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Abstract

Purpose Nonalcoholic fatty liver disease (NAFLD) is currently the leading cause of chronic liver disease in developing
countries. The pathogenesis is complex, and there is currently no effective treatment. Betaine is an essential intermediate
in choline catabolism and an important component of the methionine cycle. Betaine deficiency is associated with NAFLD
severity, and its mechanism needs to be further elaborated.

Methods In this study, an NAFLD mouse model was established by feeding ApoE~~ mice a high-fat diet. The effects of
betaine on NAFLD were investigated, including its mechanism.

Results In this study, after treatment with betaine, blood lipid levels and liver damage were significantly decreased in the
NAFLD mouse model. The fat infiltration of the liver tissues of high-fat diet (HFD)-fed mice after betaine administration
was significantly improved. Betaine treatment significantly upregulated AMP-activated protein kinase (AMPK), fibroblast
growth factor 10 (FGF10), and adipose triglyceride lipase (ATGL) protein levels both in vivo and in vitro and suppressed lipid
metabolism-related genes. Furthermore, the overexpression of FGF10 increased the protein level of AMPK and decreased
lipid accumulation in HepG2 cells.

Conclusion Taken together, the data strongly suggest that betaine significantly prevents high-fat diet-induced NAFLD through
the FGF10/AMPK signaling pathway in ApoE™~ mice.
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FFA Free fatty acid

ALT Alanine transaminase

AST Aspartate transaminase

GHS-PX Homogenate glutathione peroxidase
SOD Superoxide dismutase

HYP Hydroxyproline

MDA Malondialdehyde

NAFLD Non-alcoholic fatty liver disease
Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon liver disease in developing countries. It also affects
more than one-third of adults in Western countries [1].
NAFLD includes simple steatosis and insulin resistance,
with or without fibrosis and cirrhosis. The initial charac-
teristic of NAFLD is the excessive accumulation of triglyc-
erides that sensitizes the liver to subsequent events leading
to hepatic steatosis [2]. Currently, there are still no specific
drugs for the treatment of NAFLD.

Betaine is abundant in many common foods, such as
sugar beet, shellfish, spinach, and wheat [3]. Addition-
ally, as an amino acid (trimethyl-glycine), betaine is a neu-
tral zwitterionic compound found in most organisms [4].
Betaine is an essential intermediate in choline catabolism
and an important component of the methionine cycle. It is
derived from catalyzed choline, which is localized in the
inner matrix of mitochondria. As an osmotic agent, it regu-
lates the cell volume and maintains cell membrane integrity
under hyperosmotic pressure [5]. As a methyl donor, betaine
participates in the methionine-homocysteine cycle, which
affects DNA and RNA methylation [6]. Indeed, betaine pro-
vides a methyl group to form creatine, which has a benefi-
cial effect on improving cardiac function [7]. Several studies
have revealed that betaine deficiency increases the severity
of NAFLD [8, 9]. Moreover, one study reported that betaine
significantly benefits the treatment of NAFLD in adults [10].
Betaine can reduce high-fat diet-induced hepatic lipid accu-
mulation by enhancing hepatic lipid export and fatty acid
oxidation in rats [11]. Nevertheless, it remains unknown
whether betaine may alleviate NAFLD in ApoE ™~ mice fed
a high-fat diet.

Fibroblast growth factor 10 (FGF10) is one of the 22
members of the FGF family and is essential for the devel-
opment of multiple organs. As a crucial paracrine signal,
FGF10 plays important roles in epithelial-mesenchymal
transition, the repair of tissue injury, and embryonic stem
cell differentiation [12]. A previous study suggested that
FGF10 is a therapeutic target for the treatment of obesity
and metabolic diseases [15].

AMP-activated protein kinase (AMPK) increased fatty
acid oxidation and the metabolic rate and inhibited hepatic

@ Springer

lipid synthesis [16]. Woods et al. [17] demonstrated that
activation of AMPK decreases hepatic triglyceride accu-
mulation to ameliorate NAFLD. Rena et al. [18] reported
that AMPK is indirectly activated by many compounds.
Chau et al. [19] demonstrated that LKB1 is one of the phos-
phorylation targets of FGFR1, which activates the expres-
sion of AMPK by phosphorylating LKB1. Another study
reported that the phosphorylation of AMPK was inhibited
after FGFR2 inhibition in NCI-H716 cells [20]. Interest-
ingly, FGF10 binds to FGFR1/2 to initiate signaling events
that mediate biological functions in target cells [13, 14].
Fischer et al. [15] reported that the FGF10-FGFR2-mediated
autocrine signaling mechanism induces white fat browning
and increases the lipid metabolic rate. Therefore, it can be
speculated that FGF10 ameliorates NAFLD by activating
AMPK.

