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Abstract
In clinical cohort studies, high expression of long-chain acyl-coenzyme A synthetases 1 (ACSL1
gene) in peripheral white blood cells of patients with acute myocardial infarction (AMI) has been
utilized as molecular markers of myocardial infarction diagnosis. The plasma triglyceride level of AMI
patients is significantly higher than that of healthy individuals. We hypothesized that the high
expression of ACSL1 increases the level of triglyceride, which is one of the pathogenesis of AMI
promoted by ACSL1. In this report, cell culture based methods were adopted to test the hypothesis
and further investigate the effect and mechanism of ACSL1 on lipid metabolism. In this study, liver
cells of healthy individuals were cultured, the overexpression and the knockdown vectors of ACSL1
were constructed and transfected into liver cells. The transfection was verified at the mRNA and
protein level. Intracellular triglyceride content was quantitatively analyzed using ELISA. Changes of
genes related to lipid metabolism were subsequently measured through PCR array. Overexpression
of ACSL1 led to higher gene expression and protein levels compared to control and the triglyceride
content was significantly increased in overexpressing cells. The expression level of fatty acid
oxidation pathway PPARγ was significantly down-regulated compared with the control group, as
were genes associated with fatty acid synthesis pathways: SREBP1, ACC, FAS, and SCD1. ACSL1
knockdown decreased the content of triglyceride whereas PPARγ was up-regulated and SREBP1,
ACC, FAS, and SCD1 were down-regulated compared with the control group. In summary, high
expression of ACSL1 reduced fatty acid β-oxidation through the PPARγ pathway, thereby
increasing triglyceride levels.
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Introduction
Acute myocardial infarction (AMI) refers to
myocardial necrosis caused by acute, persistent
ischemia and hypoxia due to coronary atherosclerosis.
AMI is a complex disease caused by the interaction of
multiple factors, such as genetics, immunity and
environment [1]. Family history of coronary heart
disease increases the risk of AMI. The occurrence of
AMI shows obvious familial aggregation, and
molecular genetic data shows that a large number of
genes are associated with the occurrence of
myocardial infarction [2]. Dyslipidemia is a known

risk factor for coronary heart disease and myocardial
infarction [3]. The levels of total cholesterol, plasma
triglyceride and plasma low-density lipoprotein
(LDL) of AMI patients are significantly higher than
those of healthy individuals. The results of our
previous gene chip study suggested that the
expression of ACSL1 in peripheral white blood cells
(PBL) of AMI patients and healthy controls groups
significantly increased (LogFC=2.590, P=0.04) [4]. The
long-chain acyl-coenzyme A synthetases (ACSL)
family played a key role in regulating fatty acids
http://www.medsci.org
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which entered the synthetic or oxidative pathways [5].
ACSL catalyze fatty acids to generate energy or
produce phospholipids, cholesterol esters, and
triglycerides [6]. The distribution of intracellular fatty
acids in storage pathways and oxidation might also
involve different isozyme forms of acyl-coenzyme A
synthase (ACSL) [7]. The long-chain acyl-coenzyme A
synthetases 1 (ACSL1) is one of the five clonal isomers
of ACSL [8].
ACSL1 exists in cells of the liver, heart and fat
[9], and is the most abundant acyl-coenzyme A
synthetases subtype in adipose tissue, liver and heart,
and has a wide range of fatty acid specificity [10,11].
By using allotype specific antibodies, ACSL1 has been
located in the endoplasmic reticulum, mitochondrial
related membrane and cytoplasmic matrix, but not in
other components of the mitochondria [6]. ACSL1 is
considered to play an important role in activating
fatty
acid
synthesis
of
triglyceride
[12].
Overexpression of ACSL1 in mouse hearts increased
the accumulation of triglyceride in cardiomyocytes by
12-fold [13]. Other studies showed that ACSL activity
was strongly correlated with changes in liver
cholesterol and free cholesterol in plasma [14].
Previous cohort studies indicated that the
expression of ACSL1 in peripheral white blood cells of
AMI patients increased compared with that of the
healthy control group. The high expression of ACSL1
was an independent risk factor for AMI. The
triglycerides content in peripheral white blood cells of
patients with myocardial infarction was shown to
increase [4]. Therefore, the high expression of ACSL1
gene increased the level of triglyceride, which has
been hypothesized to be one of the pathogenesis of
AMI promoted by ACSL1. Therefore, cultured healthy
human liver cells and cell culture-based assays were
adopted to test the hypothesis in this study.

