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Background: Previous studies have shown that curcumin derivatives can improve the fatty 
degeneration of liver tissue that occurs in nonalcoholic fatty liver disease (NAFLD). 
However, the specific mechanism for that improvement remains unclear. We examined 
whether the curcumin derivative galangin could reduce the fatty degeneration of liver tissue 
in mice with NAFLD by inducing autophagy, from the perspective of both prevention and 
treatment.
Methods: C57BL/6J mice were randomly assigned to a prevention group (given galangin 
and a HFD simultaneously) or a treatment group (given galangin after being fed an HFD). 
The prevention group was treated with galangin (100 mg/kg/d) or an equal volume of normal 
saline (NS) while being fed an HFD. Some mice were treated with an autophagy inhibitor 
(3-methyladenine, 3-MA; 30 mg/kg/biwk, i.p.) while being fed an HFD and galangin. HepG2 
cells were cultured in DMEM medium containing both free fatty acids and galangin.
Results: Galangin was found to reduce the fatty degeneration of liver tissue induced by 
eating an HFD at both the prevention and treatment levels, and that effect might be related to 
an enhancement of hepatocyte autophagy. Inhibition of autophagy by 3-MA blocked the 
protective effect of galangin on hepatic steatosis. At the cellular level, galangin reduced lipid 
accumulation and enhanced the level of hepatocyte autophagy.
Conclusion: In vitro and in vivo studies showed that galangin cannot only improve pre- 
existing hepatic steatosis but also prevent the development of stenosis by promoting hepa-
tocyte autophagy.
Keywords: nonalcoholic fatty liver disease, autophagy, galangin, 3-methyladenine, free fatty acid

Introduction
Non-alcoholic fatty liver disease (NAFLD) is an increasing cause of liver disease 
worldwide, and especially in Western countries.1 NAFSD is the most common form 
of chronic liver disease in the United States, where it affects ~25% of the popula-
tion. However, the overall prevalence of NAFLD in Asia is now estimated to be 
29.6% and may have surpassed that in Western countries.2 The incidence rate of 
NAFD has been increasing on a yearly basis, and the median age of those patients 
has steadily declined, making NAFD a significant public health problem.3–5 

NAFLD is a general term that includes diseases such as simple nonalcoholic fatty 
liver disease, nonalcoholic fatty liver hepatitis (NASH), liver fibrosis, liver cirrho-
sis, and even late-stage hepatocellular carcinoma.6 Nonetheless, the pathogenesis of 
NAFLD has not been fully elucidated.

Autophagy is a vital process by which the body’s cells eliminate unnecessary or 
damaged components by transporting damaged organelles, unfolded proteins, and 
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intracellular pathogens into lysosomes for degradation.7 

Autophagy is an evolutionarily conserved intracellular 
degradative function that is crucial for cellular develop-
ment, differentiation, survival, and homeostasis.8 

Accumulating evidence suggests important links between 
the regulation of autophagy and liver complications asso-
ciated with obesity and NAFLD.9–11 In particular, 
a previous study of the drug liraglutide indicated that the 
promotion of autophagy can ameliorate the effects of 
NAFLD via the SIRT1/SIRT3-FOXO3a pathway.10

The autophagy process is dependent on a multitude of 
signaling pathways. Adenosine monophosphate activated 
protein kinase (AMPK) functions as a regulator of cell 
energy metabolism,12–14 and phosphorylated AMPK 
(pAMPK) plays a key role in autophagy.15 Mammalian 
target of rapamycin (mTOR), as one of the main autop-
hagy inhibitory pathways, also plays an important role in 
the occurrence of autophagy.16 It has been demonstrated 
that Beclin1, autophagy-related gene 3 (Atg3), and micro-
tubule-associated protein light chain-1 (LC3-I) and LC3-II 
are significantly related to the autophagy process.17,18

Galangin is a flavonol compound and curcumin deriva-
tive extracted from the root of Alpinia officinarum.19 

Accumulating evidence suggests that galangin can induce 
autophagy;20–22 however, the effect of galangin on NAFLD 
has not been explored. In this study, we investigated the 
effects of galangin on lipid metabolism and autophagy in 
a mouse model of NAFLD in order to provide an experi-
mental basis for finding new targets for treating that disease.

