Dong et al. Journal of Translational Medicine (2024) 22:196 J ourna | Of
https://doi.org/10.1186/512967-024-04942-0 X .
Translational Medicine

- : ®
ACACA reduces lipid accumulation et

through dual regulation of lipid metabolism
and mitochondrial function via AMPK- PPARa-
CPT1A axis
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Abstract

Background Non-alcoholic fatty liver disease (NAFLD) is a multifaceted metabolic disorder, whose global preva-
lence is rapidly increasing. Acetyl CoA carboxylases 1 (ACACA) is the key enzyme that controls the rate of fatty acid
synthesis. Hence, it is crucial to investigate the function of ACACA in regulating lipid metabolism during the progress
of NAFLD.

Methods Firstly, a fatty liver mouse model was established by high-fat diet at 2nd, 12th, and 20th week, respec-
tively. Then, transcriptome analysis was performed on liver samples to investigate the underlying mechanisms

and identify the target gene of the occurrence and development of NAFLD. Afterwards, lipid accumulation cell model
was induced by palmitic acid and oleic acid (PA : OA molar ratio=1:2). Next, we silenced the target gene ACACA using
small interfering RNAs (siRNAs) or the CMS-121 inhibitor. Subsequently, experiments were performed comprehen-
sively the effects of inhibiting ACACA on mitochondrial function and lipid metabolism, as well as on AMPK- PPARa-
CPT1A pathway.

Results This data indicated that the pathways significantly affected by high-fat diet include lipid metabolism

and mitochondrial function. Then, we focus on the target gene ACACA. In addition, the in vitro results suggested

that inhibiting of ACACA in vitro reduces intracellular lipid accumulation, specifically the content of TG and TC. Fur-
thermore, ACACA ameliorated mitochondrial dysfunction and alleviate oxidative stress, including MMP complete, ATP
and ROS production, as well as the expression of mitochondria respiratory chain complex (MRC) and AMPK proteins.
Meanwhile, ACACA inhibition enhances lipid metabolism through activation of PPARa/CPT1A, leading to a decrease
in intracellular lipid accumulation.

Conclusion Targeting ACACA can reduce lipid accumulation by mediating the AMPK- PPARa- CPT1A pathway, which
regulates lipid metabolism and alleviates mitochondrial dysfunction.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a meta-
bolic disease of complexity, characterized by the exces-
sive lipids accumulation within hepatocytes, which can
subsequently progress to non-alcoholic steatohepatitis
(NASH), further may even lead to liver failure and hepa-
tocellular carcinoma (HCC) [1]. As reported, a global
increase in NAFLD has been paralleled with an increase
in high-fat diet (HFD) intake [2]. Since the understanding
of the pathogenesis and progression of NAFLD has been
improved, the multiple-strike theory cannot fully explain
the progress of this disease [3]. In addition, there are
still many potential targets that have not been revealed
yet. Therefore, it is necessary to elucidate the underly-
ing mechanisms dynamically during the occurrence and
development of NAFLD.

Mitochondrial dysfunction and oxidative stress [4] are
associated with many disease conditions [5, 6]. Specifi-
cally, mitochondrial dysfunction precedes hepatic steato-
sis and leads to NAFLD in the obese animal model [7].
More importantly, lipid accumulation was reduced by
ameliorated mitochondrial function in NAFLD [8, 9].
Furthermore, the interplay between mitochondrial dys-
function and oxidative stress forms a self-perpetuating
cycle that exacerbates hepatic lipid accumulation and
promotes the pathogenesis of NAFLD. Reportedly, melio-
rating mitochondrial dysfunction and reducing oxidative
stress in hepatocytes can contributes to the improvement
of NAFLD [10, 11]. Acetyl CoA carboxylases 1 (ACACA)
is known to regulation of fatty acid synthesis through de
novo lipogenesis, and its increased activity promotes adi-
pocyte differentiation and fat accumulation. However,
whether ACACA regulates mitochondrial dysfunction
and oxidative stress are largely unknown.

Besides, NAFLD is associated with multiple meta-
bolic abnormalities. Adenosine monophosphate-acti-
vated protein kinase (AMPK), a crucial energy sensor
in cellular metabolism, which promotes mitochondrial
lipid oxidation and increases fatty acid uptake, thereby
inhibiting of lipid accumulation [12]. Reportedly,
ACACA can be inactive by AMPK phosphorylation
to inhibit lipid synthesis [13]. In addition, peroxisome
proliferator-activated receptor alpha (PPARa) is a
nuclear receptor that plays a crucial role in the regu-
lation of lipid metabolism, inflammation, and oxidative
stress. Concurrently, carnitine palmitoyl transferase 1A
(CPT1A) as a downstream target of PPARa, is a cen-
tral regulatory factor for f-oxidation of free fatty acids
in mitochondria [14]. Furthermore, studies evidence
that dysregulation of PPARa in NAFLD, suggesting
a potential involvement in disease pathogenesis [15,
16]. Given the core role of ACACA in regulating fatty
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acid synthesis in NAFLD, it is valuable to investigate
the effects of selectively direct inhibition of ACACA
expression on AMPK/PPARa/CPT1A pathway in
NAFLD.

Here, we induced models of NAFLD in mice at dif-
ferent time points (2W, 12W, and 20W), and dynami-
cally analyzed RNA-seq data to attempt to accurately
identify genes involved in the occurrence and develop-
ment of NAFLD. In addition, this study characterizes
that the effects of ACACA in vitro. Based on a PAOA-
induced lipid accumulation cell model, the expression
of ACACA was inhibited using siRNA or CMS-121
inhibitors to examine its effects on mitochondrial dys-
function, oxidative stress and lipid metabolism.

Material and methods

Experimental animals

Male mice (C57BL/6J, 10-15 g, 4 weeks of age) were
purchased from Lanzhou Veterinary Research Institute
of the Chinese Academy of Agricultural Sciences. The
mice were housed in uniform levels of temperature and
humidity, and were free to drink and eat. All animals
were in accordance with the guide to the use of Labo-
ratory Animals and were approved by the Gansu Tech
Innovation Center of Animal Cell, Biomedical Research
Center, Northwest Minzu University.

After adaptive feeding for a week, animals were ran-
domly divided into high-fat diet (HFD) group modeling
and low-fat diet (LFD) group. To investigate high-fat
diet at different moment points on the occurrence and
development of NAFLD, HFD and LFD were further
divided into 3 groups and given high fat diet and nor-
mal diet for 2, 12 and 20 weeks, respectively.

All the above mice were put to death by cervical dis-
located, partial liver tissues were collected and fixed in
10% neutral formalin buffer. The surplus fresh liver tis-
sues were snapped frozen in liquid nitrogen and stored
at — 80 °C until analysis.