Materials and methods
Experimental Materials
Human liver cells and 1640 medium were
purchased from Zhongqiao Xinzhou Biotechnology
Co. Ltd (Shanghai, China). Australian fetal bovine
serum and dual antibody were purchased from
Invitrogen, Carlsbad, CA, USA and transfection
reagents were purchased from Promega (Beijing)
Biotech Co., Ltd. ACSL1 monoclonal antibody (1:
1000, ab177958) was purchased from Abcam,
Cambridge, MA, USA.

Experimental Methods
Vector Construction
Vectors which over express or under express
ACSL1 were synthesized by GenePharma Co. Ltd.,
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(Shanghai, China) and were designed according to the
ACSL1 mRNA sequence of human cells (NM_001995)
published by the NCBI website. The empty vectors
encoding for green fluorescent protein (GFP) were
used as the negative control.

Cell Culture
Human hepatocytes were cultured at a constant
temperature of 37 °C in a 5%CO2 incubator. The 1640
medium was used (containing 90% medium, 10%
Australian fetal bovine serum and 100U/ml
dual-antibody). When the confluency of cells reached
70% to 80%, the cells were harvested with trypsin and
cultured for another 24 hours.

Cell Transfection
Cells were transfected when the confluency
reached over 70%. 3μg pBI-CMV3-ACSL1, pBI-CMV3,
3 μg pGPU6/GFP/Neo-ACSL1, or pGPU6/GFP/
Neo-shNC vectors were added to 150μl serum-free
RPMI 1640 media. 7.5 μl FuGENE®HD Transfection
Reagent was added to the solution before being
incubated for 15 minutes. The mixture was evenly
dripped clockwise into a six-well plate and placed in
the incubator. After 24 hours of culture, the cell state
and distribution of green fluorescent protein could be
observed under a fluorescence microscope.

Western blotting
Protein lysates were prepared 48 hours after
transfection, and the protein concentration was
measured using the BCA protein detection kit. 30 μg
of protein samples were denatured at 95 °C for 5
minutes. After SDS-PAGE electrophoresis the
proteins were transferred onto a PVDF membrane at
200 mA for 60 min. The membrane was blocked at
room temperature with a blocking buffer (5%
skimmed milk powder) for 1 hour. Subsequently, the
membranes were incubated with the primary
antibody overnight at 4 °C. After washing, the
membrane was then incubated with the secondary
antibody at room temperature for 1 hour and the
signal was developed using a chemiluminescent
imaging system.