Methods
Animal Treatment
SPF male C57BL/6J mice were purchased from the 
Laboratory Animal Department of Xiangya Medical 
College, Central South University. All mice were 4–5 
weeks old and were housed separate cages in a room 
maintained at 20–24°C. Food and water were available 
ad libitum. All procedures involving animals were 
approved by the Ethics Committee of the Laboratory 
Animal Department of Xiangya Hospital of Central 
South University and were performed in accordance with 
its ethical guidelines. The C57BL/6J mice were randomly 
assigned to a prevention group and a treatment group after 
adaptive feeding for 1 week.

Mice in the prevention group were further divided into 
the following five subgroups (4 to 5 mice per subgroup). 
Group #1, normal chow diet (NC) group: mice were fed 

a normal control diet and purified water (Research diet, 
D12450J); Group #2, HFD group: mice were fed an HFD 
(60% fat) and purified water (Research diet, D12942); 
Group 3, HFD + galangin (H+G) group: mice were treated 
with galangin (100 mg/kg, i.g, daily, MCE) dissolved in 
purified water and fed a high fat diet; Group #4, High fat + 
galangin + 3-MA (H+G+3-MA) group: mice were fed 
a high-fat diet and treated with galangin dissolved in 
purified water, and also treated with 3-MA (30 mg/kg, 
IP, three times per week, MCE) dissolved in normal saline; 
5. HFD + normal saline (H+NS) group: mice were fed 
a high-fat diet (60% fat) and purified water, and also 
treated with normal saline (IP, three times per week, 
MCE, volume equal to the 3-MA solution). All mice in 
the prevention group were fed their respective diets for 8 
weeks.

All mice in the treatment group, except those in sub-
group #1, (normal control [NC] group fed a normal diet 
and purified water) were fed an HFD for 8 weeks, and then 
divided into the following subgroups. Group #2, HFD 
group: mice were fed a diet containing 60% fat 
(Research diet, D12942) for another 4 weeks; Group 3, 
HFD + galangin (H+G) group: mice were fed galangin 
dissolved in purified water along with their high-fat diet; 
Group 4. HFD + galangin + 3-MA (H+G+3-MA) group: 
mice were fed galangin dissolved in purified water and 
were treated with 3-MA (30 mg/kg, IP, three times per 
week, MCE) dissolved in normal saline along with eating 
a high-fat diet; Group 5, HFD + normal saline (H+NS) 
group: mice were fed a diet containing 60% fat, plus 
purified water, and were treated with normal saline (IP, 
three times per week, MCE, volume equal to the 3-MA 
solution). The treatment group was fed for 12 weeks.

The hair color, food intake, water intake, and mental 
activity of the mice in each cage were observed on a daily 
basis, and their weights were recorded on a weekly basis. 
At the end of treatment, the mice in each group were 
anesthetized by an intraperitoneal injection of pentobarbi-
tal sodium; after which, their eyeballs were extracted and 
blood samples were collected for analysis. Approximately 
0.8 mL of blood was collected into a tube containing 
heparin, and let sit at room temperature for 20 min. The 
blood sample was then centrifuged at 4000 rpm (4°C) for 5 
min, and the supernatant was transferred to a new centri-
fuge tube and tested for various biochemical parameters. 
After a blood sample was collected, each mouse was 
sacrificed by cervical dislocation and placed in an ice 
box. Next, the body was sheared to open the abdomen, 
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a dissection was performed, and the liver tissues were 
collected and placed in a centrifuge tube pre-filled with 
4% formalin solution (Biosharp, BL539A). Samples of 
liver tissue were stained with oil red O or hematoxylin- 
eosin (HE). The remaining tissues were frozen in liquid 
nitrogen and subsequently transferred to a −80° refrigera-
tor for later analyses in Western blot and qRT-PCR studies.