Cell lines and culture

Human hepatocyte WRL68 cells and human hepatoma
Huh7 cells were grown in MEM and DMEN, supple-
mented with 10% (v/v) FBS, respectively. Afterwards,
the cells were kept at 37 °C in a humidified environ-
ment with 5% CO, concentration.

After cell adhesion, the convergence rate reaches
60-70%, the cells were initially stimulated with siRNA
and CMS-121, to target and inhibit the expression of
the ACACA gene. Following this, intracellular lipid
accumulation was induced with PAOA for a further
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24 h, a mixture of palmitate acid (PA) and oleate acid
(OA) in a 2:1 ratio.

RNA-seq and data analysis

The RNA-seq data was completed by Shenzhen BGI
Genomics Co., Ltd. and uploaded to the BGI Multi
Omics Online System (https://biosys.bgi.com). Differen-
tially expressed genes were screened with the adjusted
p-value of less than 0.05 and |Log FC| of greater than or
equal to 1. Advanced volcano plot was performed using
the OmicStudio tools at https://www.omicstudio.cn/tool
[17].

KEGG enrichment pathway and GSVA-enriched pathway
analysis

To identify the main contributors in the development of
NAFLD, we utilized Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis and
Gene Set Variation Analysis (GSVA). The KEGG path-
way annotation is used to categories genes that are dif-
ferentially expressed according to biological pathways
[18-20]. KEGG enrichment analysis is performed using
the phyper function in R software. It calculates the
p-value, which can then be corrected for false discovery
rate (FDR) to obtain the Q-value. A Q-value of less than
or equal to 0.05 is generally considered to indicate sig-
nificant enrichment. The GSVA-enriched pathway was
drawn based on the R version 4.1.3 on the OmicStudio
platform.

H&E staining

The liver tissues samples were sectioned into 3—5 pm sec-
tions, stained with hematoxylin and eosin (H&E), and
embedded in paraffin. All the sections were stained and
analyzed at X200 magnification using a microscope.

Oil red O staining

Oil red O staining was performed to detect the lipid con-
tent. Briefly, the prepared liver tissues and cells were fixed
with 10% formalin in PBS for 15 min and then stained
with oil red O solution for 20 min at room temperature.
Then, the specimens were examined under a light micro-
scope and the quantification of Oil Red O staining using
Image ] software.

RNA extraction and RT-qPCR

The hepatic RNA and cellular RNA were extracted using
RNAex® reagent. Total RNA (1 pg) was added to mix-
ture reagent for reverse transcription into cDNA. Sub-
sequently, RT-qPCR was executed using SYBR® Green
assay in the ABI 7500 Real-Time PCR system. Each
sample was analyzed in triplicate and the resulting data
were normalized to B-actin. Then, the mRNA expression
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was calculated using the 2722* method. For clarity, the
primer sequences used in the analysis are described in
Additional file 1: Table S1.

Cell viability

CCK-8 assay was applied to investigate the cytotoxicity
of PAOA or CMS-121 in cells. WRL68 cells and Huh7
cells were grown in 96-well plates for 24 h. Then, the
cells were incubated in varying concentrations of PAOA
or CMS-121, with six parallel wells established in each
group. After 24 h, cells were subjected to incubation with
the enhanced CCKS reagent for 30 min, followed by the
evaluation of absorbance at 450 nm.

Western blot

Proteins were extracted from both cells and tissues via
sonication in RIPA buffer containing protease inhibi-
tors. Then the protein concentration was determined
using the BCA kit. 30 pg of proteins were resolved on a
10% SDS-PAGE gel and transferred onto a PVDF mem-
brane, after which non-specific antibody binding was
blocked with TBST containing 5% BSA. The primary
antibodies were diluted with 2% BSA and the membranes
were left to incubate overnight at a temperature of 4 °C.
Afterwards, incubation with secondary antibodies con-
jugated to HRP at room temperature for a period of 2 h.
Immunoreactive bands were visualized using the ECL
reagent and quantified with Image J software. To ensure
reproducible results, each western blot was repeated at
least three times. The following antibodies were used in
this study: ACACA (Hua Bio, China), PPARa (Hua Bio,
China), p-AMPK (Hua Bio, China), AMPK (Beyotime,
China), CPT1A (Proteintech, China), NDUFS2 (Hua Bio,
China), MTCO2 (Hua Bio, China) and B-actin (Protein-
tech, China).

Lipid staining

Lipid accumulation in cells was evaluated using Nile Red
staining. Cells were dyed with 1 uM Nile Red for 15 min,
thereafter, using a high content imaging microscope to
observe cells (X200 Magnification).

Detection of intracellular reactive oxygen species (ROS)

The levels of ROS within the cells were quantified
through fluorescence dye DCFH-DA. Specifically, the
medium was removed after cell treatment, followed by
washing 2 times with PBS solution, and then incubated
with the 5 pM fluorescence dye DCFH-DA for 30 min
at 37 °C. The fluorescence of ROS was detected through
a flow cytometer at Ex/Em=488 nm/525 nm (X400
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Magnification). The experimental results were analyzed
using IDEA software.

Analysis of intracellular mitochondrial membrane
potential (MMP)

MMP was measured by the mitochondria-specific probe
JC-10 fluorescent dyes. After pre-incubation, cells were
dyed with 1 uM JC-10 for 25 min at 37 °C, and then, the
cells were observed using a high content imaging micro-
scope (X200 Magnification).

Triglyceride and cholesterol assay

The content of total triglycerides (TG) and choles-
terol (TC) were determined by the assay kit. The cells
were lysine with a solution of PBS containing 1% Triton
X-100, meanwhile, detection of protein concentration in
cell lysate by using BCA method. The absorbance was
assessed at 546 nm or 510 nm.

Determination of adenosine triphosphate (ATP) level

and GSH activity

The level of ATP and GSH activity in cells were deter-
mined according to the instructions in the kits. Deter-
mination of ATP level by using a chemiluminescence
instrument and GSH activity was evaluated at 412 nm for
absorbance, respectively.

Statistical analysis

Values are expressed as mean+SD for the number of
experiments indicated in the legends to the figures
and all data were used of GraphPad Prism 10 software
(GraphPad, USA, https://www.graphpad-prism.cn). For
comparisons among multiple groups, one-way ANOVA
test was used. Comparison between two groups was per-
formed by a t-test. All in vivo and in vitro experiments
were performed randomly. The difference was considered
statistically significant when P<0.05.