In this study, NAFLD models were established in vivo
and in vitro and confirmed that betaine treatment prevents
NAFLD by inhibiting lipogenesis and improving fatty
acid oxidation. Then, we constructed an NAFLD model of
FGF10 overexpression in HepG2 cells and found that FGF10
overexpression could reduce lipid accumulation and increase
the expression of AMPK. Our data identify the effects of
betaine on NAFLD and show that betaine controls lipid
metabolism through the FGF10/AMPK signaling pathway.

Methods
Animal experimental design and treatments

The present study utilized a total of 27 male ApoE " mice
were purchased from Beijing Biocytogen. The use of the
mice was compliance with the guidelines established by the
Animal Care Committee of Gannan Medical University. The
experimental design to three groups, NFD (control) group
mice fed a normal chow diet, which contained 4% fat, 18%
protein. HFD (NAFLD) group mice were fed a high-fat diet,
which contained 15% fat, 18% protein, 1.25% cholesterol
and 0.5% cholate. HFD + B (NAFLD + Betaine) group mice
were fed a high-fat diet with 2% (wt/v) betaine in drinking
water. Food intake were alike in three groups (Table 1). The
animals fasted for 12 h, and individual body weight were
measured and following anesthesia with 3% pentobarbital
and sacrifice via cervical dislocation. Blood samples were
rapidly obtained by retro-orbital bleeding. Liver weight were
measured immediately and samples were fixed with 4% for-
maldehyde at room temperature for 24 h.

Biochemical analyses

Alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), triglyceride (TG), cholesterol (TC), free
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Table1 Food and betaine intakes of mice fed NFD, HFD+V, or
HFD + B for 8 weeks (g)

NFD HFD+V HFD+B
Total food intake 290 286 286.48
Fat 11.6 429 42.3
Protein 52.2 51.66 50.76
Cholesterol _ 3.575 _
Cholate _ 1.43 _
Betaine 4.48

Model group: NAFLD nonalcoholic fatty liver disease, NFD group
normal chow diet group, HFD+V group high-fat diet+ vehicle
group, HFD + B group high-fat diet + betaine group

fat acid (FFA), hydroxyproline (HYP), malondialdehyde
(MDA), glutathione peroxidase ( GSH-Px), high density
lipoprotein cholesterol (HDL-c), low density lipoprotein
cholesterol (LDL-c), and superoxide dismutase (SOD) lev-
els were measured using an enzyme-linked immunosorbent
assay kit following the manufacturer’s instructions.

Histological analysis

The liver specimens were stained with Oil red O for histo-
pathological examination. Liver specimens were in O.C.T.
Compound (Tissue-TeK®, 4583), and 12 pm sections were
stained with Oil red O. using an automated Leica TI-S
microscope to observe, and quantified using Image J.
The cells were fixed with 4% formaldehyde for 10 min,
soaked with 60% isopropanol, stained with Oil Red O for
10 min, and differentiated with 60% isopropanol. After
washing with distilled water, using an automated Leica
TI-S microscope to observe, and quantified using ImagelJ.
The liver specimens were stained with H&E for his-
topathological examination. Formalin-fixed liver tissues
were dehydrated in alcohol and embedded in paraffin wax
sectioned were sliced at 5 um, and were stained with H&E
and observed using an automated Leica TI-S microscope.
A single pathologist reviewed the liver histology accord-
ing to the percentage of hepatocytes with fatty droplets by
Ishak et al. Scoring of liver histology was according to the
percent of hepatocytes containing fat droplets (0, < 1%;
1, 1-25%; 2, 26-50%; 3, 51-75%, and 4, 76—-100%) [21].

HepG2 culture and experimental treatments

HepG?2 cells were maintained in normal RPMI-1640
medium contained 10% fetal bovine serum (FBS), 1%
penicillin streptomycin—neomycin antibiotics. The control
group was maintained in normal RPMI-1640 medium. The
oleic acid group (OA), oleic acid was added to the culture
medium at the concentration of 0.2 mM to induced fatty

liver cell models. Treatment group (OA + B), the betaine
was added to the OA culture medium at the concentration
of 20 mM, 40 mM, 80 mM and 160 mM, respectively. Treat-
ment group (OA 4+ FGF10), the FGF10 recombinant protein
was added to the OA culture medium at the concentration
of 25 ng/ml. Treatment group (OA + pFGF10), HepG2 cells
were transfected using the Neon™ transfection system and
8 pg of a p-CMV3-FGF10-C-GFPSpark plasmid. Electropo-
ration parameters: voltage (v) 1230, width (ms) 20, number
3, cell density (cells/ml) 5 X 10°. Cells were seeded into a
six well plates (2 x 10° cells/well) and grown to 70-80%
confluence, incubated at 37 °C in a CO, incubator for 48 h.

