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Abstract

Background: Berberine effectively alleviates non-alcoholic fatty liver disease (NAFLD). Nevertheless, the mechanism is incompletely
comprehended. It has been reported that SIRT1 mediates lipid metabolism in liver and berberine promotes the expression of SIRT1 in
hepatocytes. We hypothesized that SIRT1 mediated the effect of berberine on NAFLD.

Methods: The effects of berberine on NAFLD were evaluated in C57BL/6J mice fed a high-fat diet (HFD) and in mouse primary
hepatocytes and cell lines exposed to palmitate. The change of fatty acid oxidation (FAO) and the activity of CPT1A were observed in HepG2
cells. Quantitative real-time polymerase chain reaction and Western blot were employed to observe the expression of SIRT1 and lipid
metabolism-related molecules. The interaction between SIRT1 and CPT1A was investigated by using co-immunoprecipitation assay in
HEK293T cells.

Results: Berberine treatment attenuated hepatic steatosis, reduced triglyceride (190.1 6 11.2 lmol/g liver vs 113.6 6 7.6 lmol/g liver,
P< 0.001) and cholesterol (11.3 6 2.5 lmol/g liver vs 6.3 6 0.4 lmol/g liver, P< 0.001) concentration in the liver, and improved lipid and
glucose metabolism disorders compared with the HFD group. The expression of SIRT1 was reduced in the liver of NAFLD patients and
mouse models. Berberine increased the expression of SIRT1 and promoted the protein level of CPT1A and its activity in HepG2 cells.
SIRT1 overexpression mimicked the effect of berberine on reducing triglyceride levels in HepG2 cells, whereas SIRT1 knock-down
attenuated the effect of berberine. Mechanistically, berberine increased the expression of SIRT1. SIRT1 deacetylated CPT1A at the Lys675
site, which suppressed its ubiquitin-dependent degradation, thereby promoting FAO and alleviating non-alcoholic liver steatosis.

Conclusions: Berberine promoted SIRT1 deacetylation of CPT1A at the Lys675 site, which reduced the ubiquitin-dependent
degradation of CPT1A and ameliorated non-alcoholic liver steatosis.
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Graphical Abstract

The mechanism of BBR in ameliorating non-alcoholic hepatic steatosis. BBR increased the expression of SIRT1. SIRT1 deacetylated CPT1A at the Lys675
site, which suppressed the ubiquitination degradation of CPT1A. The increased CPT1A promoted fatty acid oxidation, thus alleviating non-alcoholic
hepatic steatosis. BBR, berberine; HFD, high-fat diet; Ac, acetylation; Ub, ubiquitin; FAO, fatty acid oxidation.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a prevalent global
health problem that is associated with abnormal triglyceride (TG)
accumulation in hepatocytes, insulin resistance, and abnormal
glucose metabolism [1]. The spectrum of NAFLD includes simple
steatosis, non-alcoholic steatohepatitis (NASH), the latter of
which can progress to cirrhosis and even hepatocellular carci-
noma. Following recent research, the global prevalence of NAFLD
was �29.8% [2, 3]. NAFLD has become a considerable health and
economic burden. Currently, no specific drug has been approved
for the treatment of NAFLD by the Food and Drug
Administration.

Berberine (BBR) is an isoquinoline extracted from natural
herbs, such as Coptis chinensis, Rhizoma coptidis, and Hydrastis cana-
densis, and is typically used to treat diarrhea and gastrointestinal
infectious diseases in Traditional Chinese Medicine [4]. Recent
studies showed that BBR significantly reduced liver steatosis, im-
proved insulin resistance, alleviated glucose and lipid metabo-
lism disorders, and exhibited therapeutic effects on NAFLD in
humans and mice. The therapeutic effects of BBR are partly due
to its ability to induce autophagy and fibroblast growth factor 21,
activate the AMPK pathway, and suppress lipid synthesis [5–7].
Nonetheless, the specific mechanism of BBR in the treatment of
NAFLD remains unclear.

Sirtuins are a group of conserved nicotinamide adenine dinu-
cleotide (NADþ)-dependent histone and/or protein deacetylases.
Mammals have seven types of sirtuins (SIRT1 to SIRT7) that are
located in various regions, including the nucleus (SIRT1, 2, 6, and
7), cytoplasm (SIRT1, 2), and mitochondria (SIRT1, 3, 4, and 5) [8–
10]. As a metabolic regulator, SIRT1 extensively partakes in the
cell energy metabolism process [11]. The deacetylase activity of
SIRT1 is influenced by NADþ. The increasing NADþ boosts SIRT1
activity, whereas nicotinamide suppresses it [12]. Many studies
have confirmed that SIRT1 improves NAFLD through various
mechanisms, such as suppressing lipid synthesis, promoting
fatty acid oxidation (FAO), and reducing oxidative stress [13, 14].
Moreover, many studies demonstrated that BBR increased the ex-
pression of SIRT1 in hepatocytes [15, 16]. Therefore, we speculate
that SIRT1 may participate in the beneficial effects of BBR on
NAFLD.

This research aimed to explore whether BBR improves NAFLD
through SIRT1 and its downstream molecules. The present study
revealed that the expression of SIRT1 was reduced in NAFLD
patients, high-fat diet (HFD)-fed mice, and hepatocytes exposed
to palmitate (PA). BBR increased the expression of SIRT1, which
stabilized CPT1A by promoting the deacetylation of CPT1A at the
Lys675 site and hence promoted FAO, which ultimately improved
non-alcoholic hepatic steatosis. Targeting the SIRT1–CPT1A path-
way might be a promising strategy for NAFLD treatment.

Materials and methods
Reagent preparation
BBR (#B3251; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
dimethyl sulfoxide and heated in a 65�C water bath until it was
completely dissolved and filtered using a 0.2-lm filter to prepare
a 80-mM storage solution. Sodium palmitate (#P9767; Sigma-
Aldrich) was dissolved in deionized water at 75�C in a water bath
and prepared into a 40-mM solution. Then, 40% de-fatty acid bo-
vine serum albumin was prepared using deionized water and dis-
solved in a 50�C water bath. Following complete dissolution, the
two solutions were mixed in equal volumes and then filtered us-
ing a 0.2-lm filter to prepare a 20-mM PA solution.

Animal treatment
The study was performed following the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. The
animal experiment protocol was approved by the Animal Ethics
Committee of the Experimental Animal Center of Jinan
University (IACUC-20210112–03). We purchased 7-week-old
C57BL/6J male mice from Beijing Weitong Lihua Experimental
Animal Center. All animals were kept under standard conditions
of constant temperature and humidity and a 12-h light/12-h dark
light cycle. All animals had free access to food and water.
Following 1 week of adaptive feeding, the mice were randomly
classified into two initial groups and fed with a chow diet (4% fat,
#M10001; MolDiets, Guangzhou, China) or HFD (60% fat, #D12492;
Research Diets, New Brunswick, NJ, USA). Following continuous
administration of the chow diet or HFD for 12 weeks, each group
was randomly classified into the BBR subgroup (n¼ 8, BBR
200 mg/kg�d) or vehicle subgroup (n¼ 8, equal volume of 0.5%
methylcellulose). During the feeding of a chow diet or HFD, BBR
treatments were administered by gavage for 4 weeks, once a day,
and the body weight was monitored weekly. The mice were anes-
thetized with pentobarbital sodium (40 mg/kg), sacrificed at the
end of the experiment, and the liver and serum were collected
(Supplementary Figure 1).