Results

Long-term high-fat diet exacerbates lipid accumulation

in the liver of mice

To dynamically evaluate changes in lipids on liver, a fatty
liver model was established by high-fat diet in C57BL/6]
mice at different time points (2nd, 12th, and 20th week).
We observed that hepatic steatosis, vacuolation and
hepatocellular hypertrophy were increased in the HFD
groups both at 12th week and 20th week through H&E
staining (Fig. 1A). Moreover, Oil Red O staining results
also showed that the lipid accumulation was significantly
increased in response to high-fat diet, which was consist-
ent with the results of H&E staining (Fig. 1D). The body
weights of HFD groups were higher than LFD groups at
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12th week and 20th week, meanwhile, the liver weights of
the HED groups were higher than those of the LFD group
at 20th week (Fig. 1B). Afterwards, the content of liver
TG were increased in the HFD group compared to the
LFD group at 12th week and 20th week. However, until
20th week, the content of TC showed a significant differ-
ence between the HFD and LFD (Fig. 1C).

Taken together, these data revealed a long-term high-
fat diet significantly increased mice body weight, caused
fat accumulation and steatosis in the liver of mice, and
lead to NAFLD. And then, elucidate the underlying
mechanisms through transcriptomic analysis during the
occurrence and development of NAFLD.

Dynamic analysis of transcriptome data

Based on the RNA-seq data, transcriptomic analysis
of liver samples collected at 2nd, 12th, and 20th week.
To identify the differentially expressed genes (DEGs)
involved in the occurrence and development of NAFLD,
we compared the transcriptome profiles between the
HFD and LFD groups at different time points as pre-
sented in Fig. 2A. The DEGs were determined with the
|log2FC|>1 and Q-value <0.05. A total of 735 DEGs (552
up- and 182 downregulated), 480 DEGs (241 up- and 239
downregulated) and 538 DEGs (376 up- and 162 down-
regulated) were identified in the HFD compared with
LFD groups at 2nd, 12th, and 20th week, respectively.

Furthermore, to further determine the impact of these
DEGs enriched biological pathways on NAFLD, the
GSVA-enriched pathway and KEGG enrichment path-
way analysis were performed. The DEGs were mainly
enriched in the biosynthesis, metabolism, and degrada-
tion of fatty acids, PPAR signaling pathway and AMPK
signaling pathway et al. (Additional file 1: Fig. S2). Nota-
bly, the pathways significantly affected by high-fat diet
include lipid metabolism and mitochondrial function
(Fig. 2B).

To further identify genes involved in the progression of
NAFLD at three time points, a Veen analysis was plotted
to display the common differential genes at three time
points. As shown in Fig. 2C, a total of 46 unique DEGs
between the HFD and LED groups. ACACA were signifi-
cantly upregulated after 2nd week of high-fat diet induc-
tion and gradually increased at 12th week and 20th week
(Fig. 2D).

And then, enrichment analysis of the KEGG pathway
was conducted for these 46 unique DEGs, revealed that
46 DEGs were associated with metabolic pathways, bio-
synthesis of various amino acids, PPAR signaling path-
way, fatty acid biosynthesis, fatty acid degradation, fatty
acid metabolism and AMPK signaling pathway, et al
(Fig. 2E).
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Fig. 1 Long-term high-fat diet exacerbates lipid accumulation in the liver of mice. A Representative image of different groups with H&E staining,
Scale bars, 200 um. B Body weight and liver weight change of different groups (n==8/group). C The content of TG/TC in liver tissue at different
points. D The representative images and the quantification of Oil Red O staining (right). Scale bars, 10 um. Data are the mean + SEM from 8
independent experiments. "P<0.05 and “P<0.01 compared with the LFD group

PAOA-mediated intracellular lipid accumulation

Presently, due to the vital function of ACACA in control-
ling the synthesis of fatty acids, it has become a critical
research target for metabolic diseases such as NAFLD,
obesity, and diabetes [21]. To further confirm with
transcriptomic results, the mRNA and protein level of
ACACA were examined. As shown in Fig. 3A, B, com-
pared to the LFD groups, the ACACA expression was
significantly elevated in liver tissue of HFD groups at
three time points.

To further detect the expression of ACACA in cells,
a lipid accumulation cell model was induced by PAOA.
First of all, the effect of PAOA on the cell viability
through CCK8 assay. The finding indicated that PAOA

Oil red O
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did not have a cytotoxic effect on cell viability for 24 h at
the concentrations covering 200 uM to 600 uM (Fig. 3C).
Thus, 600 pM PAOA was chosen for subsequent stud-
ies. As expected, the lipid accumulation was occurred in
both WRL68 cells and Huh7 cells with PAOA-induced as
shown by Oil red O staining (Fig. 3D). Subsequently, we
explored the level of ACACA in intracellular lipid accu-
mulation. ACACA mRNA expression levels were upregu-
lated in cells with the PAOA vs Control (Fig. 3E).

Inhibition of ACACA decreased intracellular lipid
accumulation in PAOA-induced cells

To further tested whether inhibition of the ACACA
could decrease lipid accumulation in a model of fatty
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acid overload. We first transfected the cells with
ACACA-siRNA or stimulated cells by adding an inhib-
itor (CMS-121) to reduce the expression of ACACA. It
turned out that ACACA siRNA (30 nM) and CMS-121
(3 uM) successfully inhibit the expression of ACACA
(Additional file 1: Fig. S1). Notably, siRNA and CMS-
121 can still inhibit the expression of ACACA with the
addition of PAOA to induce intracellular lipid accumu-
lation at the same time.

Thereafter, to explore the involvement of ACACA
in intracellular lipid accumulation in PAOA-induced
cells, both Nile Red staining and TG\TC content were
performed to detect the accumulation of intracellular
lipids. Nile Red staining showed that the intracellular
lipid accumulation was increased, while the inhibition
of ACACA could decrease these factors (Fig. 4A). In
addition, we also measured the content of TG and TC
in cells to reflect the degree of intracellular steatosis.
These data showed that the inhibition of ACACA with
CMS-121 could significantly reduce the content of TG,
but with ACACA-siRNA did not cause a decrease in
TG content. Furthermore, intracellular TC level could
be reduced by the knockdown of ACACA both with
siRNA and CMS-121 (Fig. 4B, C). As expected, these
data show that ACACA plays a critical role in fatty acid
synthesis, and the inhibition of ACACA attenuates

lipid accumulation in a hepatocyte model of fatty acid
overload by PAOA-induced.

Inhibition of ACACA alleviated intracellular oxidative stress
in PAOA-induced cells

As reported, the overproduction of ROS and consequent
oxidative stress contribute to the pathogenesis of NAFLD
[22], accompanied by a decrease in GSH activity. Accord-
ingly, we detected the impact of inhibition ACACA on
intracellular oxidative stress through ROS content and
GSH activity.