Quantitative real-time qPCR

Hepatic mRNA levels were analyzed by RT-qPCR using an
CFX96 real-time PCR system (BIO-RAD, USA). Total RNA
was isolated from liver tissues using QIAzol (QIAGEN cat
#79306) followed by DNAse treatment to remove genomic
DNA. cDNA was synthesized using 40 ng of total RNA
with SuperScript™ II Reverse Transcriptase (Invitrogen
cat#18064014) at 37 °C for 30 min. Amplification reac-
tions were performed using a TB Green® Premix Ex Taq™
(Takara cat#RR820A) according to the manufacturer’s pro-
tocol. Relative genes expression levels were analyzed using
the 2724¢T method.

Western blotting

Approximately, 40 mg of the liver samples were homoge-
nized in RIPA lysis buffer (Solarbio cat# R0010) containing
protease inhibitors. Protein concentration were determined by
the Bradford protein assay kit (TTANGEN PA115). Samples
(40 pg) were separated by 10% sodium dodecyl sulfatepoly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to PVDF membranes. The membranes were then blocked
with 5% non-fat dry milk in 0.05% Tween-20-PBS for 1.5 h
at room temperature. Then, the membranes were incubated
overnight at 4 °C with AMPKa (diluted 1:1000, protein-
tech cat# 66536-1-Ig), pAMPKa (diluted 1:1000, abcam
ab23875), FASN (diluted 1:500, proteintech cat#10624-
2-AP), NR1H3 (diluted 1:1000, proteintech cat# 14351-1-
AP), SREBF1 (diluted 1:2000, proteintech cat#14088-1-AP),
pSREBF1 (diluted 1:1000, abcam ab138663), GAPDH
(diluted 1:3000, Proteintech cat#10494-1-AP), ACC (diluted
1:1000, abcam ab45174), pACC (diluted 1:5000, abcam
ab68191), ATGL (diluted 1:5000, abcam ab109251), CPT1A
(diluted 1:5000, abcam ab220789), PPARYy (diluted 1:1000,
abcam ab178860), SIRT1 (diluted 1:1000, abcam ab32441),
FGF10 (diluted 1:1000, Sino Biological 101637-T44) in 5%
BSA (Sigm A4503). After washing with TBST, the mem-
branes were incubated for 2 h at room temperature with sec-
ondary HRP conjugated antibody (diluted 1:5000 Proteintech

@ Springer



1658

European Journal of Nutrition (2021) 60:1655-1668

cat#SA0001-A). Images were captured by ChemiDoc™
Imaging System (Bio-Rad, USA) and quantified with an
Image-Lab software.

Statistical analysis

All data are expressed as mean =+ standard error of mean.
“n” denotes the sample size in each group. Between-group
differences were assessed using one-way ANOVA with
Bonferroni’s test. Statistical analyses were calculated using
SPSS software (version 20.0). Differences were considered
statistically significant at values of p <0.05.
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Fig. 1 Effects of betaine on lipid metabolism in NAFLD mice. A
schematic of the experiment to examine whether betaine could inhibit
high-fat diet-induced NAFLD in ApoE”~ mice (a), NFD group
mice were fed a normal chow diet, and HFD group mice were fed
a high-fat diet with or without 2% (wt/v) betaine in drinking water
for 8 weeks. Body weights of each group of mice every 2 weeks (b)
and percent weight gain in each group of ApoE™ mice at the end
of the prevention study (c). Images of H&E (x200) and oil red O
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Results

Effects of betaine on lipid metabolism in NAFLD
mice

Effects of betaine on lipid metabolism in vivo

As shown in Fig. la—c, remarkably, NAFLD mice that
were supplemented with betaine (HFD + B group) had
lower weight gain and significantly lighter weight gain
than NAFLD mice with vehicle (HFD +V group). Then,
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(% 400)-stained livers from each group (d). Quantification of the oil
red O staining area from each group of ApoE~~ mice (e). Data are
expressed as the means+SEM (n=9). Model group: NAFLD non-
alcoholic fatty liver disease, NFD group normal chow diet group,
HFD +V group high-fat diet+ vehicle group, HFD + B group high-fat
diet+betaine group. SEM standard error of the mean, ANOVA analy-
sis of variance
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we tested the serum lipid levels (Table 2). When compared
with those in the NFD group, the serum TC level in the
HFD + V group was increased by 161%, serum TG by 57%,
serum LDL-C by 46%, serum FFA by 90%, and serum
HDL-C was decreased by 52%. When compared with that
in the HFD +V group, the serum TC level in the HFD + B
group was decreased by 9%, serum TG by 36%, serum FFA
by —20%, serum LDL-C by 28%, and serum HDL-C was
increased by 91%. The data indicate that betaine can ame-
liorate dyslipidemia in NAFLD mice.