Intraperitoneal glucose tolerance test
At the end of the third week of BBR treatment, an intraperitoneal
glucose tolerance test (IPGTT) was performed to evaluate glucose
tolerance. The mice were fasted overnight (10–14 h) and 2 g/kg of
glucose was injected intraperitoneally. Blood samples were
obtained from the tail vein. Blood glucose was observed at each
time point of 0 (before glucose injection), 15, 30, 60, and 120 min
after the glucose injection by using test stripes and a glucose me-
ter (Accu-Chek; Roche, Mannheim, Germany).

Intraperitoneal insulin tolerance test
The intraperitoneal insulin resistance test (IPITT) was conducted
2 days after the IPGTT to analyse insulin sensitivity. Mice were
fasted for 4–6 h and 0.8 U/kg of insulin (Novolin R; Novo Nordisk,
Bagsvaerd, Denmark) was injected intraperitoneally. Blood sam-
ples were obtained from the tail vein and blood glucose was mea-
sured at 0 (before insulin injection), 15, 30, 60, and 120 min after
insulin injection utilizing a glucose meter (Accu-Chek; Roche).

Serum biochemical test
The blood was obtained and placed in a clean 1.5-mL EP tube, en-
abled to stand for 1 h at room temperature, and centrifuged at
2,000 r/min for 10 min to collect the mouse serum. The TG, total
cholesterol (TC), high density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) contents in
the serum were detected using a biochemical analyser (Hitachi,
Yokohama, Japan).

Histopathology analysis
Mouse liver tissues were fixed in 10% neutral formaldehyde, em-
bedded in paraffin, processed into 4-mm-thick paraffin sections,
and placed on glass slides for hematoxylin and eosin (H&E) stain-
ing. Another portion of liver tissues were frozen sectioned, placed
on a glass slide, and stained with oil red O (#D027; Jiancheng
Biotech, Nanjing, China) to evaluate the degree of hepatic steato-
sis following the manufacturer’s instructions.

For cell oil red O staining, cells were washed using phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for 30 min,
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and subsequently stained with oil red O in line with the instruc-

tions of the oil red O staining kit (#D027; Jiancheng Biotech).

Cell culture and treatment
The Human HepG2 cell line, mouse AML12 cell line, and human

HEK293T cell line were procured from American Type Culture

Collection. HepG2 cells and HEK293T cells were cultured in

DMEM media (#10569044; Gibco, Waltham, MA, USA) containing

10% fetal bovine serum (#16140071; Gibco) at 37�C with 5% CO2.

AML12 cells were cultured in DMEM/F12 media (#11320033;

Gibco) containing 10% fetal bovine serum, 1� ITS supplement

(#PB180429; Procell, Wuhan, China), 40 ng/mL dexamethasone at

37�C with 5% CO2. For in vitro experiments, HepG2 cells were

treated with or without 20 lM of BBR in DMEM media containing

250 lM of PA for 24 h. AML12 cells were treated with or without

10 lM of BBR in DMEM/F12 media containing 200 lM of PA for

24 h. Mouse primary hepatocytes were extracted by using a two-

step perfusion method using type IV collagenase [17]. Mouse pri-

mary hepatocytes were cultured in DMEM/F12 media containing

200 lM of PA and treated with or without 10 lM of BBR for 24 h.

All control cells were supplemented with the same volume of di-

methyl sulfoxide or bovine serum albumin to eliminate the influ-

ence of the solvent on the experiment. The BBR and PA

concentrations in the cell experiments were chosen following

CCK8 experiments and pertinent literature [7].

CCK8 assay
A CCK8 assay kit (#BS350B; Biosharp, Hefei, China) was employed

to identify cell viability. HepG2 cells, AML12 cells, and mouse pri-

mary hepatocytes were seeded at a density of 5� 103 cells/well in

96-well plates in 100 lL of medium and cultured overnight. The

cells were then treated with different concentrations of PA or BBR

for 24 h. Next, 10 lL of CCK8 solution was added to each well in-

cubated for 2 h at 37�C. The absorbance values were quantified at

450 nm utilizing a microplate reader (BioTek, Minneapolis, MN,

USA).

Lentivirus and plasmid transfection
Human SIRT1 overexpression and knock-down lentivirus

(Genechem, Shanghai, China), human CPT1A overexpression,

and knockout lentivirus (Genechem) were diluted in PBS and

added to the media for 24 h based on the multiplicity of infection.

Human wild-type and mutant plasmids of SIRT1 and CPT1A

(Tsingke, Beijing, China) were diluted in jetPRIME reagent (#114–

15; Polyplus, Illkirch, France) and added to the media for 24 h fol-

lowing the manufacturer’s instructions.

Triglyceride measurement
For liver TG measurements, an appropriate amount of tissue

block was rinsed using pre-cooled PBS, blot dried with filter pa-

per, put in a homogenizer, and pre-cooled isopropanol added in a

ratio of weight (g):volume (mL) ¼ 1:9. The tissue was homoge-

nized and centrifuged at 4�C, 10,000 g, for 10 min. The superna-

tant was utilized to observe the TG level using a TG detection

kit (#E-BC-K261-M; Elabscience, Wuhan, China) following the

instructions.
For the cellular TG measurements, HepG2, AML12 cells, and

mouse primary hepatocytes were collected and split into two

equal parts: one part for measuring protein concentration and

the other part for quantifying intracellular TG concentration; the

protein concentration was utilized to standardize the TG level.

FAO assay
FAO was detected using an FAO assay kit (#BR00001; Assay
Genie, Dublin, Ireland). Briefly, HepG2 cells were lysed on ice for
5 min, then centrifuged at 14,000 r/min for 5 min; the lysate pro-
tein concentration was identified by using the BCA technique.
Afterward, 20 mL of each sample was added to a 96-well plate in
duplicate, 50 mL of control solution was swiftly added to one set
of wells, and 50 mL of reaction solution was added to the other set
of wells, and incubated in a 37�C incubator for 30 min. The absor-
bance values were measured at 492 nm using a microplate reader
(BioTek). The FAO activity was calculated following the manufac-
turer’s instructions.