The mRNA expression of ACSL1 genes and
lipid metabolism-related genes were detected
using PCR array technology
24 hours after the cells were transfected, total
RNA was extracted using the innuPREP RNA Mini
Kit (Sangon Biotech Co., Ltd, Shanghai, China). The
RNA quality of the collected samples was tested by
agarose gel electrophoresis. The concentration and
purity of RNA were tested using a nanodrop
spectrophotometer (NanoDrop 2000; Thermo Fisher
Scientifc Inc., Wilmington, DE, USA). cDNA was
http://www.medsci.org
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obtained using reverse transcription kit (Toyobo Co.,
Ltd., Osaka, Japan). Quantitative real-time PCR was
conducted using SYBR® Premix Ex Taq. The primer
sequences are shown in Table 1. Quantitative PCR
was performed in triplicates on ACSL1 peroxisome
proliferators-activated receptorsγ (PPARγ), and the
following fatty acid oxidation-associated genes: sterol
regulatory element-binding protein (SREBP1), acetylcoenzyme A carboxylase (ACC), fatty acid synthase
(FAS), stearyl carboxylase A dehydrogenase (SCD1)
with GAPDH as the reference. The thermal cycling
condition was at 50 °C for 2 minutes, at 95˚C for 10
minutes; at 95 °C for 10 seconds, at 60˚C for 30
seconds, at 72 °C for 15 seconds with 35 cycles, at 55
°C for 15 seconds, at 95 °C for 15 seconds. The Ct
value of RT-qPCR of each sample was the average
standard deviation of the triplicate, and the results
were quantified by using 2-∆∆C.
Table 1. Primer sequences
Gene names
ACSL1
F
R
SREBP1
F
R
SCD
F
R
ACC
F
R
PPARγ
F
R
FAS
F
R
GAPDH
F
R
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GraphPad Prism 7.0. The results were expressed as
mean ± standard deviation (SD). Independent sample
t-test was used to compare differences between
groups, using P <0.05 as the level of statistical
significance.

Experimental Results
ACSL1 overexpression and knockdown
vectors were transfected into human
hepatocytes
After transfection of human hepatocytes with
ACSL1 RNAi and overexpression vector for 24h, cell
morphology, and fluorescence expression levels were
observed under a fluorescence microscope. Green
fluorescence could be observed in cells transfected
with the pBI-CMV3-ACSL1 overexpression vector
and the empty vector of pBI-CMV3, as well as the
pGPU6/GFP/Neo-ACSL1 knockdown vector and the
pGPU6/GFP/Neo-shNC negative control vector. GFP
was evenly distributed in the Petri dish (Fig. 1).

Primer sequences (5'-3')
CCATGAGCTGTTCCGGTATTT
CCGAAGCCCATAAGCGTGTT
CGGAACCATCTTGGCAACAGT
CGCTTCTCAATGGCGTTGT
TTCCTACCTGCAAGTTCTACACC
CCGAGCTTTGTAAGAGCGGT
ATGTCTGGCTTGCACCTAGTA
CCCCAAAGCGAGTAACAAATTCT
ACCAAAGTGCAATCAAAGTGGA
ATGAGGGAGTTGGAAGGCTCT
AAGGACCTGTCTAGGTTTGATGC
TGGCTTCATAGGTGACTTCCA
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG

Figure 1. Transfection of hepatocytes with overexpression and knockdown
vectors: (A, B) the fluorescence results of ACSL1 overexpressed vector cells
under fluorescence microscope. (C, D) The fluorescence results of ACSL1
downregulated cells under fluorescence microscope.

F, forward; R, reverse.

Western blot analysis
Triglyceride content detection
The tissue cell triglyceride enzyme assay kit
(Applygen Technologies Inc.) was used to measure
triglyceride content. After cell lysis, 20 μl supernatant
was mixed with the working solution. The elisa plates
were shaken gently and incubated at 37 °C for 10
minutes. The OD value of the samples was tested
(Infinite 200 PRO, multifunctional enzyme marking
instrument, the Swiss Tecan).

Statistical Analysis
Data were analyzed using SPSS 22.0 (SPSS
Incorporated, Chicago, IL, USA). Statistical analysis of
the results and mapping were performed through

Western blot results showed that the expression
of ACSL1 protein in the overexpression group was
significantly higher than in the negative group. The
expression of ACSL1 protein in the knockdown group
was lower than in the negative group (Fig. 2).

Analysis of ACSL1 gene overexpression results
through RT-qPCR
The expression of ACSL1 gene overexpression
vector
was
detected
through
qPCR.
The
overexpression of ACSL1 in liver cells was
significantly higher than that of the control group
(17.49 ± 5.10 vs 1.00± 0.05, P=0.032) (Fig. 3).

http://www.medsci.org
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Triglyceride content after ACSL1 gene
overexpression
Triglyceride content was significantly increased
in ACSL1-overexpressing cells (97.27 ± 2.22 vs 72.35 ±
0.44, P<0.001) (Fig. 4).