Cell Culture and Treatment
HepG2 cells (ATCC, Manassas, VA, USA) were cultured 
in DMEM (Gibco, Waltham, MA, USA) supplemented 
with 10% fetal bovine serum (10% FBS, Gibco) at 37°C 
in a humidified atmosphere containing 5% CO2. Oleic acid 
and palmitic acid (2:1, Sigma-Aldrich, St. Louis, MO, 
USA) were conjugated to bovine serum albumin (Gibco) 
to create a free fatty acid (FFA) mixture. To create an 
in vitro model of hepatic steatosis (NAFLD cell), HepG2 
cells were exposed to a 1 mM concentration of the FFA 
mixture for 24 h to induce lipid accumulation within the 
cells.23 The effect of galangin on the survival of NAFLD 
model cells was determined by the MTT (Beyotime, 
China) method. NAFLD cells are divided into administra-
tion wells (6 types of galangin at different concentrations), 
blank control wells (without galangin), and zero adjust-
ment wells (equal amounts of culture solution). Five repli-
cate wells were created in 96-well plates to screen for the 
appropriate interventional drug concentration. In the pre-
vention group: ① an FFA+G subgroup was created that 
had the most suitable concentration of galangin in high-fat 
culture medium, and the cells were incubated in the med-
ium for 24 h; ② an FFA+G+3-MA subgroup was created 
that used the most suitable concentration of galangin in 
high-fat culture medium, and the cells were incubated in 
the medium along with 5 mM 3-MA for 24 h; ③ an FFA 
+vehicle subgroup was created by adding DMSO (<1%) to 
the high-fat medium and incubating the cells for 24 h; 
④ a blank control subgroup was created using HepG2 
cultured under normal conditions, and ⑤ a positive con-
trol subgroup (FFA group) was created by culturing 
HepG2 cells in high-fat medium. The treatment group: 
① FFA+G subgroup: HepG2 cells were exposed to a 1 
mM concentration of high-fat medium for 24 h, and then 
cultured with the optimum concentration of galangin for 
12 h; ② an FFA+G+3-MA group was created that used the 
most suitable concentration of galangin to culture cells for 
another 12 h after they had been previously cultured in 
high-fat medium treatment for 24 h; ③ an FFA+vehicle 
group was created by culturing cells in medium containing 

vehicle (1% DMSO) for 12 h after they had been pre-
viously cultured in high-fat medium for 24 h; ④ a blank 
control group consisted of HepG2 cells cultured under 
normal conditions, and ⑤ a positive control group (FFA 
group) consisted of HepG2 cells cultured in high-fat 
medium.

Immunoblotting Analysis
Liver tissues or harvested cells were homogenized and soni-
cated in RIPA (strong) protein extract buffer (Beyotime) 
containing a protease inhibitor and phosphatase inhibitor 
(Mannheim Roche, Germany). Equal amounts of protein 
were separated on SDS-polyacrylamide gels in a mini-gel 
apparatus (Bio-Rad, Hercules, CA, USA). Next, the protein 
bands were transferred onto polyvinylidene fluoride 
(Millipore, IPVH00010, Burlington, MA, USA) membranes 
that were blocked with 5% milk at room temperature for 1 h. 
The membranes were then incubated overnight at 4°C with 
the following primary antibodies: anti-Beclin1 (Abclonal, 
A7353), anti-ATG3 (Abclonal, A5809), anti-Caspase-3 
(Abclonal, A19654), anti-mTOR (Abclonal, A2445), anti- 
AMPK (Abclonal, A16960), anti-LC3-II&LC3-I (CST, 
#12741S), anti-p-AMPKα1 (CST, #2537S) or anti-β-actin- 
HRP (Bioworld, BS6007MH). After being washed 3 times, 
the membranes were incubated with goat anti-rabbit anti-
body (Abclonal, AS014) for 1 h at room temperature. Next, 
the membranes were washed again, and the immunostained 
protein bands were visualized by enhanced chemilumines-
cence (Thermo Scientific, 32106, Waltham, MA, USA). 
NoveVR 4. 6. 2 software (Bio-Rad) was to analyze the 
staining intensity of each band.