NAD1 and NADH assay
Intracellular NADþ and NADH levels were detected in HepG2
cells by using a NADþ/NADH assay kit (#S0175; Beyotime,
Haimen, China) following the manufacturer’s instructions.
Protein was extracted from HepG2 cells and measured by using
the BCA method; the protein concentration was utilized to stan-
dardize the NADþ and NADH levels.

CPT1A activity assay
A CPT1A activity detection kit (#GMS50118; Genmed, Arlington,
MA, USA) was used to reveal CPT1A enzymatic activity following
the manufacturer’s instructions in HepG2 cells. Mitochondrial
protein was extracted from HepG2 cells and measured by using
the BCA method; the mitochondrial protein concentration was
utilized to standardize the CPT1A activity.

Quantitative real-time PCR
Total RNA from liver tissue and cultured cells was extracted uti-
lizing the Trizol reagent (#9108; Takara, Kyoto, Japan) and total
RNA was reversely transcribed into cDNA using the reverse tran-
scription reagent kit with genomic DNA eraser (#FSQ-201;
Toyobo, Osaka, Japan) based on the manufacturer’s instructions.
Quantitative real-time PCR was conducted using a Bio-Rad CFX
system (Bio-Rad, Hercules, CA, USA) using cDNA transcribed
from total RNA with gene-specific primers and SYBR Green
Premix (#QPK-201; Toyobo) following the manufacturer’s instruc-
tions. The sequences of the primers used in this research are out-
lined in Table 1.

Western blot analysis and co-
immunoprecipitation
Western blot was conducted using primary antibodies against
SIRT1 (1:1,000, #8469; Cell Signaling Technology, Danvers, MA,
USA), FASN (1:1,000, #3180; Cell Signaling Technology), ACC
(1:1,000, #3676; Cell Signaling Technology), p-ACC (1:1,000, #3661;
Cell Signaling Technology), SCD1 (1:1,000, #2438; Cell Signaling
Technology), CPT1A (1:1,000, #15184–1-AP; Proteintech,
Rosemont, IL, USA), SREBP1 (1:1,000, #14088–1-AP; Proteintech),
CD36 (1:1,000, #18836–1-AP; Proteintech), HA (1:1,000, #201113;
ZENBIO, Chengdu, China), FLAG (1:1,000, #390002; ZENBIO), and
b-actin (1:2,000, #4970; Cell Signaling Technology). The protein
bands were detected using the ECL Western blot substrate
(#E412-01; Vazyme, Nanjing, China) in line with the manufac-
turer’s instructions and quantified using ImageJ (https://imagej.
nih.gov/ij/).

A co-immunoprecipitation (co-IP) experiment was performed
using antibodies against SIRT1 (1:50, #8469; Cell Signaling
Technology), CPT1A (1:50, #15184–1-AP; Proteintech), acetylated
lysine (1:1,000, #9441; Cell Signaling Technology), ubiquitin
(1:200, #sc-8017; Santacruz, Dallas, Texas, USA), anti-HA
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magnetic beads (1:50, # HY-K0201; MedChemExpress, NJ, USA),

and anti-Flag magnetic beads (1:50, #HY-K0207; MedChem

Express). For the co-IP experiment, an appropriate volume of an-

tibody was added to the cell lysate and incubated for 4 h at 4�C to

immunoprecipitate the target protein. Next, protein A/G mag-

netic beads (#HY-K0202; MedChemExpress) were added, followed

by incubation overnight at 4�C. The next day, the magnetic beads

were washed four times using PBST (1� PBS þ 0.5% Tween-20),

and the immune complexes were dissolved in diluted 1�protein

SDS loading buffer and heated at 95�C for 5 min and then

obtained by using the magnetic stand. The immune complexes

were separated utilizing SDS–PAGE, which was followed by im-

munoblotting with primary antibodies against CPT1A, SIRT1, HA,

Flag, ubiquitin, and acetylated lysine.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (version

8.0); all data are presented as the mean 6 standard deviation

(SD). For two groups, an unpaired two-tailed t-test was conducted

for intergroup comparisons. For more than two groups, one-way

analysis of variance and the post hoc multiple comparisons (least

significant difference (LSD)) method) were used for intergroup

comparisons. P-values of <0.05 was considered to be statistically

significant.

Results
BBR improves lipid and glucose metabolism
disorders induced by HFD in mice
From the third week of HFD feeding, the body weight of mice in

the HFD þ Vehicle group demonstrated a significant growth com-

pared with mice in the chow diet group and it lasted until the end

of the experiment. Moreover, compared with the HFD þ Vehicle

group, BBR treatment significantly lowered the body weight of

mice (Figure 1A). Furthermore, the results of IPGTTs and IPITTs

showed that HFD feeding impaired glucose tolerance and insulin

sensitivity in mice, whereas BBR treatment improved those

(Figure 1B and C). Additionally, HFD elevated the fasting blood

glucose (5.1 6 0.75 vs 6.4 6 0.71 mmol/L, P¼ 0.004) in mice and

BBR treatment reduced the abnormal fasting blood glucose

(6.4 6 0.71 vs 5.3 6 0.74 mmol/L, P¼ 0.01) (Figure 1D). To investi-

gate the effect of BBR on dyslipidemia induced by HFD, the blood

lipid profile was measured. Compared with the chow diet group,

HFD increased serum TG (0.59 6 0.09 vs 0.98 6 0.24 mmol/L,

P¼ 0.001), TC (4.64 6 0.29 vs 5.53 6 0.79 mmol/L, P¼ 0.01), LDL-C

(0.39 6 0.04 vs 0.53 6 0.12 mmol/L, P¼ 0.01), and HDL-C

(1.89 6 0.18 vs 2.21 6 0.16 mmol/L, P¼ 0.002) levels. BBR

treatment significantly reduced the serum TG (0.98 6 0.24

vs 0.67 6 0.09 mmol/L, P¼ 0.004), TC (5.53 6 0.79 vs 3.85 6

0.56 mmol/L, P< 0.001), and LDL-C (0.53 6 0.12 vs 0.29 6

0.03 mmol/L, P< 0.001) levels, but did not significantly affect

HDL-C levels (Figure 1E–H). The results showed that BBR

improved the glucose and lipid metabolism disorders induced by
HFD in mice.