Effects of betaine on liver homogenate lipid levels

Then, we tested the lipid levels in the liver homogenate
(Table 2). When compared with those in the NFD group,
the liver homogenate TC level in the HFD group was
increased by 350%, the liver homogenate TG by 160%, the
liver homogenate LDL-C by 133%, and the liver homoge-
nate FFA by 125%. There was no significant difference
in the HDL-C between the groups of liver homogenate.
The liver homogenate TC level in the HFD + B group was
decreased by 22%, and the liver homogenate TG level was
decreased by 38% as compared to those in the HFD group.
There was no significant difference in the LDL-C, HDL-C,
and FFA levels between the groups of liver homogenate.
The data indicate that betaine can reduce TC and TG in

the liver homogenate of NAFLD mice but does not affect
LDL-C, HDL-C, and FFA levels.

Effects of betaine on hepatic steatosis

As shown in Fig. 1d and e, macroscopic samples showed
visible yellow lipid plaque deposits on the surface of the
liver in HFD + V mice. Yellow lipid plaque deposition
can be diminished after treatment with betaine. Indeed, as
compared to HFD + V mice, the HFD + B group mice had
lower levels of hepatic lipid accumulation. When com-
pared with those in the NFD group, H&E staining of liver
tissue in the HFD +V group showed a disordered hepatic
lobule structure, portal vein area—central vein dilatation,
hepatic cell steatosis in hepatic lobules, mixed steatosis

Table 3 Scoring of liver histology

Hepatic steatosis (%) Score
NFD <1 0
HFD+V 30 2

HFD +B 12

Model group. NAFLD nonalcoholic fatty liver disease, NFD group
normal chow diet group, HFD+V group high-fat diet+ vehicle
group, HFD + B group high-fat diet + betaine group

Table 2 Lipid metabolic and

. . . NFD HFD+V HFD+B

biochemical characteristics of

mice Serum TG (mmol/L) 1.69 +0.18 2.67 +0.15%%* 1.72 +0.17%
Serum TC (mmol/L) 14.00 +1.96 36.63 +6.26%*** 33.42 +3.67*
Serum HDL-c (mmol/L) 3.37 +0.32 1.61 +0.24%%* 3.07 +0.27%#
Serum LDL-c (mmol/L) 5.07 +0.27 7.39 +0.63%%* 5.33 +0.16"
Serum FFA (mmol/L) 0.52 +0.18 0.99 +0.36%* 1.19 +0.46
Serum ALT (U/L) 18.83 +6.03 39.22 +9.57%F*k 27.21 +3.99%
Serum AST (U/L) 24.74 +2.14 37.34 +1.82%%* 29.82 +2.17*
Liver FFA (mmol/g) 0.04 +0.01 0.09 +0.02% 0.09 +0.01
Liver TG (mmol/g) 0.15 +0.02 0.39 +0.04%%* 0.24 +0.03*
Liver TC (mmol/g) 0.04 +0.01 0.18 + 0,058 0.14 +0.04%
Liver MDA (nmol/mg) 1.42 +0.17 3.27 +0.50%% 2.17 +0.13%
Liver HYP (pg/prot) 1.22 +0.39 1.57 +0.27 1.35 +0.35
Liver GSH-PX (U/g) 5.30 +0.65 6.43 +0.97 5.99 +0.91
Liver SOD (U/mg prot) 29.05 +1.12 16.24 +2.6]%** 23.72 +1.44%
Liver HDL-c (mmol/g) 0.02 +0.01 0.03 +0.01 0.02 +0.01
Liver LDL-c (mmol/g) 0.06 +0.01 0.14 +0.01%%* 0.12 +0.0I°

TC cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipo-
protein cholesterol, FFA free fatty acid, ALT alanine transaminase, AST aspartate transaminase, GHS-PX
homogenate glutathione peroxidase, SOD superoxide dismutase, HYP hydroxyproline, MDA malondialde-
hyde. Data are expressed as the means+SEM (n=9). Model group. NAFLD nonalcoholic fatty liver dis-
ease, NFD group normal chow diet group, HFD+V group high-fat diet+ vehicle group, HFD+ B group
high-fat diet+betaine group. SEM standard error of the mean, ANOVA analysis of variance. *P <0.05,
##P <0.01, ¥*P <0.001, and ****P <0.0001 vs. NFD group; *P <0.05, #P <0.01, and ##P <0.001 vs.