Biochemical Assays
Serum levels of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) were measured by members 
of the Department of Geriatrics, Xiangya Hospital, Central 
South University. Liver cholesterol (CHOL) and triglycer-
ide (TG) levels were measured using a commercially 
available kit (Nanjing Jiancheng Corp., Nanjing, China).

HE Staining
Specimens of liver tissue were fixed in 4% paraformalde-
hyde for at least 24 h, and then embedded with paraffin. 
The paraffin-embedded sections (5 um) were stained with 
hematoxylin-eosin, and their morphological features were 
photographed using an Olympus light microscope 
(Olympus, Tokyo, Japan).
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Oil Red O Staining and Intracellular 
Triglyceride Assay
Liver cryosections or HepG2 cells were stained with 
Oil red O (ORO, Wellbio) solution to visualize intra-
cellular lipid accumulations, as previously described.24 

In brief, the cryosections or cells were washed twice 
with PBS and then fixed with 4% paraformaldehyde for 
30 min. Slides with the stained cryosections or cells 
were washed with 60% isopropanol for 10 s, and then 
stained with ORO solution for 30 min at room tem-
perature. After another wash with 60% isopropanol, the 
cells or sections were counterstained with hematoxylin. 
The red-stained lipid droplets were then photographed 
using an Olympus light microscope (Olympus, Japan).

Real-time Polymerase Chain Reaction
Total liver RNA was isolated using a TransZol Up Plus 
RNA Kit (TransGen Biotech, Beijing, China, ER501), 
and then reverse-transcribed into cDNA with an All-in- 
One First-Strand cDNA synthesis kit (TransGen 
Biotech, AT341). The cDNA was subjected to quanti-
tative real-time PCR performed using a CFX384 Touch 
System (Bio-Rad). All expression levels were normal-
ized to β-actin levels in the same sample. Quantitative 
analyses were performed using the 2-ΔΔCt method. The 
sequences of the primer pairs are listed in Table 1.

Statistical Analysis
All data were analyzed using IBM SPSS Statistics for 
Windows, Version 23 (IBM Corp, Armonk, NY, USA). 
Results are expressed as the mean ± SEM. Statistical 
significance was estimated by using t-test and one-way 
ANOVA. P-values <0.05 were considered to be statisti-
cally significant.

Results
Galangin Helped to Protect Against Fatty 
Degeneration of Liver Tissue in HFD Mice
We employed an HFD mouse model to determine the effect 
of galangin on fatty degeneration of the liver. Our results 
showed that the serum ALT and AST levels, as well as 
mouse body weights, liver wet weights, and TG and 
CHOL levels in samples of liver tissue from the HFD 
group were significantly higher than those from the NC 
group. When combined with HE staining results that showed 
increased numbers of fat vacuoles and severe liver damage 
in the HFD group, our findings indicated that the HFD 
model had been successfully established (Figures 1 and 2). 
It is noteworthy that galangin treatment administered either 
simultaneous with an HFD or at 8 weeks after eating an 
HFD significantly decreased HFD-associated indexes, and 
also reduced tissue damage and lipid deposition, as shown 
by HE and Oil Red O (ORO) staining results. However, 
treatment with 3-MA, which affects hepatocyte autophagy, 
partially attenuated the protective effect of galangin against 
hepatic steatosis (Figures 1 and 2).