BBR improves hepatic steatosis induced by HFD
in mice
To detail the effect of BBR on liver lipid accumulation in HFD-fed
mice, livers of mice were weighed and the liver sections
were stained with H&E and oil red O. The contents of TG and TC
in liver tissues were quantified by using a lipid detection kit.
The results showed that HFD significantly induced liver TG
(66.6 6 13.8 vs 190.1 6 11.2 lmol/g liver, P< 0.001) and TC
(8.2 6 2.0 vs 11.3 6 2.5 lmol/g liver, P¼ 0.01) deposition. BBR treat-
ment attenuated the contents of TG (190.1 6 11.2 vs
113.6 6 7.6 lmol/g liver, P< 0.001) and TC (11.3 6 2.5 vs
6.3 6 0.4 lmol/g liver, P< 0.001) in liver tissues induced by HFD
(Figure 2A–C). Moreover, HFD increased the liver weight (1.0 6 0.1
vs 2.4 6 0.3 g, P< 0.001) and liver-to-body ratio (3.5 6 0.4% vs
4.6 6 0.9%, P¼ 0.01). BBR treatment attenuated liver weight
(2.4 6 0.3 vs 1.2 6 0.2 g, P< 0.001) and liver-to-body ratio
(4.6 6 0.9% vs 3.1 6 0.4%, P¼ 0.001) compared with the HFD þ
Vehicle group (Figure 2D and E). Additionally, HFD increased the
ALT (46.7 6 13.1 vs 298.9 6 91.7 U/L, P< 0.001) and AST
(243.1 6 37.4 vs 450.1 6 68.3 U/L, P< 0.001) levels. BBR treatment
decreased the ALT (298.9 6 91.7 vs 102.5 6 24.6 U/L, P< 0.001) and
AST (450.1 6 68.3 vs 221.2 6 31.1 U/L, P< 0.001) levels compared
with the HFD þ Vehicle group (Figure 2F and G). These findings
indicated that BBR attenuated hepatic steatosis and decreased
the elevated ALT and AST levels induced by HFD in mice.

BBR attenuates hepatic TG accumulation induced
by PA in vitro
HepG2 cells, AML12 cells, and mouse primary hepatocytes were
treated with PA for 24 h in the presence or absence of BBR so as to
investigate whether BBR reduces lipid accumulation in hepato-
cytes in vitro. The lipid content was then observed by using oil red
O staining and a TG detection kit. Following the CCK8 experiment
and related literature, PA and BBR concentrations of HepG2 cells
(250 lM, 20 lM), AML12 cells (200 lM, 10 lM), and mouse primary
hepatocytes (200 lM, 10 lM) were identified (Figure 3A–F) [7]. The
results of oil red O staining showed that PA treatment increased
the lipid contents of HepG2 cells, AML12 cells, and primary hepa-
tocytes, and BBR treatment reduced the lipid deposition
(Figure 3G–I). Subsequently, the TG detection kit was employed
to detail the TG contents of HepG2 cells, AML12 cells, and mouse
primary hepatocytes. The results implied that PA induced TG de-
position in HepG2 cells (71.3 6 7.9 vs 138.4 6 20.4 lmol/mg pro-
tein, P¼ 0.006), AML12 cells (51.1 6 6.8 vs 94.1 6 5.1 lmol/mg
protein, P< 0.001), and primary hepatocytes (49.4 6 10.1 vs
206.2 6 36.1 lmol/mg protein, P¼ 0.002). BBR reduced the intra-
cellular TG concentration in HepG2 cells (138.4 6 20.4 vs
81.4 6 7.5 lmol/mg protein, P¼ 0.01), AML12 cells (94.1 6 5.1 vs
58.2 6 7.1 lmol/mg protein, P¼ 0.002), and primary hepatocytes
(206.2 6 36.1 vs 68.8 6 28.1 lmol/mg protein, P¼ 0.006) induced by

Table 1. Sequence of primers for quantitative real-time PCR

Gene Species Forward primer Reverse prime

b-actin Human CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
CPT1A Human TGACGGCTATGGTGTGTCGT TCCAAAGCGATGAGAATCCGTCT
SIRT1 Human TGCCGGAAACAATACCTCCA AGACACCCCAGCTCCAGTTA
b-actin Mouse GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
CPT1A Mouse TGGCATCATCACTGGTGTGTT GTCTAGGGTCCGATTGATCTTTG
SIRT1 Mouse GACGCTGTGGCAGATTGTTA GGAATCCCACAGGAGACAGA
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PA (Figure 3J–L). These findings indicated that BBR significantly

declined TG deposition in hepatocytes induced by PA in vitro.

BBR increases the protein levels of SIRT1 and
CPT1A in vivo and in vitro
To determine whether SIRT1 is involved in NAFLD pathogenesis,

we analysed the published microarray data generated from the

liver tissue of control and NAFLD patients (https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE48452) in the Gene

Expression Omnibus database. Data from this database demon-

strated that the hepatic SIRT1 mRNA level was decreased in the

hepatic steatosis group and NASH group compared with that in

normal subjects (Figure 4A). Then, we explored the protein levels

of SIRT1 and molecules associated with lipid metabolism such as

lipid uptake (CD36), synthesis (SCD1, SREBP1, FASN, ACC, p-ACC),

and b-oxidation (CPT1A) by Western blot. The results demon-

strated that the HFD challenge had different effects on the pro-

tein levels of SIRT1 and CPT1A. HFD reduced the protein level of

SIRT1, but increased CPT1A. BBR treatment elevated the protein

levels of SIRT1 and CPT1A in both the chow diet and HFD groups

(Figure 4B–D). The protein levels of SIRT1 and CPT1A showed a

similar trend in HepG2 cells, AML12 cells, and primary hepato-

cytes as shown by Western blot analysis (Figure 4E–M). We then

detected the mRNA levels of SIRT1 and CPT1A in mouse liver tis-

sues and HepG2 cells. The findings demonstrated that HFD or PA

treatment decreased the mRNA level of SIRT1 but increased

Figure 1. BBR alleviates systematic lipid and glucose disorders in HFD-fed mice. C57BL/6J mice fed a chow diet or an HFD for 12 weeks were randomly
classified into either the vehicle or the BBR treatment subgroup (administered by gavage for 4 weeks). (A) Body weight change of mice during the
experiment. (B) IPGTT results following BBR treatment. (C) IPITT findings after BBR treatment. (D) Fasting blood glucose levels in serum. (E) TG, (F) TC,
(G) LDL-C, and (H) HDL-C levels in serum. The data are expressed as means 6 SD; n¼ 8; *P< 0.05 (HFD þ Vehicle vs Chow þ Vehicle group); #P< 0.05
(HFD þ Vehicle vs HFD þ BBR group); &P< 0.05 (Chowþ BBR vs Chow þ Vehicle group). BBR, berberine; HFD, high-fat diet; IPGTT, intraperitoneal glucose
tolerance test; IPITT, intraperitoneal insulin resistance test; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high density lipoprotein cholesterol.
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CPT1A. BBR significantly increased the transcription of SIRT1 but

had no significant effect on the transcription of CPT1A

(Figure 4N–Q). These results indicated that SIRT1 and CPT1A par-

ticipated in the therapeutic effects of BBR on NAFLD, in which

BBR boosted the expression of SIRT1 at the transcriptional level

but influenced the protein level of CPT1A at the post-

transcriptional level.

