
found in lymphoid tissues, peripheral blood lymphocytes and the pan-
creas, including moderate physiological expression in liver tissue
[29-31]. But it is unknown where IKKe is expressed in liver. Recent
researches showed HFD led to a sustained elevation of IKKe in liver,
adipocytes, and adipose tissue macrophages (ATMs) [8,12]. In this
study, we firstly reported that IKKe was not expressed in hepatocytes
but in liver interstitium in normal chow diet group, and inducibly ex-
pressed in hepatocytes and HSCs of HFD and HFD + LPS induced
groups. Intriguingly, amlexanox significantly decreased IKKe expression
in liver (both HSCs and hepatocytes) in all groups above. Moreover, we
conducted serial liver slices, immunohistochemistry of IKKe/a-SMA
and found that IKKe and a-SMC was co-expressed in HSCs.

As a small molecular and dual inhibitor of IKKe and TBK1, amlex-
anox has been reported of anti-inflammatory, anti-allergic, anti-tumor
[32], immunomodulation activity, and it is ever used to treat recurrent
aphthous ulcers (now still used in China), allergic rhinitis and asthma
[33,34]. Its mechanism of action might involve inhibition of in-
flammation by reducing the release of histamine and leukotrienes. A
subset of amlexanox responders in a placebo-controlled study of 42
obese patients exhibited improvements in insulin sensitivity and he-
patic steatosis, following a transient increase in serum IL-6 level [35].
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In our study, we showed that amlexanox produced reversible weight
loss, improved metabolic disorders and attenuated hepatic steatosis
even in non-alcoholic steatohepatitis induced by HFD + LPS. Further-
more, we explored the underlying mechanism of its protective role and
found amlexanox showed increased Akt and IRS1 phosphorylating,
suggesting enhanced insulin signaling. However, previous studies pro-
posed that IKKs could activate Akt by directly phosphorylating Akt on
Thr308 and Ser473 on HelLa cell in vitro study [36], which seems to be
controversial with our findings. Recent reports indicated amlexanox
restored insulin sensitivity in obese mice. Nevertheless, the compound
was not direct insulin sensitizers in vitro [12]. Moreover, recent study
revealed the mechanism of insulin-sensitizing effects of amlexanox in-
cluding the secretion of cytokine IL-6 from adipocytes in the sub-
cutaneous adipose tissue resulted in the over-activation of hepatic
STATS3, which suppressed expression of G6P to reduce hepatic glucose
output [37]. Thus, we hypothesized amlexanox increased phosphor-
ylating of Akt and IRS1 through indirect mechanism. In this study, we
found amlexanox reduced IKKe expression in liver nonparenchymal
cells and defined it HSC as high expression of smooth muscle actin-a (a-
SMA) through serial slices immunohistochemistry.

HSCs are one of the inherent liver nonparenchymal cell types lo-
cated in the Disse space. Studies have revealed that there is paracrine
mechanism in the liver under the accumulation of free cholesterol (FC)
accumulation [38]. Activation of nonparenchymal cells caused the se-
cretion of pro-inflammatory mediators (e.g. IL-6, 8 and TNF-a) that
influenced neighboring cells and induced inflammation [38,39]. These
changes resulted in HSC activation and increased liver fibrosis. Finally,
FC accumulation in hepatocytes induced itself lipid peroxidation and
lipotoxicity leading to cellular dysfunction and death. These events led
to a vicious circle that caused progressive liver damage, inflammation,
and steatosis which ultimately led to the progression to NASH. Recent
research also indicated that chemokine CCL5 was one of the HSC-se-
creted mediators and directly induced downstream pro-inflammatory
factors in healthy hepatocytes through the receptor CCR5 [40]. In this
study, we found IKKe and NF-kB in HSCs were inhibited by amlexanox
and pro-inflammatory factors IL-la and TNF-a reduced, suggesting
amlexanox affected hepatocytes by paracrine. The amlexanox reduced
liver inflammation and reversed hepatic steatosis. Furthermore, am-
lexanox increased phosphorylating of Akt and IRS1 suggesting sup-
pressed insulin signaling by pro-inflammatory factors altered which
reversed glucose and lipid metabolism disorders.

In summary, the study suggested that inhibition of activation in
HSCs was responsible for the metabolic activities of amlexanox (Fig. 8).
Amlexanox reduced the activation of NF-xB in HSC and resulted in
downstream downregulated synthesis of pro-inflammatory mediators
(e.g. IL-1a and TNF-a), which reduced liver inflammation. It was sup-
posed that decreased HSC-secreted pro-inflammatory mediators atte-
nuated insulin resistance in hepatocytes through paracrine mechanism,
which was altered by amlexanox action. Improved insulin signaling
caused gene changes in glucose and lipid metabolism.

5. Conclusion

In conclusion, the present study confirmed the protective effects of
amlexanox on non-alcoholic fatty liver disease models and provided
evidence that amlexanox indirectly enhanced insulin signaling in he-
patocytes through inhibiting inflammation in hepatic stellate cells, re-
sulting in improvement in glucose and lipid metabolism in liver.
Considering our current results and the proven pharmacologic safety of
amlexanox in mice, we believe it might be worthwhile to re-purpose
amlexanox for non-alcoholic fatty liver disease.
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