Figure 5A, B showed that, the fluorescence inten-
sity of ROS was apparently increased in PAOA-induced
cells compared to the control group, while the produc-
tion of ROS was attenuated with siRNA or CMS-121. At
the same time, GSH activity was rapidly improved with
ACACA inhibition (Fig. 5C).

Overall, our data suggest that inhibition of ACACA
can successfully alleviate intracellular oxidative stress in
PAOA-induced cells.

Inhibition of ACACA ameliorates intracellular
mitochondrial dysfunction in PAOA-induced cells

To determine the effect of inhibition ACACA on mito-
chondrial dysfunction, mitochondrial membrane
potential (MMP) and adenosine triphosphate (ATP)



Dong et al. Journal of Translational Medicine (2024) 22:196

Page 8 of 14

WRL68

8x10°

PAOA

Control PAOA
WRL6S
Huh?7
B WRLG8 Huh7
0.20 0.15
£ * £
o0 0,15 " E)
S y 5 0.10~
= =
£ 0.10 £
2 S 0.054
S 0.054 S
o Qo
O &)
= =
0.00- 0.00-
Q - el A > ol \Nod N\
& o & 0 & o & X
- 3ad & & & iad & <l
¢ R S N ¢ ¢y W
PAOA PAOA

siIRNA

CMS-121

Fluorescence intensity of Nile Red

=
L
[
L
=1 PAOA
Z
Huh7
g 8x10°
»
C WRL68 Huh7
0.8 1.0+
° Kk o
= # — 084 s #
Tan 0.6 e o0 4 i
£ 2 06+
£ 047 &
b= = 044
3 2
€ 05 =}
g 02 S 024
) ;
£ [
0.0- T T T 0.0-
> > \sd N > ol \sd 5
& oF &0 & &F &0
((0‘\\ Ny §T ({\‘\%’ (_e‘\\ Nt & \_/\Z\(—'{
PAOA PAOA

Fig. 4 A Representative image and the quantitative fluorescence intensity of Nile red staining. Blue recaptures the nucleus, Red presents the lipid
droplet. Scale bars, 50 um. B, C The content of TG\TC in cells. Data are the mean = SEM from 3 independent experiments. Values with different letters
are significantly different in the groups (‘P<0.05 and "P<0.01 compared with the Control group, P <0.05 and *P <0.01 compared with the PAOA

group)

production were detected. Our data revealed that
PAOA treated cells exhibited an obvious decrease in
the MMP compared to the control group (Fig. 6A, B).
Then, ACACA-siRNA or CMS-121 lead to a significant
increase in MMP with a lower green/red fluorescence
ratio, indicating intracellular MMP was restored.

We further speculate that mitochondrial energy
metabolism was also impaired as evidenced by the level
of ATP. Decreased ATP production was found in the
PAOA group compared with control group, while cells
showed a significant increase in the level of ATP after
inhibition with ACACA, suggesting the energy metabo-
lism of mitochondria was recovered (Fig. 6C).

Collectively, above results indicate that inhibition
of ACACA with siRNA or CMS-121 has an improved

effect against intracellular mitochondrial dysfunction
in PAOA-induced cells.

Inhibition of ACACA activates the intracellular lipid
metabolism and mitochondrial function

In order to explore the mechanism of ACACA on ame-
liorating mitochondrial dysfunction in WRL68 cells
and Huh7 cells, we examined the expression of MRC-
related proteins including NDUFS2, MTCO2. As results
showed in Fig. 7A that the protein expression of NDUFS2
and MTCO2 were significantly decreased in PAOA-
induced cells compared to the control group. In con-
trast, increased expression of NDUFS2 and MTCO2 were
observed in the ACACA-siRNA or CMS-121 treated
groups compared to PAOA group. These data suggested
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that the inhibition of ACACA has a protective effect
against PAOA-induced mitochondrial dysfunction.

As reported, hepatocyte mitochondrial damage is often
accompanied with abnormal lipid metabolism by fatty
acid oxidation blockage [23]. To determine the effects of
ACACA inhibition on the lipid metabolism and energy
metabolism pathway, the proteins expression of AMPK,
PPARa, and downstream targets CPT-1A were meas-
ured by western blot. Figure 7B showed that, the activity
of B-oxidation was suppressed by reducing the expres-
sion of AMPK phosphorylation, PPARa and CTP1A pro-
teins in PAOA group with PAOA-induced. As expected,
the protein expression of p-AMPK/AMPK, PPARa and
CTP1A were significantly increase in the siRNA or CMS-
121 treated groups, suggesting that downregulation of
ACACA eliminated the suppression of PAOA on the
[-oxidation pathway and mitochondrial homeostasis.

Together, these data suggested that inhibition of
ACACA can alleviate mitochondrial dysfunction by
enhancing the activity of mitochondrial respiratory chain
complexes, and further mediated the p-oxidation of free
fatty acids to promote the activity of intracellular lipids
metabolism (Fig. 8).
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Discussion

We conducted transcriptomics to identify the DEGs
and molecular mechanisms involved in the occurrence
and development of NAFLD. Based on RNA-seq data,
dynamic analysis showed that metabolic pathways,
biosynthesis of various amino acids, arginine biosyn-
thesis, biosynthesis, metabolism, and degradation of
fatty acids, PPAR signaling pathway and AMPK sign-
aling pathway have promoted the occurrence and pro-
gression of NAFLD. These observations facilitated our
understanding of the pathways involved in the devel-
opment of NAFLD induced by HFD [24]. Addition-
ally, studies both in vivo and in vitro revealed that the
expression levels of ACACA protein and mRNA were
increased in the model of lipid accumulation.

Indeed, NAFLD is caused by the excessive accumu-
lation and degeneration of lipid, which can lead to the
development of HCC. In our study, abnormal lipid
metabolism and mitochondrial function, as well as
their associated pathways have significant influences
on development of NAFLD. Therefore, regulating both
lipid metabolism and mitochondrial function may play
a crucial role in delaying the progression of NAFLD.
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Moreover, the enzyme ACACA plays a crucial role in
the fatty acid synthesis and has consequently emerged
as a primary target in the quest to find solutions for
NAFLD. Several studies have shown that ACACA is
highly expressed in a model of steatosis which is consist-
ent with our results [25, 26]. In this study, we explored
the effects of ACACA inhibition by siRNA or CMS-121
on lipid metabolism and mitochondrial dysfunction. Pre-
vious studies have confirmed that CMS-121 maintains
mitochondrial homeostasis via the inhibiting ACACA
to reduces aspects of brain aging [27]. In addition, CMS-
121 treatment could alleviate lipid peroxidation, meta-
bolic imbalances and hepatic inflammation [28, 29].
Together, our study reveals that knockdown of ACACA
significantly inhibited intracellular PAOA-induced lipid
accumulation, indicating that ACACA may be a promis-
ing therapeutic target for NAFLD.