BBR increases the NAD1 level and the activity of
CPT1A in HepG2 cells
We detected the NADþ level and the NADþ/NADH ratio in HepG2
cells because SIRT1 is NADþ-dependent. Results demonstrated
that PA decreased the intracellular NADþ level (5.7 6 0.3 vs
3.7 6 0.5 pmol/lg protein, P¼ 0.005) and NADþ/NADH ratio
(1.7 6 0.1 vs 1.1 6 0.1, P¼ 0.003), whereas BBR reversed the PA-

Figure 2. BBR improves hepatic steatosis induced by HFD in mice. (A) Representative images of liver pathology, H&E, and oil red O staining; images
were obtained at original magnification, scale bars¼ 50 lm. (B) Liver TG concentration. (C) Liver TC concentration. (D) Liver weight. (E) The liver weight
to body weight ratio. (F) and (G) Serum ALT and AST levels. The data are expressed as means 6 SD; n¼ 8; *P< 0.05 (compared with the Chow þ Vehicle
group); #P< 0.05 (compared with the HFD þ Vehicle group). BBR, berberine; HFD, high-fat diet; H&E, hematoxylin and eosin; TG, triglyceride; TC, total
cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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reduced NADþ level (3.7 6 0.5 vs 6.2 6 0.9 pmol/lg protein,
P¼ 0.01) and the NADþ/NADH ratio (1.1 6 0.1 vs 2.1 6 0.2,
P¼ 0.002) in HepG2 cells (Figure 5A–C). We then detected the ac-
tivity of CPT1A in HepG2 cells. Results demonstrated that PA
caused a decrease in CPT1A activity (13.1 6 1.5 vs 8.2 6 0.5 nmol/
min per milligram protein, P¼ 0.006), while BBR treatment signifi-
cantly enhanced the activity of CPT1A (8.2 6 0.5 vs
15.9 6 1.7 nmol/min per milligram protein, P¼ 0.001) (Figure 5D).
These results implied that BBR reversed the PA-reduced NADþ

level in HepG2 cells, which enhanced the activation of SIRT1.
Furthermore, in HepG2 cells, PA increased the protein level of
CPT1A but inhibited its activity. In contrast, BBR not only in-
creased the protein level of CPT1A but also enhanced its activity.

SIRT1 mediates the effect of BBR on decreasing
TG accumulation and increasing FAO through
CPT1A in hepatocytes
To investigate the effect of CPT1A on TG deposition in hepato-
cytes, overexpression and knockout of CPT1A by lentivirus trans-
fection in HepG2 cells were performed, then cells were treated
with PA for 24 h, and the TG content was measured by using a TG

detection kit. In HepG2 cells, CPT1A overexpression attenuated
PA-induced TG accumulation and CPT1A knockout aggravated
TG deposition (Figure 6A and B). To explore the effect of SIRT1 on
the TG content, the overexpression and knock-down of SIRT1
were performed in HepG2 cells. Following 24 h of PA treatment,
the TG content was measured. The results disclosed that SIRT1
overexpression attenuated TG deposition, whereas SIRT1 knock-
down had the opposite result (Figure 6C). To investigate whether
SIRT1 regulates the expression of CPT1A, we knocked down or
overexpressed SIRT1 in HepG2 cells, and then observed the
mRNA and protein levels of CPT1A. The overexpression of SIRT1
in HepG2 cells increased the protein level of CPT1A, whereas
SIRT1 knock-down attenuated the protein level of CPT1A, but
there was no difference at the transcription level (Figure 6D and
E). Next, we detected the expression levels of CPT1A in control or
shSIRT1-transfected HepG2 cells with or without BBR treatment.
Western blot results revealed that BBR increased CPT1A expres-
sion in control cells. Nevertheless, following SIRT1 knock-down,
BBR could not effectively increase CPT1A expression (Figure 6F).
These results showed that CPT1A and SIRT1 regulated TG deposi-
tion, and SIRT1 mediated the increased expression of CPT1A

Figure 3. BBR attenuates hepatic TG accumulation induced by PA in vitro. (A) and (B) The CCK8 results of HepG2 cells treated with different
concentrations of PA or BBR for 24 h. (C) and (D) The CCK8 results of AML12 cells. (E) and (F) The CCK8 findings of mouse primary hepatocytes. (G)–(I)
Representative photomicrographs of (G) HepG2 cells, (H) AML12 cells, and (I) primary hepatocytes for oil red O staining (�200), scale bars¼ 50 lm. (J)–(L)
Quantitative analysis of TG in (J) HepG2 cells, (K) AML12 cells, and (L) primary hepatocytes. All results are representative of three independent
experiments; data are expressed as means 6 SD; *P< 0.05 (compared with the control group); #P< 0.05 (compared with the PA group). BBR, berberine;
TG, triglyceride; PA, palmitate; CCK8, cell counting kit 8.
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induced by BBR at the post-transcriptional level. Furthermore, we
transfected CPT1A in control and SIRT1 knock-down HepG2 cells
exposed to PA, with or without BBR treatment, and then detected
the intracellular TG content. The results exposed that BBR con-
siderably reduced TG accumulation induced by PA. Nevertheless,

SIRT1 knock-down attenuated the effect of BBR on reducing TG.
Re-expression of CPT1A in shSIRT1 HepG2 cells restored the ef-
fect of BBR on reducing TG (Figure 6G). To investigate the effect of
CPT1A on FAO, we quantified FAO in PA (250 lM)-treated CPT1A
knockout HepG2 cells and the knockout cells transfected with

Figure 4. BBR increases the protein levels of SIRT1 and CPT1A in vivo and in vitro. (A) For the expression of SIRT1 in the control group, liver steatosis
group, and NASH group, the data were acquired from the GEO database GSE48452. (B) C57BL/6J mice were fed a chow diet or an HFD for 12 weeks and
then treated with vehicle or BBR. The protein levels of SIRT1 and proteins related to lipid metabolism, such as lipid uptake (CD36), synthesis (SCD1,
SREBP1, FASN, ACC, p-ACC), and b-oxidation (CPT1A), were assayed by using Western blot. (C) and (D) Quantitative analysis of (C) CPT1A and (D) SIRT1
in different groups. (E)–(G) The levels of proteins associated with lipid metabolism in (E) HepG2 cells, (F) AML12 cells, and (G) primary hepatocytes.
(H)–(J) Quantitative analysis of CPT1A in (H) HepG2 cells, (I) AML12 cells, and (J) primary hepatocytes. (K)–(M) Quantitative analysis of SIRT1 in (K)
HepG2 cells, (L) AML12 cells, and (M) primary hepatocytes. (N) and (O) Representative mRNA levels of (N) SIRT1 and (O) CPT1A in livers of chow diet or
HFD-fed mice with or without BBR treatment. (P) and (Q) Representative mRNA levels of (P) SIRT1 and (Q) CPT1A in HepG2 cells. All results are
representative of three independent experiments; data are expressed as means 6 SD; ns, not significant; *P< 0.05 (compared with the chow diet group
or control group); #P< 0.05 (compared with the HFD group or PA group). BBR, berberine; NASH, non-alcoholic steatohepatitis; GEO, Gene Expression
Omnibus; HFD, high-fat diet.
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restored CPT1A wild-type synonymous mutant plasmid. The
findings implied that CPT1A knockout significantly attenuated
FAO in HepG2 cells and the restoration of FAO was observed
when a synonymous mutant of CPT1A was reintroduced in the
knockout cells (Figure 6H). Next, we measured FAO in HepG2
cells treated with 250 lM of PA and different concentrations of
BBR (0, 10, 20 lM). The results demonstrated BBR promoted FAO
in a dose-dependent manner (Figure 6I). Together, these results
indicated that SIRT1 mediated the effect of BBR on decreasing TG
accumulation by increasing the expression of CPT1A, which pro-
moted FAO in hepatocytes.