HFD +V group
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Fig.2 Effects of betaine on lipid metabolism in HepG2 cells. In the
oleic acid group (OA), oleic acid was added to the culture medium
at a concentration of 0.2 mM to induce fatty liver cell models. In
the treatment group (OA +B), betaine was added to the OA culture
medium at concentrations of 20 mM, 40 mM, 80 mM, and 160 mM.
Representative images of oil red O-stained HepG2 cells from the con-
trol group and OA group treated with or without betaine for 48 h (a).
Quantification of the oil red O staining area in cells from each group
(b). Quantitative analysis of ALT and AST in the cell homogenates
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(c). Quantitative analysis of the total TC, TG, HDL-C, and LDL-C
concentrations in the cell homogenate (d). The data are expressed as
the means +SEM (n=9). Model group: TC cholesterol, TG triglyc-
eride, LDL-C low-density lipoprotein cholesterol, HDL-C high-den-
sity lipoprotein cholesterol, ALT alanine transaminase, AST aspar-
tate transaminase. Control group: OA+V group oleic acid + vehicle
group, OA + B group oleic acid + betaine group SEM standard error of
the mean, ANOVA analysis of variance
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Fig. 3 Effects of betaine on the mRNA expression of genes and pro-
teins in vivo. The mRNA expression of AMPK, LCAT, and Rxra (a)
was tested. The protein expression levels of AMPK (d and g); the de
novo lipogenesis-related proteins FASN (b and ¢), SREBF1 (d and
f), NR1H3 (d and h), and ACC (d and e); and the -oxidation-related
proteins SIRT1, ATGL, CPT1A, and PPARy (i and j) in the Con

characterized by macrovascular steatosis, hepatocyte vol-
ume increase, and a hollow cytoplasm. However, as com-
pared to that in HFD + V mice, in the HFD + B group,
hepatic steatosis in the hepatic lobules was significantly
reduced, and the visible cavities in the cytoplasm were

group and OA group of HepG2 cells treated with or without betaine
for 48 h. Data are expressed as the means+SEM (n=9). Model
group, Control group: OA +V group oleic acid + group, OA+ B group
oleic acid +betaine group. SEM standard error of the mean, ANOVA
analysis of variance

also significantly reduced. The scoring of liver histology
(Table 3) showed that the HFD + V mice had higher scores
than the HFD + B mice. These results indicate that the
histopathology of the liver tissues of HFD + V mice after
betaine administration was significantly improved.
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Effects of betaine on hepatic cell injury
As shown in Table 2, when compared with those in the NFD

group, serum ALT, and AST levels were elevated by 108%
and 51%, respectively. However, when compared with those
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in the HFD + V group, serum ALT was reduced by 44% and
serum AST by 25% in the HFD + B group. Then, we checked
other markers of hepatic cell injury, such as GSH-px, SOD,
HYP, and MDA. When compared with those in the NFD
group, the liver SOD level of mice was reduced by 79% in
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«Fig.4 Effects of betaine on the mRNA expression of genes and
proteins in vivo. mRNA expression of the lipogenic enzymes FAS,
ACC2, SREBP-1, and Nrlh3 (a) in the livers of ApoE”’ mice.
mRNA expression of the cholesterol-related synthetic enzymes
ACAT, HMGCR, HMGCS, and SREBP-2 (a and b) in the livers of
ApoE™™ mice. mRNA expression of other metabolism pathway-
related enzymes, including AMPK, CPT1A, SIRT3, and LCAT (b),
in the livers of ApoE~~ mice. The protein expression of AMPK (c
and f); the de novo lipogenesis-related proteins FASN (G and H),
SREBF1 (c and e), NR1H3 (g and h), and ACC (c and d); and the
lipid B-oxidation-related proteins SIRT1, ATGL, CPT1A, and PPARy
(i and j) levels in the livers of ApoE~"~ mice. NFD group mice were
fed a normal chow diet, and HFD group mice were fed a high-fat diet
with or without 2% (wt/v) betaine in drinking water for 8 weeks. Data
are expressed as the means+SEM (n=9). Model group: NAFLD
nonalcoholic fatty liver disease, NFD group normal chow diet group,
HFD+V group high-fat diet+ vehicle group, HFD + B group high-fat
diet+ betaine group. SEM standard error of the mean, ANOVA analy-
sis of variance

the HFD + V group, while the level was increased by 46%
in the HFD + B group as compared to those in the HFD + V
group. The liver MDA level of mice was increased by 57% in
the HFD + V group and was reduced by 34% in the HFD + B
group as compared to those in the HFD +V group. Liver
GSH-px and HYP levels were not significantly different
among the three groups. These findings suggest a hepato-
protective effect of betaine.

Effects of betaine on lipid metabolism in vitro

First, we need to determine a suitable concentration of
betaine for the treatment of an oleic acid (OA +V group)-
induced high-fat cell model. Cell lipid accumulation was
increased significantly in the OA+V group (Fig. 2a, b).
Interestingly, after treatment with betaine (OA 4+ B group),
as compared to that in the OA +V group, the cell lipid accu-
mulation was decreased, especially in the OA + B (20 mM)
group. The data indicate that betaine can reduce lipid accu-
mulation in vitro at a concentration of 20 mM.