It is well known that the development of NAFLD is
closely linked to both mitochondrial dysfunction and
oxidative stress [6, 30—32], and these factors may poten-
tially lead to the advancement of NASH and even HCC.
In fact, oxidative stress and mitochondrial dysfunction

are intricately linked processes involved in NAFLD
pathogenesis, mutually exacerbating each other. Stud-
ies have revealed that the AMPK pathway is involved
in regulating lipid metabolism and maintaining mito-
chondrial homeostasis [33]. In vitro study, downregula-
tion of ACACA ameliorates mitochondrial dysfunction
by PAOA induced. This was achieved by improving the
mitochondrial membrane potential and activating of
AMPK signaling pathway. Although AMPK has a directly
regulatory effect on ACACA with many metabolic dis-
eases, its specific mechanism in the progression of
NAFLD remains unclear. Our experimental results indi-
cate that the inhibition of ACACA actives the AMPK
pathway, but further exploration is needed to determine
the specifically regulatory mechanism. Furthermore,
ACACA alleviated PAOA-induced oxidative stress,
including reduced ROS production and increased the
expressions of antioxidant-related enzymes GSH, as well
as ameliorated mitochondrial dysfunction. Overall, the
inhibition of ACACA reduces intracellular lipid accu-
mulation by alleviating oxidative stress and ameliorating
mitochondrial dysfunction.
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Fig. 7 Effect of ACACA on protein abundance of targets involved in lipid metabolism and mitochondrial dysfunction in cells. A, B Western blot
analysis of protein in cells and protein expression was normalized to -actin. Data are the mean + SEM from 3 independent experiments. Values
with different letters are significantly different in the groups (P<0.05 and “P<0.01 compared with the Control group, *P<0.05 and #P<0.01

compared with the PAOA group)
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Excessive production of ROS causes damage to the
mitochondria and alters the activity of enzyme com-
plexes within the mitochondrial respiratory chain [34,
35]. Nuclear encoded NADH dehydrogenase [ubiqui-
none] iron-sulfur protein 2 (NDUFS2) is a core subunit
of the MRC I [23]. The functions of NDUFS2 are linked
to cell growth, maintenance of cell membrane integ-
rity, generation of ROS, and synthesis of ATP [36, 37].
Besides, MTCO2, an enzyme indicative of mitochondrial
mass, is also a key regulator of oxidative phosphorylation
and aerobic energy production associated with ATP syn-
thesis [38, 39]. In the current study, inhibition of ACACA
was found to enhance respiratory function of mitochon-
dria through elevation of mitochondrial respiratory chain
complex expression, particularly NDUFS2 and MTCO2.
Moreover, with a significantly increased ATP produc-
tion, it further alleviates PAOA-induced mitochondrial
dysfunction.

Hepatocyte mitochondrial damage is often accom-
panied by fatty acid oxidation blockage. Fatty acid
B-oxidation occurs in the mitochondrial matrix and
peroxisomes to generate energy. CPT1 is the rate limit-
ing factor for fatty acid oxidation into mitochondria.
Abnormal expression of CPT1 and acyl CoA depend-
ent transport system inhibits the entry of fatty acids
into mitochondria, leading to a blockage of fatty acid
oxidation. Additionally, the p-oxidation of fatty acids
in mitochondria is instrumental in upholding energy
metabolism homeostasis. It has been reported that
inhibiting B-oxidation of fatty acid and impairing energy
metabolism could accelerate the development of NAFLD
[40, 41]. Importantly, the PPAR« play a pivotal role in

regulating hepatic lipid metabolism, fatty acid oxidation,
and oxidative stress, and its abnormalities may lead to
hepatic steatosis, and liver cancer [42]. In addition, it was
found that CPT1A is involved both the PPARa signaling
pathway and fatty acid metabolism [43]. Simultaneously,
PPAR« expression levels is related to mitochondrial res-
piratory function. Our results indicated that inhibiting
the expression of ACACA increased the protein expres-
sion of PPARa in both PAOA-treated WRL68 cells and
Huh7 cells. This result is consistent with the recovery
of mitochondrial respiratory function. Moreover, the
present study revealed that inhibiting the expression of
ACACA increased the protein expression of CPTIA,
a key enzyme for fatty acid oxidation, in PAOA-treated
hepatocytes. In a word, inhibition of ACACA signifi-
cantly modifies intrahepatic fatty acid metabolism by
obstructing lipogenesis and elevating [-oxidation of
free fatty acids, further effectively precluding lipid
accumulation.

In recent years, with the rising incidence rate of
NAFLD each year, it has emerged as a significant global
public health issue. Therefore, it is crucial to investi-
gate innovative targets for treating NAFLD. As afore-
mentioned, the present work illustrated that inhibiting
ACACA can decrease lipid accumulation by regulating
fatty acid metabolism and the AMPK/PPARa/CPTI1A
pathway. Concurrently, inhibiting ACACA can enhance
mitochondrial function and alleviate oxidative stress,
thereby reducing lipid accumulation, which make it
becomes a potential drug target in the field of transla-
tional medicine.



Dong et al. Journal of Translational Medicine (2024) 22:196

Abbreviations

NAFLD  Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
HCC Hepatocellular carcinoma

ACACA  Acetyl-CoA carboxylase 1

AMPK AMP-activated protein kinase

ATP Adenosine triphosphate

BCA Bicinchoninic Acid Assay

BSA Bovine serum albumin

cDNA Complementary DNA

DEGs Differentially expressed genes
DMEN Dulbecco’s Modified Eagle Medium
FBS Fetal Bovine Serum

FC Fold change

GSH Glutathione

GSVA Gene set variation analysis

HFD High-fat diet

KEGG Kyoto Encyclopedia of Genes and Genomes
LFD Low-fat diet

MEM Minimal Essential Medium

MMP Mitochondrial membrane potential
MRC Mitochondria respiratory chain complex
PAOA Palmitic acid-oleic acid

PBS Phosphate buffer saline

PPARa Peroxisome proliferators-activated receptors
gPCR Quantitative reverse transcription

RNA Ribonucleic acid

ROS Reactive oxygen species

TC Cholesterol

TG Triglyceride

W Week

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-04942-0.

Additional file 1: Table S1. Primer sequence of siRNA ACACA. Fig. S1.
The top 20 of bubble plot of KEGG enrichment for DEGs at three time
points. Fig. S2. A Different concentration of SiRNA affect the expression
of intracellular ACACA mRNA. B The effect of different concentrations of
CMS-121 on cell viability after 24 h of incubation.