Galangin Reduced FFA-Induced Lipid 
Accumulation in HepG2 Cells
The mechanism by which galangin affects the status of 
liver tissue was further investigated in vitro using HepG2 
cells. MTT assays showed that galangin had no significant 
effect on cell viability when administered in the concen-
tration range of 50–100 μmol/L (P > 0.05), but signifi-
cantly decreased cell the survival rate when given at 
a concentration >150 μmol/L (P < 0.05) (Figure 3). 
Based on those results, 100 μM was accepted as the 
appropriate concentration for use in treatment.

HepG2 cells were exposed to the FFA mixture for 24 h. 
At the same time, 100 μM galangin was added to the free 

Table 1 Primers Used for Real-Time PCR

Gene Forward (5’-3’) Reverse (5’-3’)

TNF-a TGCTGGGAAGCCTAAAAGG CGAATTTTGAGAAGATGATCCTG

CD36 TGGTCAAGCCAGCTAGAAA CCCAGTCTCATTTAGCCAC

SREBP1c TGCGTGGTTTCCAACATGAC TGGCCTCATGTAGGAATACCCT
ChREBP CCAGCCTCAAGGTGAGCAAA CATGTCCCGCATCTGGTCA

PPARα AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA

Cpt1a CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT
β-actin GAAATCGTGCGTGACATCAAAG TGTAGTTTCATGGATGCCACAG
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fatty acids administered to the prevention group and treat-
ment group for a 12 h period starting at 24 h after free fatty 
acid treatment. As shown in Figure 4A–B, the TG contents in 

the FFA group were significantly increased in both the pre-
vention group and treatment group, when compared to those 
in the untreated HepG2 cells (P < 0.05). Increased 

Figure 1 Preventive administration of galangin reduced hepatic steatosis. Mice were fed a HFD or a normal control diet (NC) for 8 weeks. Galangin (100 mg/kg/d) was given 
orally for 8 weeks. (A) ALT and (B) AST levels. (C) Weights of the mice in each group. (D) Wet weight of the liver. (E) TG content in liver tissue. (F) CHOL content in liver 
tissue. (G) Liver sections stained with HE or ORO (x400). The displayed value represents the mean value ± SEM (n = 4). Asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) 
indicate statistically significant differences.
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accumulations of intracellular lipid droplets were also found 
in cells that were exposed to FFAs for 24 h (Figure 4C). 
Similar to the in vivo result for galangin in HFD mice, our 
in vitro data indicated that galangin significantly inhibited 
lipid deposition in hepatocytes, and significantly 

downregulated TG levels (P < 0.05), whereas those effects 
were markedly reduced by treatment with 3-MA (Figure 4). 
The combined in vivo and in vitro data further suggested that 
autophagy was involved in reducing lipid accumulations in 
NAFLD hepatocytes.

Figure 2 Galangin administration reduced hepatic steatosis in NAFLD mice. After the mice were fed HFD or control normal diet for 8 weeks, galangin (100 mg/kg/d) was 
given orally for the next 4 weeks. (A) ALT and (B) AST levels. (C) Weights of the mice in each group. (D) Wet weight of the liver. (E) TG content in liver tissue. (F) CHOL 
content in liver tissue. (G) Liver sections stained with HE or ORO (x400). The displayed value represents the mean value ± SEM (n = 4). Asterisks (*P < 0.05, **P < 0.01, 
***P < 0.001) indicate statistically significant differences.
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Galangin Improved Hepatocyte Steatosis 
by Inducing Autophagy Both in vivo and 
in vitro
In order to determine whether induction of hepatocyte 
autophagy was the mechanism by which galangin pro-
tected against hepatic steatosis, we detected the levels of 
becline1, LC3-II/LC3-I, mTOR, Atg3, AMPKα1, and 
phosphorylated AMPKα1 protein expression in both 
the prevention group (Figure 5A and C) and treatment 
group (Figure 5B and D) in vivo and in vitro. We found 
that the levels of becline1, Atg3, LC3-II, AMPKα1, and 
phosphorylated AMPKα1 were decreased, while mTOR 
expression was increased both in the HFD mice 
(Figure 5A and B) and NAFLD cells, when compared 

Figure 3 Effect of galangin at different concentrations on NAFLD cell viability. 
Asterisks (*P < 0.05) indicate statistically significant differences.