Then, we examined the effect of betaine on lipid
metabolism in vitro. The aminotransferase level of
the cell homogenate and ALT level were increased by
189% (Fig. 2c), and the AST level was increased by
52% (Fig. 2d). In the OA +V group, the cell homogen-
ate TC level was increased by 32%, TG by 90%, HDL-C
was decreased by 31%, and LDL-C was increased by
12% (Fig. 2e). After treatment with betaine, the ALT
level was decreased by 13% (Fig. 2c) and the AST level
was decreased by 16% (Fig. 2d) as compared to that in
the OA +V group. The cell homogenate TC level in the
OA + B group was decreased by 11% and TG by 20%, and
HDL-C was increased by 14% (Fig. 2e). The data indicate
that betaine can ameliorate dyslipidemia in vitro.

Effects of betaine on the mRNA expression of genes
and proteins in vitro

We checked the mRNA expression levels of lipogenesis
genes and the expression levels of regulatory factors for
cholesterol synthesis. Many gene expression levels are too
low to be detected. Only the expression levels of AMPK,
LCAT, and Rxra could be detected and were significantly
decreased in the OA +V group and increased after treatment
with betaine (Fig. 3a).

We continued to check the AMPK protein level in vitro.
As shown in Fig. 3d and g, the AMPK protein level of
the liver in the OA 4+ V group was decreased as compared
to that in the control groups and can be increased after
treatment with betaine. We then checked the AMPK tar-
get genes, including the FASN, SREBF1, NR1H3, ACC,
SIRT1, ATGL, CPT1A, and PPARY protein levels in vitro.
As shown in Fig. 3d and f, the de novo lipogenesis-related
proteins, including SREBF1, in the OA +V group were
increased as compared to those in the control group and
were decreased after treatment with betaine. The FASN and
ACC (Fig. 3b, d) protein levels were not different between
the control group and OA +V group; however, they were
decreased after treatment with betaine. The levels of the fatty
acid oxidation-related proteins SIRT1, CPT1A, and PPARY
(Fig. 31, j) in the OA +V group were increased as compared
to those in the control group and could be decreased after
treatment with betaine. Interestingly, the ATGL (Fig. 31, j)
protein level was not different between the control group
and OA group; however, it was increased after treatment
with betaine. The NR1H3 (Fig. 3d, h) protein level was not
different among the three groups. The data indicate that
betaine can increase the protein expression levels of AMPK
and ATGL and decrease SREBP1, FASN, ACC, SIRT1, and
PPARY expression levels in vitro.

Effects of betaine on the mRNA expression of genes
and proteins in vivo

As shown in Fig. 4a, the mRNA expression levels of lipo-
genesis genes, including HMGCR, ACC2, and SREBP-1,
were increased in the HFD group but inhibited after treat-
ment with betaine. In addition, the expression levels of
FASN, ACAT, CPTIA, SREBP-2, and HMGCS were signifi-
cantly increased in the HFD +V mice (Fig. 4a, b). However,
there were no significant differences in the HFD + B group.
The mRNA expression of AMPK, which is another metabo-
lism pathway-related enzyme for metabolic homeostasis
(Fig. 4b), was significantly decreased in the HFD mice but
increased after treatment with betaine. The expression of
LCAT and SIRT3 was not significantly different.
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We then checked the AMPK protein level in vivo. As
shown in Fig. 4c and f, the AMPK protein level of the liver in
HFD mice was decreased as compared to that in NFD mice
and can be increased after treatment with betaine. We then
checked the AMPK target genes, including FASN, SREBF1,
NR1H3, ACC, SIRTI1, ATGL, CPT1A, and PPARYy pro-
tein levels, in vivo. As shown in Fig. 4c, e, g, and h, the de
novo lipogenesis-related protein levels, including SREBF1
and NR1H3, in HFD mice were increased as compared to
those in NFD mice and were decreased after treatment with
betaine. The FASN and ACC (Fig. 4c, d, g, h) protein levels
were not different between the NFD and HFD groups; how-
ever, they were decreased after treatment with betaine. The
levels of the fatty acid oxidation-related proteins SIRT1 and
PPARYy (Fig. 41, j) in HFD mice were increased as compared
to those in NFD mice and decreased after treatment with
betaine. Interestingly, the ATGL (Fig. 41, j) protein level of
the liver in HFD mice was decreased as compared to that in
NFD mice and was increased after treatment with betaine.
However, the CPT1A (Fig. 41, j) protein level was not dif-
ferent in each group. The data indicate that betaine can
increase the protein expression levels of AMPK and ATGL
and decrease SREBP1, FASN, NR1H3, ACC, SIRT1, and
PPARY expression levels in vivo.