Acknowledgements
Thanks to all participants involved in this research.

Author contributions

JD and ML: analyzed the data based on RNA-seq, animal and cell experiments,
analysis and drafted the manuscript. RP and YZ: assisted in animal experi-
ments. ZQ: analyzed the data, reviewed drafts of the article. NS: conceived
and designed the experiments, applied for the scientific program and revised
the manuscript. All authors contributed to manuscript revision, read, and
approved the submitted version.

Funding

This study was funded by the scientific research project for talents introduced
by Northwest Minzu University, Grant Number xbmuyjrc2020022 and the
Fundamental Research Funds for the Central Universities 31920230001.

Availability of data and materials
The data presented in this study are available on request from the correspond-
ing authors.

Declarations

Ethics approval and consent to participate

All animals were in accordance with the guide to the use of Laboratory Ani-
mals and were approved by the Gansu Tech Innovation Center of Animal Cell,
Biomedical Research Center, Northwest Minzu University.

Page 13 of 14

Consent for publication
Yes.

Competing interests
The authors have no competing interests to declare that are relevant to the
content of this article.

Author details

'Gansu Technology Innovation Center of Animal Cell, Biomedical Research
Center, Northwest Minzu University, Lanzhou, China. 2Engineering Research
Center of Key Technology and Industrialization of Cell-Based Vaccine, Ministry
of Education, Northwest Minzu University, Lanzhou, China. >Gansu Provincial
Bioengineering Materials Engineering Research Center, Lanzhou, China. “Key
Laboratory of Biotechnology & Bioengineering of State Ethnic Affairs Commis-
sion, Biomedical Research Center, Northwest Minzu University, Lanzhou, China.

Received: 9 December 2023 Accepted: 30 January 2024
Published online: 23 February 2024

References

1. Yang X, FuY, Hu F, Luo X, Hu J, Wang G. PIK3R3 regulates PPARa expres-
sion to stimulate fatty acid B-oxidation and decrease hepatosteatosis. Exp
Mol Med. 2018;50(1): e431. https://doi.org/10.1038/emm.2017.243.

2. Zhang J,DuH, Shen M, Zhao Z, Ye X. Kangtaizhi granule alleviated
nonalcoholic fatty liver disease in high-fat diet-fed rats and HepG2 cells
via AMPK/mTOR signaling pathway. J Immunol Res. 2020;2020:3413186.
https://doi.org/10.1155/2020/3413186.

3. Rongl, ZouJ,RanW, Qi X, Chen'Y, Cui H, Guo J. Advancements in the
treatment of non-alcoholic fatty liver disease (NAFLD). Front Endocrinol.
2023. https://doi.org/10.3389/fendo.2022.1087260.

4. Simdes ICM, Amorim R, Teixeira J, Karkucinska-Wieckowska A, Carvalho
A, Pereira SP, Simdes RF, Szymanska S, Dabrowski M, Janikiewicz J, et al.
The alterations of mitochondrial function during NAFLD progression—
an independent effect of mitochondrial ROS production. Int J Mol Sci.
2021;22(13):6848.

5. Serrano-Macia M, Simén J, Gonzélez-Rellan MJ, Azkargorta M,
Goikoetxea-Usandizaga N, Lopitz-Otsoa F, De Urturi DS, Rodriguez-Agudo
R, Lachiondo-Ortega S, Mercado-Gomez M, et al. Neddylation inhibition
ameliorates steatosis in NAFLD by boosting hepatic fatty acid oxidation
via the DEPTOR-mTOR axis. Mol Metab. 2021;53: 101275. https://doi.org/
10.1016/j.molmet.2021.101275.

6. Yaribeygi H, Atkin SL, Sahebkar A. Mitochondrial dysfunction in diabetes
and the regulatory roles of antidiabetic agents on the mitochondrial
function. J Cell Physiol. 2019;234(6):8402-10. https://doi.org/10.1002/jcp.
27754,

7. Sunny NE, Bril F, Cusi K. Mitochondrial adaptation in nonalcoholic fatty
liver disease: novel mechanisms and treatment strategies. Trends Endo-
crinol Metab. 2017;28(4):250-60. https://doi.org/10.1016/j.tem.2016.11.
006.

8. WangJ,GengT, Zou Q,Yang N, Zhao W, LiY, Tan X, Yuan T, Liu X, Liu Z.
Lycopene prevents lipid accumulation in hepatocytes by stimulating
PPARa and improving mitochondrial function. J Funct Foods. 2020;67:
103857. https://doi.org/10.1016/}jff.2020.103857.

9.  Sozio MS, Liangpunsakul S, Crabb D. The role of lipid metabolism in the
pathogenesis of alcoholic and nonalcoholic hepatic steatosis. Semin Liver
Dis. 2010;30(4):378-90. https://doi.org/10.1055/5-0030-1267538.

10. LiZ, ZhangH, LiY, Chen H,Wang C, Wong VKW, Jiang Z, Zhang W.
Phytotherapy using blueberry leaf polyphenols to alleviate non-alcoholic
fatty liver disease through improving mitochondrial function and oxida-
tive defense. Phytomedicine. 2020;69: 153209. https://doi.org/10.1016/j.
phymed.2020.153209.

11. Dai X, Kuang Q SunY, Xu M, Zhu L, Ge C, Tan J, Wang B. Fisetin represses
oxidative stress and mitochondrial dysfunction in NAFLD through sup-
pressing GRP78-mediated endoplasmic reticulum (ER) stress. J Funct
Foods. 2022;90: 104954. https://doi.org/10.1016/}jf2022.104954.

12. Zhang J, Zhang W, Yang L, Zhao W, Liu Z, Wang E, Wang J. Phytochemical
gallic acid alleviates nonalcoholic fatty liver disease via AMPK-ACC-PPARa
axis through dual regulation of lipid metabolism and mitochondrial


https://doi.org/10.1186/s12967-024-04942-0
https://doi.org/10.1186/s12967-024-04942-0
https://doi.org/10.1038/emm.2017.243
https://doi.org/10.1155/2020/3413186
https://doi.org/10.3389/fendo.2022.1087260
https://doi.org/10.1016/j.molmet.2021.101275
https://doi.org/10.1016/j.molmet.2021.101275
https://doi.org/10.1002/jcp.27754
https://doi.org/10.1002/jcp.27754
https://doi.org/10.1016/j.tem.2016.11.006
https://doi.org/10.1016/j.tem.2016.11.006
https://doi.org/10.1016/j.jff.2020.103857
https://doi.org/10.1055/s-0030-1267538
https://doi.org/10.1016/j.phymed.2020.153209
https://doi.org/10.1016/j.phymed.2020.153209
https://doi.org/10.1016/j.jff.2022.104954

Dong et al. Journal of Translational Medicine (2024) 22:196

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

function. Phytomedicine. 2023;109: 154589. https://doi.org/10.1016/j.
phymed.2022.154589.