SIRT1 interacts with CPT1A and suppresses its
degradation
SIRT1 regulated the expression of CPT1A at the post-
transcriptional level as shown in Figure 6. To further investigate
how SIRT1 regulates the expression of CPT1A at the post-
transcriptional level, we immunoprecipitated SIRT1 and CPT1A
in HepG2 cells and detected the direct binding between SIRT1
and CPT1A by Western blot. The results showed that SIRT1 inter-
acted with CPT1A (Figure 7A). Moreover, co-IP with total proteins
from HEK293T implied a similar result (Figure 7B). Hence, we pro-
posed that SIRT1 interacts with CPT1A and influences its protein
stability. To investigate this hypothesis, the proteasome inhibitor
MG132 (10 lM) was treated in HepG2 cells with or without SIRT1
knock-down for 24 h. The protein level of CPT1A was quantified
and the results showed that the expression of CPT1A significantly
decreased following SIRT1 knock-down, and the protein level of
CPT1A was significantly increased after treatment with MG132
(Figure 7C). The half-life of CPT1A in control or shSIRT1 HepG2
cells was measured after treatment with 100 lg/lL of cyclohexi-
mide (CHX) so as to analyse the effect of SIRT1 on CPT1A. SIRT1
knock-down reduced the half-life time of the CPT1A (Figure 7D
and E). These results indicated that SIRT1 interacted with CPT1A
and influenced its protein stability.

SIRT1 deacetylates CPT1A to suppress its
ubiquitination degradation
Acetylation is a critical post-translational modification that regu-
lates protein stability by affecting the level of protein ubiquitina-
tion [18]. SIRT1, as a deacetylase, may affect its ubiquitination
level by deacetylating CPT1A. To confirm this conjecture, HepG2
cells were transfected with either SIRT1 wild-type (WT) or SIRT1
catalytic mutant plasmids (SIRT1-H363Y) [19]. Western blot

indicated that SIRT1-WT, but not catalytic mutant, markedly ele-
vated the CPT1A protein level (Figure 8A). Accordingly, SIRT1
deacetylase activity was necessary for CPT1A stability. In addi-
tion, to observe the effects of BBR and SIRT1 on the acetylation
and ubiquitination levels of CPT1A, co-IP assays were performed
in HepG2 cells. SIRT1 overexpression and BBR reduced the acety-
lation and ubiquitination levels of CPT1A. In contrast, SIRT1
knock-down and PA treatment increased the acetylation and
ubiquitination of CPT1A (Figure 8B–F). Furthermore, the acetyla-
tion levels of CPT1A in liver tissues were detected by using co-IP
and the results disclosed that HFD increased the acetylation lev-
els of CPT1A and BBR treatment decreased its acetylation levels
(Figure 8G and H). The results showed that SIRT1 reduced the
acetylation and ubiquitination levels of CPT1A. We speculated
that SIRT1 may decrease the acetylation level of CPT1A, leading
to a reduction in its ubiquitination level, and consequently affect-
ing the stability of CPT1A. To validate this hypothesis, we co-
transfected HA-CPT1A-WT plasmids with SIRT1-WT or catalytic
mutant plasmids (SIRT1-H363Y) in HEK293T cells, which was fol-
lowed by immunoprecipitation using anti-HA or anti-IgG anti-
body, and blotting with anti-acetylated-lysine and anti-ubiquitin
antibodies. The results indicated that SIRT1-WT, but not SIRT1-
H363Y, markedly increased the protein levels of HA-CPT1A. As
predicted, compared with the control group, SIRT1-WT decreased
the acetylation level of exogenous CPT1A alongside its ubiquiti-
nation level. However, SIRT1-H363Y did not significantly influ-
ence CPT1A acetylation and ubiquitination compared with the
control group (Figure 8I). Together, these results indicated that
SIRT1 reduced the ubiquitination level of CPT1A by deacetylating
CPT1A, which increased the protein stability.

SIRT1 deacetylates CPT1A at the Lys675 site
Acetylation prediction tools and research literature were
employed to predict the deacetylation sites of CPT1A [20]. We se-
lected four possible acetylation sites (Lys195, Lys292, Lys580, and
Lys675) and mutated the lysine (K) to arginine (R) to generate
four deacetylated mimetic mutants (K195R, K292R, K580R,
K675R). HA-CPT1A-WT and four mutant plasmids were trans-
fected in SIRT1 knock-down or control HEK293T cells, respec-
tively, followed by immunoprecipitation utilizing HA antibody
and blotting with anti-acetylated-lysine antibody. The findings
demonstrated that CPT1A-K195R, CPT1A-K292R, CPT1A-K580R,
and CPT1A-WT acetylation levels were considerably increased in
SIRT1 knock-down cells, whereas no difference was observed in

Figure 5. BBR increases the NADþ level and the activity of CPT1A in HepG2 cells. (A)–(C) Intracellular levels of the (A) NADþ, (B) NADH, and (C) NADþ/
NADH ratio in HepG2 cells treated with PA and BBR as indicated. (D) The activity of CPT1A in HepG2 cells treated with PA and BBR as indicated. All
findings are representative of three independent experiments; data are presented as means 6 SD; *P<0.05 (compared with the control group); #P< 0.05
(compared with the PA group). BBR, berberine; NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide; PA, palmitate.
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Figure 6. SIRT1 mediates the effect of BBR on decreasing TG accumulation and increasing fatty acid oxidation via CPT1A in hepatocytes. (A) TG
concentrations of CPT1A overexpressing HepG2 cells treated with PA (250 lM). (B) TG concentrations of CPT1A knockout HepG2 cells treated with PA. (C)
Quantitative analysis of TG concentrations in SIRT1 knock-down and overexpression HepG2 cells induced by PA. (D) The expression levels of CPT1A in
SIRT1 knock-down and overexpression HepG2 cells were identified by using Western blot analysis. (E) The mRNA levels of CPT1A in shSIRT1- or
LvSIRT1-transfected HepG2 cells. (F) Representative images of CPT1A and SIRT1 in shNC or shSIRT1 HepG2 cells treated with or without BBR. (G)
Quantitative analysis of the TG contents and representative images of CPT1A and SIRT1 expression levels in PA-treated shNC or shSIRT1 HepG2 cells
with or without BBR or CPT1A plasmids treatment. (H) Fatty acid oxidation was computed in PA (250 lM)-treated CPT1A knockout cells and the
knockout cells transfected with restored CPT1A wild-type synonymous mutant plasmid. (I) Fatty acid oxidation assay of HepG2 cells treated with PA
(250 lM) and different concentrations of BBR (0, 10, 20 lM). Results are representative of three independent experiments; data are provided as means 6