Effects of betaine on lipid metabolism by increasing
the expression of FGF10

Effects of betaine on FGF10 expression

We first collected the cell supernatants to detect FGF10
levels. When compared with that in the control group, the
cell supernatant FGF10 level decreased in the OA 4V group
(Fig. 5a), and after treatment with betaine, the cell superna-
tant FGF10 level increased significantly. Moreover, to deter-
mine whether betaine increases the expression of FGF10,
we then checked FGF10 protein levels in vivo and in vitro.
As shown in Fig. 5b—d, the FGF10 protein level in HFD-fed
mice was decreased as compared to that in control mice and
was increased after treatment with betaine. This phenom-
enon is repeated in vitro. The data showed that betaine can
increase the protein expression levels of FGF10.

The overexpression of FGF10 reduces lipid accumula-
tion in HepG?2 cells. To demonstrate whether FGF10 could
reduce lipid accumulation, we then examined lipid accumu-
lation using a fatty liver cell model. When compared with
the OA +V group, the OA + FGF10-C-GFPSpark group and
the OA +FGF10 group had lower levels of lipid accumula-
tion, as evidenced by oil red O staining (Fig. Se, f). These
data showed that overexpression of FGF10 can reduce lipid
accumulation in vitro.

Effect of FGF10 on AMPK expression. To further con-
firm that the effect of AMPK on NAFLD treatment is FGF10
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dependent, we investigated the effect of FGF10 overexpres-
sion on AMPK. When compared with the control group,
AMPK increased significantly in the FGF10 group (Fig. 5g,
h). Moreover, when compared with the OA+V group,
AMPK increased significantly in the OA + B, OA +FGF10-
C-GFPSpark and OA +FGF10 groups. These results showed
that AMPK protein levels increased with FGF10 overex-
pression. These results indicated that betaine could indi-
rectly activate AMPK through FGF10. Overall, the effect of
betaine on NAFLD treatment was mediated by the FGF10/
AMPK pathway.

Discussion

The pathogenesis of NAFLD is complicated. Despite exten-
sive research work, the molecular mechanisms involved in
the pathogenesis of NAFLD are still only partially under-
stood. Excessive lipid accumulation caused by disorders of
lipid metabolism in hepatocytes plays an important role in the
development of NAFLD. Liu et al. [22] reported that ApoE
is involved in cholesterol transport and mediates high affin-
ity binding of chylomicrons and vLDL particles to the LDL
receptor, allowing for specific uptake of these particles by the
liver. Interestingly, ApoE ™~ mice were also used as a model
of NAFLD because lipid deposition in the liver resulted in
the onset of NAFLD after feeding a high-fat diet [23].

After 8 weeks of feeding a high-fat diet to ApoE~'~ mice,
we found that the levels of TC, TG, LDL-C and FFA in the
serum of mice were increased significantly, and the level of
HDL-C was significantly decreased, as was the case in liver
homogenate. We checked the serum aminotransferase levels
and some markers of hepatic cell injury and found that ALT
and AST levels were significantly increased. The results
showed that ApoE ™"~ mice developed NAFLD after feeding
with a high-fat diet, and mouse pathological examination
and hepatocyte injury marker examination supported this
diagnosis. After administration of betaine in NAFLD mice,
blood lipids and blood cholesterol esters were significantly
reduced, liver function was also greatly restored, and path-
ological manifestations were also significantly improved,
suggesting that betaine can significantly improve NAFLD.
Moreover, we have also found that betaine can indeed reduce
the incidence of atherosclerosis in mice and reduce serum
homocysteine levels (data not shown), consistent with other
experimental results [24].

Then, we wanted to determine whether betaine changes
enzymes or signaling pathways involved in lipid metabo-
lism or cholesterol metabolism. NAFLD is character-
ized by the excessive accumulation of liver triglycerides
[25]. Fatty acids are derived from de novo lipogenesis by
LXR, SREBP1, ACC, and FAS and then synthesized to
triglycerides for storage [25, 26]. qPCR and western blot
results indicate that some lipid metabolism- or cholesterol
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metabolism-related enzymes or signaling pathways are
changed when ApoE™~ mice are fed a high-fat diet, which
proves that these enzymes or signaling pathways are
involved in the pathogenesis of NAFLD mice. Our data
show that most of the genes have a corresponding trend
with the improvement in symptoms, and a small number of
genes have significant changes, including AMPK, SREBP-1,
ACC2, LCAT, Rxra, and HMGCR. Furthermore, the protein
expression of LXR, SREBF1, ACC, PPARy, SIRTI, and
FASN was increased in NAFLD mice. This suggests that a
high-fat diet causes metabolic disorders and increases body
weight by disturbing lipogenesis and lipolysis, which often
leads to obesity-mediated NAFLD.