Lally JSV, Ghoshal S, DePeralta DK, Moaven O, Wei L, Masia R, Erstad DJ,
Fujiwara N, Leong V, Houde VP, et al. Inhibition of Acetyl-CoA carboxylase
by phosphorylation or the inhibitor ND-654 suppresses lipogenesis and
hepatocellular carcinoma. Cell Metab. 2019;29(1):174-182.e175. https://
doi.org/10.1016/j.cmet.2018.08.020.

Liang K. Mitochondrial CPT1A: insights into structure, function, and basis
for drug development. Front Pharmacol. 2023. https://doi.org/10.3389/
fphar.2023.1160440.

Demarquoy J, Le Borgne F. Crosstalk between mitochondria and peroxi-
somes. World J Biol Chem. 2015;6(4):301-9. https://doi.org/10.4331/wjbc.
v6.i4.301.

Lee T-W, Bai K-J, Lee T-I, Chao T-F, Kao Y-H, Chen Y-J. PPARs modulate
cardiac metabolism and mitochondrial function in diabetes. J Biomed Sci.
2017;24(1):5. https://doi.org/10.1186/512929-016-0309-5.

Lyu F, Han F, Ge C, Mao W, Chen L, Hu H, Chen G, Lang Q, Fang C.
OmicStudio: a composable bioinformatics cloud platform with real-time
feedback that can generate high-quality graphs for publication. iMeta.
2023;2(1): e85. https://doi.org/10.1002/imt2.85.

AnS, LiY, LinY, Chu J, Su J, Chen Q Wang H, Pan P, Zheng R, Li J, et al.
Genome-wide profiling reveals alternative polyadenylation of innate
immune-related mMRNA in patients with COVID-19. Front Immunol. 2021.
https://doi.org/10.3389/fimmu.2021.756288.

Zou R-C, Shi Z-T, Xiao S-F, Ke Y, Tang H-R, Wu T-G, Guo Z-T, Ni F, An S, Wang
L. Co-expression analysis and ceRNA network reveal eight novel potential
INcCRNA biomarkers in hepatocellular carcinoma. PeerJ. 2019;7: €8101.
https://doi.org/10.7717/peerj.8101.

LiY,WeiW, An S, Jiang J, He J, Zhang H, Wang G, Han J, Liang B, Ye L, et al.
Identification and analysis of INcRNA, microRNA and mRNA expression
profiles and construction of ceRNA network in Talaromyces marneffei-
infected THP-1 macrophage. PeerJ. 2021;9: €10529. https://doi.org/10.
7717/peer}.10529.

YuY, Nie Q, Wang Z, DiY, Chen X, Ren K. Targeting acetyl-CoA carboxylase
1 for cancer therapy. Front Pharmacol. 2023;14:1129010. https://doi.org/
10.3389/fphar.2023.1129010.

Hong T, ChenY, Li X, Lu Y. The role and mechanism of oxidative stress and
nuclear receptors in the development of NAFLD. Oxid Med Cell Longev.
2021;2021:6889533. https://doi.org/10.1155/2021/6889533.

Ding N, Wang K, Jiang H, Yang M, Zhang L, Fan X, Zou Q, Yu J, Dong H,
Cheng S, et al. AGK regulates the progression to NASH by affecting mito-
chondria complex | function. Theranostics. 2022;12(7):3237-50. https://
doi.org/10.7150/thno.69826.

Xie Z, Li H,Wang K, Lin J, Wang Q, Zhao G, Jia W, Zhang Q. Analysis of
transcriptome and metabolome profiles alterations in fatty liver induced
by high-fat diet in rat. Metabolism. 2010;59(4):554-60. https://doi.org/10.
1016/j.metabol.2009.08.022.

Zhang X-J, She Z-G, Wang J, Sun D, Shen L-J, Xiang H, Cheng X, Ji Y-X,
Huang Y-P, Li P-L, et al. Multiple omics study identifies an interspe-

cies conserved driver for nonalcoholic steatohepatitis. Sci Transl Med.
2021;13(624): eabg8117. https://doi.org/10.1126/scitransimed.abg8117.
Imai N, Cohen DE. Trimming the fat: acetyl-CoA carboxylase inhibition for
the management of NAFLD. Hepatology. 2018;68(6):2062. https://doi.org/
10.1002/hep.30206.

Currais A, Huang L, Goldberg J, Petrascheck M, Ates G, Pinto-Duarte A,
Shokhirev MN, Schubert D, Maher P. Elevating acetyl-CoA levels reduces
aspects of brain aging. Elife. 2019;8: e47866. https://doi.org/10.7554/eLife.
47866.

Zahid S, Dafre AL, Currais A, Yu J, Schubert D, Maher P. The geroprotec-
tive drug candidate CMS121 alleviates diabetes, liver inflammation,

and renal damage in db/db leptin receptor deficient mice. Int J Mol Sci.
2023;24(7):6828. https://doi.org/10.3390/ijms24076828.

Ates G, Goldberg J, Currais A, Maher P.CMS121, a fatty acid synthase
inhibitor, protects against excess lipid peroxidation and inflammation
and alleviates cognitive loss in a transgenic mouse model of Alzheimer's
disease. Redox Biol. 2020;36: 101648. https://doi.org/10.1016/j.redox.2020.
101648.

Paul S, Saha D, Bk B. Mitochondrial dysfunction and mitophagy closely
cooperate in neurological deficits associated with Alzheimer’s disease
and type 2 diabetes. Mol Neurobiol. 2021;58(8):3677-91. https://doi.org/
10.1007/512035-021-02365-2.

Page 14 of 14

31. Albensi BC. Dysfunction of mitochondria: Implications for Alzheimer’s
disease. Int Rev Neurobiol. 2019;145:13-27. https://doi.org/10.1016/bs.irn.
2019.03.001.

32. Rocha M, Diaz-Morales N, Rovira-Llopis S, Escribano-Lopez |, Bafuls C,
Hernandez-Mijares A, Diamanti-Kandarakis E, Victor VM. Mitochondrial
dysfunction and endoplasmic reticulum stress in diabetes. Curr Pharm
Des. 2016;22(18):2640-9. https://doi.org/10.2174/138161282266616
0209152033.

33. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat Rev Mol Cell Biol. 2018;19(2):121-35. https://doi.org/10.
1038/nrm.2017.95.