Figure 4 Galangin reduced FFA-induced lipid accumulation in HepG2 cells. (A) TG content in HepG2 cells in the prevention group. (B) TG content in HepG2 cells in the 
treatment group. (C) ORO staining (x400) was used to observe lipid deposits in each group of HepG2 cells. The displayed value represents the mean value ± SEM (n = 3). 
Asterisks (**P < 0.01, ***P < 0.001) indicate statistically significant differences.
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Figure 5 Galangin induced hepatocyte autophagy in vivo and in vitro. Western blotting for mTOR, LC3-I/II, Beclin1, Atg3, AMPKα1, and pAMPKα1 expression was 
performed in the following groups: (A) C57BL/6 mice were fed a normal diet (NC) or HFD for 8 weeks, and galangin (100 mg/kg/d) H+G) or normal saline (H+NS) 
was given by stomach irrigation. Some of the mice that were fed galangin and a HFD diet were also injected with 3-MA (30 mg/kg, three times per week, IP) (H+G 
+3-MA) before their liver tissues were harvested. (B) C57BL/6 mice were fed a normal diet (NC) or HFD for 8 weeks and then given galangin (100 mg/kg/d) (H+G) 
or normal saline (H+NS). Some of the mice fed galangin and a HFD were also injected with 3-MA (30 mg/kg three times per week, IP) (H+G+3-MA). Some of the 
mice were fed only a HFD for another 4 weeks (HFD) before their liver tissues were harvested. (C) HepG2 cells were induced by free fatty acids (FFAs) for 24 h and 
then treated with galangin (100 μM) (FFA+G) and vehicle (DMSO) (FFA+vehicle). In order to study the effect of galangin on autophagy, a 3-MA (5 mM) co-treatment 
group (FFA+G+3-MA) was added for comparison. (D) HepG2 cells were treated with galangin (100 μM) for 12 h (FFA+G) or with vehicle (DMSO) plus FFAs (FFAs 
+vehicle) after 24 hours of FFA induction. In order to study the effect of galangin on autophagy, a 3-MA (5 mM) co-treatment group (FFA+G+3-MA) was partially 
added to the FFA+G treatment group for comparison.
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with those levels in control groups (Figure 5C and D). 
Notably, treatment with galangin increased the levels of 
becline1, LC3-II/LC3-I, Atg3, AMPKα1, and phos-
phorylated AMPKα1 protein expression, and decreased 

mTOR expression. However, those changes in protein 
expression were inhibited by 3-MA treatment, indicating 
that the autophagy activity induced by galangin was 
inhibited.