A

AMPK serves as a key energy sensor and ameliorates
NAFLD by increasing fatty acid utilization and inhibiting
hepatic lipid synthesis [16, 27]. Sterol regulatory element
binding protein 1c (SREBP-1c¢) is a transcription factor that
regulates the fatty production in rodent liver and plays a
critical role in the fatty synthesis process [28]. Activation
of AMPK reduces lipid accumulation by inhibiting SREBP-
1c expression and its target genes, including acetyl-CoA
carboxylase (ACC) and fatty acid synthase (FASN), in the
liver [16]. Adipose triglyceride lipase (ATGL) catalyzes
the lipolysis of triglycerides. Reduced expression of the
ATGL gene in the liver aggravates insulin resistance and
lipid accumulation in patients with NAFLD. Moreover, Wu
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tion of 20 mM for 48 h. The protein expression of FGF10 (b and d) in
the livers of NFD and HFD ApoE ™" mice treated with or without 2%
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cells. The data are expressed as the means+SEM (n=9). Model
group: NAFLD nonalcoholic fatty liver disease, NFD group normal
chow diet, HFD + V high-fat diet+ vehicle, HFD + B group high-fat
diet+ betaine group. Control group: OA +V group oleic acid + vehi-
cle group, OA+B group oleic acid+ betaine group, OA +pFGFI0
group oleic acid+p-CMV3-FGF10-C-GFPSpark plasmid group,
OA + FGF10 group oleic acid+FGF10 group. SEM standard error of
the mean, ANOVA analysis of variance
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Fig.6 Schematic representation of the signaling mechanisms that
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the liver. FGF10 binds the FGFR1/2 receptor to form the FGF10-
FGFR1/2 complex, which subsequently activates AMPK through
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mediated AMPK activation, inhibiting de novo lipogenesis while
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AMPK activation, inhibiting fatty acid p-oxidation while activating
the FGF10/AMPK signaling pathway. ATGL and Rxra are essential
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lipolysis while activating the FGF10/AMPK signaling pathway. ACC
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gene, SIRT] sirtuin 1
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et al. [29] reported that AMPK regulates lipid accumula-
tion by increasing ATGL expression. In fact, AMPK activa-
tion protected against weight gain and obesity in high-fat
diet-induced NAFLD mice [27]. This may be the reason we
observed significant effects on reduced lipid content and
lower body weight after betaine supplementation.

We then examined AMPK activation of betaine using
NAFLD models. We observed that betaine treatment
increased the expression of AMPK both in vivo and
in vitro. Interestingly, AMPK has been demonstrated to
be an upstream kinase of SREBP, ACC, FAS, HMGCR,
HMGCS, LXR, and PPARY [16, 26, 30-33]. Moreover, a
previous study showed that AMPK significantly inhibits the
activity of SIRT1 directly [34]. Indeed, our results showed
that the protein expression of SREBF1, ACC, FASN, LXR
(NR1H3), SIRT1 and PPARYy was inhibited and that ATGL
was increased after betaine treatment. However, the protein
expression of CPT1A decreased with betaine treatment in
HepG2 cells. Therefore, betaine lowers body weight and
reduces lipid accumulation through the regulation of AMPK
and its target genes.

Interestingly, FGF10 plays an important role in liver
development [35]. Moreover, one study reported that the
cells secreting FGF10 can modulate whole-body metabolism
and increase the whole-body metabolic rate [15]. Our results
showed that the cell FGF10 concentration increased signifi-
cantly after treatment with betaine. Moreover, we observed
that overexpression of FGF10 decreased lipid accumulation
in NAFLD model cells. Thus, we found that betaine treat-
ment may induce the secretion of FGF10, which therapeuti-
cally improves NAFLD.

Then, we speculated that the potential therapeutic effect
of betaine prevents NAFLD by activating the FGF10/AMPK
signaling pathway. Our data showed that betaine activation
of FGF10 and AMPK was sufficient to prevent high-fat
diet-induced NAFLD. Moreover, FGF10/AMPK activa-
tion significantly reduced white adipose depots in response
to NAFLD in mice. Indeed, FGF10 activation in betaine-
treated NAFLD cells increased the expression of AMPK
protein and reduced lipid accumulation. Thus, the FGF10/
AMPK signaling pathway is a new target in the potential
therapeutic treatment of NAFLD. Overall, our results dem-
onstrated that betaine reduces lipid synthesis and improves
fatty acid oxidation to prevent NAFLD by activating AMPK,
which might provide an attractive therapeutic strategy for
preventing NAFLD (Fig. 6).
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