SD; *P<0.05 (compared with the control group); #P< 0.05 (compared with the CPT1A knockout group). BBR, berberine; TG, triglyceride; PA, palmitate;
NC, normal control; sh, short hairpin; Lv, lentivirus; KO, knockout; FAO, fatty acid oxidation.
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CPT1A-K675R acetylation levels, which indicated that CPT1A

could be acetylated at Lys675 (Figure 9A and B). To further ex-

plore whether acetylation mutation modulates CPT1A protein

stability, HEK293T cells transfected with HA-CPT1A-WT or the

mutant HA-CPT1A-K675R plasmids were treated with CHX. The

findings revealed that the CPT1A in the mutant group was more

stable than that in the WT group, which indicated CPT1A stability

was the result of protein acetylation at the Lys675 residue

(Figure 9C). To investigate the effect of Lys675 mutation on the

ubiquitination level of CPT1A, HEK293T cells were transfected

with HA-CPT1A-WT or the mutant HA-CPT1A-K675R plasmids.

Cell lysates were immunoprecipitated with anti-HA antibody and

blotted with anti-acetyl-lysine and anti-ubiquitin antibodies.

Compared with the WT group, the ubiquitination level of CPT1A-

K675R was significantly reduced (Figure 9D). These data implied

that SIRT1 deacetylated the Lys675 site on CPT1A, which sup-

pressed the ubiquitination degradation of CPT1A.

Discussion
This study disclosed that BBR alleviated non-alcoholic hepatic

steatosis in vivo and in vitro. BBR increased the expression of

SIRT1, SIRT1 deacetylated CPT1A at the Lys675 site, which sup-

pressed the ubiquitination degradation of CPT1A. The increased

CPT1A promoted FAO in hepatocytes, thereby alleviating hepatic

steatosis. A schematic diagram of BBR in ameliorating non-

alcoholic hepatic steatosis is shown in the Graphical Abstract.

Studies have suggested that the BBR drug concentration in the

liver was significantly higher than that in other tissues and blood,

which may partly explain the advantageous effect of BBR on

NAFLD [21]. Recent studies have shown that BBR is distributed

primarily in the nucleus, cytoplasm, and mitochondria at the cel-

lular level [22, 23]. Furthermore, it has been found to inhibit mito-

chondrial respiratory complex I and increase the intracellular

NADþ/NADH ratio [24]. A series of studies disclosed that BBR pro-

moted the expression of SIRT1 in many cells such as hepatocytes,

fibroblasts, spinal nerve cells, skeletal muscle cells, and cardio-

myocytes [16, 25, 26]. As a metabolic sensor, SIRT1 extensively

participates in the process of glucose and lipid metabolism in the

liver [27]. Liver SIRT1 overexpression attenuated TG accumula-

tion in mice, whereas hepatic SIRT1 deficiency aggravated liver

TG deposition in HFD-induced mice [28–30]. Our study revealed

that BBR effectively alleviated non-alcoholic hepatic steatosis

in vivo and in vitro. The expression of SIRT1 was considerably de-

creased in HFD-fed mice and hepatocytes exposed to PA com-

pared with the control group, and BBR treatment significantly

increased SIRT1 expression. Furthermore, SIRT1 overexpression

mimicked the impact of BBR in reducing the TG level, while SIRT1

knock-down weakened the effect of BBR. These findings indicated

that SIRT1 mediated the therapeutic effect of BBR on NAFLD.
The major metabolic process of lipids in hepatocytes includes

fatty acid uptake, lipid synthesis, FAO, and secretion through

very low-density lipoprotein [31]. We performed Western blot to

evaluate the expression of SIRT1 and proteins involved in lipid

metabolism, such as lipid uptake (CD36), lipid synthesis (SCD1,

Figure 7. SIRT1 interacts with CPT1A and suppresses its degradation. (A) HepG2 cell lysates were used for co-IP experiments with anti-SIRT1 or anti-
CPT1A antibodies, respectively, followed by Western blot using indicated antibodies. (B) co-IP experiments of HEK293T cells co-transfected with HA-
CPT1A and Flag-SIRT1, utilizing anti-HA antibody for IP and anti-Flag antibody for immunoblotting or anti-Flag antibody for IP and anti-HA antibody
for immunoblotting. (C) CPT1A expression levels in shNC- or shSIRT1-transfected HepG2 cells treated with protease inhibitor MG132 (10 lM) for 24 h. (D)
Representative images of CPT1A expression levels in shNC- or shSIRT1-transfected HepG2 cells treated with CHX (100 lg/lL) for indicated times. (E)
CPT1A half-life time in shNC- or shSIRT1-transfected HepG2 cells after treatment with CHX for indicated times. All results are representative of three
independent experiments. Values are presented as means 6 SD; *P< 0.05 (compared with the control group). co-IP, co-immunoprecipitation; HEK,
human embryonic kidney; IP, immunoprecipitation; NC, normal control; sh, short hairpin; CHX, cycloheximide.
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Figure 8. SIRT1 deacetylates CPT1A to suppress its ubiquitination degradation. (A) SIRT1 and CPT1A protein expression levels in HepG2 cells transfected
with normal control (NC), SIRT1-WT, or mutant plasmids (SIRT1-H363Y). (B) co-IP experiments in HepG2 cells exposed to vehicle or PA with or without
BBR treatment, using an anti-CPT1A antibody for IP and anti-acetyl-lysine antibody or anti-ubiquitin antibody for immunoblotting. (C) co-IP
experiments in SIRT1 knock-down or SIRT1 overexpression HepG2 cells, utilizing an anti-CPT1A antibody for IP and an anti-acetyl-lysine antibody or
anti-ubiquitin antibody for immunoblotting. (D) Quantitative analysis of CPT1A acetylation levels in HepG2 cells exposed to vehicle or PA with or
without BBR treatment. (E) and (F) Quantitative analysis of CPT1A acetylation levels in (E) SIRT1 knock-down or (F) SIRT1 overexpression HepG2 cells.
(G) CPT1A acetylation levels in livers of C57BL/6J mice fed a chow diet or HFD with or without BBR treatment. (H) Quantitative analysis of CPT1A
acetylation levels in livers of C57BL/6J mice. (I) co-IP experiments in HEK293T cells co-transfected with HA-CPT1A-WT and SIRT1-WT or catalytic
mutant plasmids (SIRT1-H363Y), employing an anti-HA antibody for IP and anti-acetyl-lysine antibodies and anti-ubiquitin antibodies for
immunoblotting. All results are representative of three independent experiments. Values are presented as means 6 SD; *P< 0.05 (compared with the
control group or chow diet group); #P< 0.05 (compared with the PA group or HFD group). WT, wild-type; NC, normal control; sh, short hairpin; Lv,
lentivirus; co-IP, co-immunoprecipitation; IP, immunoprecipitation; PA, palmitate; BBR, berberine; HFD, high-fat diet; HEK, human embryonic kidney;
Ac, acetylation; Ub, ubiquitin.
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SREBP1, FASN, ACC, p-ACC), and FAO (CPT1A), in both liver tis-
sues and cell models. We discovered that the HFD challenge re-
duced the protein level of SIRT1, but increased CPT1A. BBR
significantly increased the protein levels of SIRT1 and CPT1A in
animal and cell models, which indicated that CPT1A may also
participate in the therapeutic effects of BBR on NAFLD. Further
experiment demonstrated that HFD challenge triggered the ex-
pression of CPT1A at the transcriptional level, which could be a
compensatory response to fatty acid stimulation, but inhibited
the activity of CPT1A, while BBR treatment increased the protein
level of CPT1A alongside the activity. This may help explain why
elevated levels of CPT1A were insufficient in preventing hepatic
steatosis in HFD-fed mice, whereas BBR-induced upregulation of
CPT1A effectively improved hepatic steatosis. Our findings are
consistent with the research conducted by Softic et al. [32], which
reported that although HFD triggered an increase in CPT1A ex-
pression, it also elevated the acetylation level of CPT1A and im-
paired its activity in mice. CPT1A is a rate-limiting enzyme that