Figure 6 Effect of galangin on liver inflammation and lipid metabolism-related gene expression in mice in the prevention group. Mice were fed a normal diet (NC) or HFD 
for 8 weeks, and galangin (100 mg/kg, stomach irrigation) (H+G) was administered each day at the same time. The HFD-fed mice were co-treated with galangin and 
3-methyladenine (3-MA, 30 mg/kg, IP, three times per week) (H+G+3-MA) prior to being sacrificed. Liver inflammation- and lipid metabolism-related gene expression in 
mouse liver tissue was detected by real-time PCR. (A) TNF-α mRNA expression. (B) Fatty acid translocase (CD36) mRNA expression. (C and D) SREBP1c (C) and 
ChREBP (D) mRNA expression. (E and F) PPARα (E) mRNA expression and expression of its target gene, CPT1a (F). Each value represents a mean value ± SEM (n = 3). The 
asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) indicate a statistically significant difference.
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Figure 7 Effects of galangin on liver inflammation and lipid metabolism-related gene expression in mice in the treatment group. Mice were fed a normal diet (NC) or high-fat 
diet (HFD) for 8 weeks. Galangin (100 mg/kg, stomach irrigation) (H+G) was administered each day for another 4 weeks. The HFD-fed mice were co-treated with galangin 
and 3-methyladenine (3-MA, 30 mg/kg, IP, three times per week) (H+G+3-MA) for another 4 weeks prior to being sacrificed. Liver inflammation- and lipid metabolism- 
related gene expression in samples of mouse liver tissue was detected by real-time PCR. (A) TNF-α mRNA expression. (B) Fatty acid translocase (CD36) mRNA 
expression. (C and D) SREBP1c (C) and ChREBP (D) mRNA expression. (E and F) PPARα (E) mRNA expression and CPT1a mRNA expression (F). Values represent the 
mean value ± SEM (n = 3). The asterisks (**P < 0.01, ***P < 0.001) indicate a statistically significant difference.
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The Enhanced Autophagy Induced by 
Galangin Reduced Inflammation and 
Regulated Liver Lipid Metabolism
We examined the effects of galangin-induced autophagy on 
hepatic stenosis in mice while they were being fed an HFD 
and also at 8 weeks after being fed that diet. We found that 
TNF-α mRNAs levels in the HFD group were increased 
when compared with those in the NC group. However, 
galangin treatment eliminated that increase. Interestingly, as 
autophagy was suppressed by 3-MA, the anti-inflammatory 
effect of galangin became more limited, resulting in elevated 
levels of TNF-α mRNA expression (Figures 6A and 7A). In 
order to evaluate the impact on fatty acid uptake, liver fat, 
and steatosis, we examined the levels of fatty acid translocase 
(CD36) gene expression, activated carbohydrate response 
element-binding protein (ChREBP) expression, and sterol 
regulatory element-binding protein 1C (SREBP-1c) expres-
sion. Our results showed that the up-regulated levels of 
CD36, SREBP1c, and ChREBP expression in the livers of 
mice fed an HFD were significantly decreased by galangin 
(Figures 6B–D and 7B–D). An assessment of fatty acid 
oxidation showed that the levels of PPARα and CPT1a 
mRNA in HFD mice were significantly increased after the 
mice had been treated with galangin (Figures 6E and F, 7E 
and F). Nonetheless, we noticed that 3-MA reduced the 
ability of galangin to regulate lipid metabolism in the liver, 
indicating that impaired autophagy had attenuated the 
improvement in liver steatosis.

Discussion
Galangin (3,5,7-trihydroxyflavone) is a flavonoid com-
pound found at high concentrations in lesser galangal. It 
has been shown that galangin can inhibit 12- 
O-tetradecanoylphorbol-13-acetate (TPA)-induced inva-
sion and metastasis of HepG2 liver cancer cells via 
a protein kinase C/extracellular signal-regulated kinase 
(PKC/ERK) pathway, suggesting it as a possible anti- 
metastatic agent.25 Galangin was also found to inhibit 
liver fibrosis, possibly by removing oxygen free radicals, 
decreasing lipid peroxidation, and inhibiting the activation 
and proliferation of hepatic stellate cells.26 Because galan-
gin has shown remarkable effects in liver-associated dis-
eases, we explored its role in protecting against the effects 
of HFD or FFA-induced hepatic steatosis. Studies with our 
HFD mouse model demonstrated that galangin could 
effectively reduce the levels of serum ALT and AST, and 
also reduce body weight, liver wet weight, and TG and 

CHOL levels in liver tissue, either via simultaneous 
administration with an HFD or administration at 8 weeks 
after an HFD. Additionally, the numbers of morphological 
changes and lipid droplets in specimens of liver tissue 
were markedly decreased by galangin as observed by 
hematoxylin-eosin (HE) staining and Oil Red O staining, 
respectively. Our findings regarding decreased indices of 
non-alcoholic fatty liver disease (NAFLD) severity are in 
line with previous evidence indicating that galangin could 
improve liver function.27 Furthermore, similar results were 
obtained when using an in vitro cell model consisting of 
HepG2 cells that were treated with 100 μM galangin.28 

Our in vitro data demonstrated that galangin reduced FFA- 
induced lipid deposits in HepG2 cells.