34. Cheung O, Sanyal AJ. Abnormalities of lipid metabolism in nonalcoholic
fatty liver disease. Semin Liver Dis. 2008;28(4):351-9. https://doi.org/10.
1055/5-0028-1091979.

35. Kohler A, Barrientos A, Fontanesi F, Ott M. The functional significance of
mitochondrial respiratory chain supercomplexes. EMBO Rep. 2023;24:
e57092. https://doi.org/10.15252/embr.202357092.

36. Bandara AB, Drake JC, James CC, Smyth JW, Brown DA. Complex | protein
NDUFS2 is vital for growth, ROS generation, membrane integrity, apopto-
sis, and mitochondrial energetics. Mitochondrion. 2021,58:160-8. https://
doi.org/10.1016/}.mito.2021.03.003.

37. Pessayre D, Fromenty B. NASH: a mitochondrial disease. J Hepatol.
2005;42(6):928-40. https://doi.org/10.1016/j,jhep.2005.03.004.

38. FangL, Zhang M, Li J, Zhou L, Tamm M, Roth M. Airway smooth muscle
cell mitochondria damage and mitophagy in COPD via ERK1/2 MAPK. Int
J Mol Sci. 2022;23:13987.

39. Timén-Gémez A, Nyvitové E, Abriata LA, Vila AJ, Hosler J, Barrientos A.
Mitochondrial cytochrome ¢ oxidase biogenesis: recent developments.
Semin Cell Dev Biol. 2018;76:163-78. https://doi.org/10.1016/j.semcdb.
2017.08.055.

40. Pagliarini DJ, Rutter J. Hallmarks of a new era in mitochondrial biochemis-
try. Genes Dev. 2013;27(24):2615-27. https.//doi.org/10.1101/gad.229724.
113.

41. DaiW, Jiang L. Dysregulated mitochondrial dynamics and metabolism in
obesity, diabetes, and cancer. Front Endocrinol (Lausanne). 2019;10:570.
https://doi.org/10.3389/fend0.2019.00570.

42. Wang Y, Nakajima T, Gonzalez FJ, Tanaka N. PPARs as metabolic regula-
tors in the liver: lessons from liver-specific PPAR-null mice. Int J Mol Sci.
2020;21(6):2061. https://doi.org/10.3390/ijms21062061.

43. Liu G, Chang L, QianY, Lin J, Shang Z, Xu M, Wang F, Sun X, Jiang Y, Gao Y,
et al. Quantitative proteomics reveals Polygonum perfoliatum L. amelio-
rates hepatic steatosis by promoting PPARs/CPT1A/CPT2-mediated fatty
acid B-oxidation. Front Pharmacol. 2023;14:1016129. https://doi.org/10.
3389/fphar.2023.1016129.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.phymed.2022.154589
https://doi.org/10.1016/j.phymed.2022.154589
https://doi.org/10.1016/j.cmet.2018.08.020
https://doi.org/10.1016/j.cmet.2018.08.020
https://doi.org/10.3389/fphar.2023.1160440
https://doi.org/10.3389/fphar.2023.1160440
https://doi.org/10.4331/wjbc.v6.i4.301
https://doi.org/10.4331/wjbc.v6.i4.301
https://doi.org/10.1186/s12929-016-0309-5
https://doi.org/10.1002/imt2.85
https://doi.org/10.3389/fimmu.2021.756288
https://doi.org/10.7717/peerj.8101
https://doi.org/10.7717/peerj.10529
https://doi.org/10.7717/peerj.10529
https://doi.org/10.3389/fphar.2023.1129010
https://doi.org/10.3389/fphar.2023.1129010
https://doi.org/10.1155/2021/6889533
https://doi.org/10.7150/thno.69826
https://doi.org/10.7150/thno.69826
https://doi.org/10.1016/j.metabol.2009.08.022
https://doi.org/10.1016/j.metabol.2009.08.022
https://doi.org/10.1126/scitranslmed.abg8117
https://doi.org/10.1002/hep.30206
https://doi.org/10.1002/hep.30206
https://doi.org/10.7554/eLife.47866
https://doi.org/10.7554/eLife.47866
https://doi.org/10.3390/ijms24076828
https://doi.org/10.1016/j.redox.2020.101648
https://doi.org/10.1016/j.redox.2020.101648
https://doi.org/10.1007/s12035-021-02365-2
https://doi.org/10.1007/s12035-021-02365-2
https://doi.org/10.1016/bs.irn.2019.03.001
https://doi.org/10.1016/bs.irn.2019.03.001
https://doi.org/10.2174/1381612822666160209152033
https://doi.org/10.2174/1381612822666160209152033
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1055/s-0028-1091979
https://doi.org/10.1055/s-0028-1091979
https://doi.org/10.15252/embr.202357092
https://doi.org/10.1016/j.mito.2021.03.003
https://doi.org/10.1016/j.mito.2021.03.003
https://doi.org/10.1016/j.jhep.2005.03.004
https://doi.org/10.1016/j.semcdb.2017.08.055
https://doi.org/10.1016/j.semcdb.2017.08.055
https://doi.org/10.1101/gad.229724.113
https://doi.org/10.1101/gad.229724.113
https://doi.org/10.3389/fendo.2019.00570
https://doi.org/10.3390/ijms21062061
https://doi.org/10.3389/fphar.2023.1016129
https://doi.org/10.3389/fphar.2023.1016129

	ACACA reduces lipid accumulation through dual regulation of lipid metabolism and mitochondrial function via AMPK- PPARα- CPT1A axis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Experimental animals
	Cell lines and culture
	RNA-seq and data analysis
	KEGG enrichment pathway and GSVA-enriched pathway analysis
	H&E staining
	Oil red O staining
	RNA extraction and RT-qPCR
	Cell viability
	Western blot
	Lipid staining
	Detection of intracellular reactive oxygen species (ROS)
	Analysis of intracellular mitochondrial membrane potential (MMP)
	Triglyceride and cholesterol assay
	Determination of adenosine triphosphate (ATP) level and GSH activity
	Statistical analysis

	Results
	Long-term high-fat diet exacerbates lipid accumulation in the liver of mice
	Dynamic analysis of transcriptome data
	PAOA-mediated intracellular lipid accumulation
	Inhibition of ACACA decreased intracellular lipid accumulation in PAOA-induced cells
	Inhibition of ACACA alleviated intracellular oxidative stress in PAOA-induced cells
	Inhibition of ACACA ameliorates intracellular mitochondrial dysfunction in PAOA-induced cells
	Inhibition of ACACA activates the intracellular lipid metabolism and mitochondrial function

	Discussion
	Acknowledgements
	References