regulates FAO in hepatocytes, majorly distributed in the outer
mitochondrial membrane of hepatocytes. Research validated
that mice with liver-specific CPT1A deletion exhibited severe liver
steatosis, and liver CPT1A overexpression improved lipid deposi-
tion induced by HFD [33, 34]. Therefore, hepatic CPT1A is essen-
tial for maintaining lipid homeostasis and functions as a
protective role in the development of NAFLD. Our experiments
showed that BBR elevated the protein levels of SIRT1 and CPT1A.
To investigate the relationship among BBR, SIRT1, and CPT1A, we
performed a series of experiments on SIRT1 and CPT1A in HepG2
cells. The results indicated that CPT1A was a downstream mole-
cule of SIRT1 and SIRT1 regulated the protein level of CPT1A at
the post-transcriptional level. BBR promoted the protein level of
CPT1A by increased expression of SIRT1 and hence enhanced FAO
in hepatocytes, which ultimately alleviated non-alcoholic hepatic
steatosis.

Lysine acetylation is an evolutionarily conserved post-
translational modification of proteins generated by lysine

Figure 9. SIRT1 deacetylates CPT1A at the Lys675 site. (A) shNC or shSIRT1 HEK293T cells were transfected with either HA-CPT1A-WT or different
mutant plasmids including K195R, K292R, K580R, and K675R. Cell lysates were immunoprecipitated with an anti-HA antibody and blotted with an anti-
acetyl-lysine antibody. (B) Quantitative analysis of CPT1A acetylation levels in HEK293T cells transfected with either HA-CPT1A-WT or different
mutant plasmids as indicated. (C) CPT1A protein stability time course in HEK293T cells transfected with HA-CPT1A-WT and HA-CPT1A-K675R mutants
following treatment with 100 lg/lL of CHX. (D) HEK293T cells transfected with HA-CPT1A-WT or HA-CPT1A-K675R mutant plasmids; cell lysates were
immunoprecipitated with anti-HA antibody and blotted with anti-acetyl-lysine and anti-ubiquitin antibodies. All results are representative of three
independent experiments. Values are provided as means 6 SD; *P< 0.05 (compared with the control group). NC, normal control; sh, short hairpin; HEK,
human embryonic kidney; CHX, cycloheximide; Ac, acetylation; Ub, ubiquitin.
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acetyltransferase and reversed by lysine deacetylases [18, 35].

Acetylation modification regulates various biological effects,

such as protein stability, enzymatic activity, subcellular localiza-

tion, and crosstalk with other post-translational modifications

[36, 37]. Studies revealed that sirtuins regulated the levels or ac-

tivity of metabolic enzymes by deacetylating them. For instance,

acetylation suppressed the enzymatic activity of acetyl-CoA syn-

thetase 1 (AceCS1), whereas deacetylation by SIRT1 restored the

activity [38]. Acetylation of long-chain acyl-coenzyme A dehydro-

genase (LCAD) inhibited its activity and deacetylation of LCAD by

SIRT3 led to an increase in its enzymatic activity [39]. As a meta-

bolic enzyme, CPT1A also undergoes acetylation modifications

[32, 40]. Our research disclosed that SIRT1 interacted with CPT1A

and regulated the protein level of CPT1A by deacetylating CPT1A.

co-IP and subsequent experiments in HEK293T cells demon-

strated that SIRT1 deacetylated CPT1A at the Lys675 site, which

reduced the ubiquitination level of CPT1A and increased the pro-

tein stability. Based on relevant studies, lysine acetylation may

influence ubiquitination by two mechanisms. One is that acetyla-

tion and ubiquitination compete for the same lysine site, in

which case acetylation inhibits ubiquitination [41]. Another situ-

ation is that acetylation of certain lysine sites reduces the elec-

trostatic repulsion between ubiquitin and protein, which

increases the affinity of ubiquitin. In this case, lysine acetylation

promotes ubiquitination [42]. In this research, the acetylation of

CPT1A may affect its ubiquitination through the second mecha-

nism but the specific mechanism remains to be clarified. Our re-

search disclosed an interesting phenomenon: SIRT1 inhibited the

degradation of CPT1A but the reduced SIRT1 did not decrease the

protein level of CPT1A in HFD-fed mice. This may be due to the

increased mRNA level of CPT1A induced by HFD, which could be

a compensatory response to fatty acid stimulation. Of course, it

cannot be excluded that HFD promoted the expression of CPT1A

through other mechanisms.
Our study revealed a new mechanism of BBR in the treatment

of NAFLD. We first confirmed that SIRT1 deacetylated CPT1A at

the Lys675 site, which stabilized CPT1A by inhibiting the

ubiquitin-dependent degradation. Nonetheless, this research has

several shortcomings. The direct target of BBR, the specific mech-

anism of BBR increasing the expression of SIRT1, and the mecha-

nism of the acetylation of CPT1A influencing its ubiquitination

remain to be clarified.

Conclusions
Berberine increased the expression of SIRT1; SIRT1 deacetylated

CPT1A at the Lys675 site, which suppressed its ubiquitin-

dependent degradation, thereby promoting FAO and alleviating

non-alcoholic liver steatosis in mice.
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