Autophagy induction has been widely accepted as 
a protective mechanism that maintains intracellular home-
ostasis under stressful conditions.29 At the basic level of 
liver autophagy, intracellular components and organelles 
are degraded in lysosomes to prevent the intracellular 
accumulation of degradation products such as lipid 
droplets.30 In our study, inhibition of autophagy caused 
significant TG and CHOL accumulations in the liver cells 
of mice fed an HFD. In contrast, autophagy recovery or 
enhancement has been shown to improve steatosis.31,32 

These observations indicate that autophagy induction 
may be an effective strategy for treating fatty liver. Our 
study showed that hepatic autophagy was suppressed in 
mice fed an HFD and also in FFA-treated HepG2 cells; 
however, those effects were clearly reversed by galangin, 
suggesting that galangin affected the autophagy process. 
To further validate the link between autophagy and the 
protective effects of galangin, we used 3-methyladenine 
(3-MA), the most widely used inhibitor of autophagy,33 to 
restrict galangin-induced autophagy. The beneficial effects 
of galangin on hepatic steatosis, both in vivo and in vitro, 
were clearly reduced by 3-MA treatment. Our results con-
firmed that galangin could induce autophagy, and 
a previous study reported that galangin mediated autop-
hagy via a p53-dependent pathway as well as by deacety-
lation of LC3 by SIRT1 in HepG2 cells.28,34

We further investigated the effects of autophagy on 
inflammation and regulation of liver lipid metabolism in 
nonalcoholic fatty liver disease. Increasing evidence indi-
cates that autophagy helps to prevent against cellular con-
ditions that favor the development of NAFLD.35 

Autophagy is involved in attenuating inflammation and 
liver injury. Human obesity is associated with increased 
levels of circulating TNF-α (a proinflammatory cytokine 
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that induces hepatocyte death), and our previous study 
showed that autophagy induced by galangin was related 
to a decrease in TNF-α levels.36 The presence of TG 
droplets in liver cells may reflect an imbalance in the 
processes of fatty acid uptake, hepatic triglyceride synth-
esis, and fatty acid oxidation and/or secretion.37 For that 
reason, we examined the fatty acid translocase CD36 gene, 
which is related to fatty acid uptake.38 SREBP1c and 
ChREBP are the main transcription factors that promote 
the transcription of fat synthesis genes, and also participate 
in and promote the synthesis of TGs in the liver.39 The TG 
levels in liver cells can maintain a dynamic equilibrium 
without fatty acid β oxidation via a process in which 
peroxisome proliferator activated receptor α (PPARα) 
plays a key role in enhancing the expression of fatty acid 
oxidases such as carnitine palmitoyltransferase (CPT), and 
promoting lipid oxidation.40 Our data revealed that galan-
gin down-regulated the levels of CD36, SREBP1c and 
ChREBP in the livers of mice fed an HFD, but increased 
the levels of PPARα and CPT1a mRNA in those mice. 
That information validated previous results that showed 
reduced hepatic triglyceride levels were associated with 
fatty acid uptake and triglyceride synthesis.41,42 Taken 
together, our results indicated that galangin-induced autop-
hagy exerted anti-inflammatory effects. We also found that 
galangin-induced autophagy could inhibit fatty acid uptake 
and lipogenesis, and also promote TG oxidation. These 
findings suggest that galangin may play a role in reducing 
inflammation and modulating lipid metabolism.

Conclusions
Our study demonstrated that galangin protects against 
hepatic steatosis by stimulating autophagy. Furthermore, 
it also showed that galangin-induced autophagy reduced 
liver inflammation and regulated lipid metabolism in mice. 
These results suggest that galangin administration and 
autophagy induction may be effective strategies for treat-
ing hepatic steatosis.
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