Figure 3. mRNA expression results of ACSL1 overexpression. *P <0.05.

Figure 2. Comparison of expression level of ACSL1 gene at the protein level.
Sample 1 is the overexpression control group, sample 2 is the overexpression
group, sample 3 is the knockdown group, and sample 4 is the knockdown
control group.

Analysis of lipid metabolism related genes
after ACSL1-overexpression
Relative expressions of lipid metabolism
pathway genes in ACSL1-overexpression cells,
compared to the control group were as follows: Fatty
acid oxidation pathway, PPARr 0.48 ± 0.05 vs 1.02 ±
0.24, (P=0.019). The relative expression levels of fatty
acid synthesis pathway related genes were as follows:
SREBP1 0.13 ± 0.02 vs 1.01 ± 0.20, (P=0.001), SCD 0.20
± 0.01 vs 1.02 ± 0.28, (P=0.007), ACC 0.14 ± 0.12 vs 1.00
± 0.14, (P=0.001), FAS 0.15 ± 0.03 vs 1.00 ± 0.09,
(P<0.001) (Figs. 5 A & B).

Analysis of RT-qPCR results after
downregulation of ACSL1
The expression of ACSL1 downregulation vector
was detected through qPCR. The expression level of
ACSL1 gene mRNA in liver cells was significantly
lower than in the control group. (0.54 ± 0.03 vs 1.00 ±
0.03, P<0.001) (Fig. 6).

Triglyceride content after ACSL1
downregulation
Triglyceride content decreased when ACSL1
expression was downregulated (130.65 ± 3.64 vs
142.07 ± 4.23, P=0.024) (Fig. 7).

Figure 4. Determination of intracellular triglyceride content after transfection
with an overexpressed vector. ***P < 0.001.

Analysis of lipid metabolism-related genes
after ACSL1 downregulation
Compared with the control group, the relative
expression levels of genes related to lipid metabolism
pathway
were
as
follows
after
ACSL1
downregulation: Fatty acid oxidation pathway PPARr
1.44 ± 0.22 vs 1.04±0.34(P=0.158). The relative
expression levels of genes related to fatty acid
synthesis pathway were as follows: SREBP1 0.85 ±
0.03 vs 1.00 ± 0.01 (P<0.001), FAS 0.21 ± 0.02 vs 1.00 ±
0.01 (P<0.001), SCD 0.70 ± 0.02 vs 1.06 ± 0.44 (P=0.226),
ACC 0.60 ± 0.06 vs 1.04 ± 0.36 (P=0.107) (Figs. 8A& B).

Discussion
Preliminary work of this research group
indicated that the expression level of ACSL1 in
peripheral white blood cells of AMI patients was
significantly higher than that of healthy individuals,
while the level of triglyceride in peripheral blood
plasma of patients with heart infarction increased. In
this study, healthy human hepatocytes were used,
and cell culture-based assays were adopted to confirm
that the triglyceride increased after ACSL1overexpression, and decreased after ACSL1downregulation.
http://www.medsci.org
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Figure 5. (A) Expression of genes related to fatty acid oxidation pathway after ACSL1 overexpression. (B) Expression of genes related to fatty acid synthesis
pathway after overexpression of ACSL1. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6. mRNA expression results of ACSL1 downregulation. ***P < 0.001.

Figure 7. Triglyceride content in hepatocytes after hepatocytes were
transfected with knockdown vectors. *P < 0.05.

Lipid accumulation in the liver was due to a
combination of reduced fatty acid β-oxidation and
increased fat synthesis [15]. This study indicated that
human hepatocellular carcinoma cells (HepG2)
overexpressing ACSL1 had 40% higher triglyceride
content than the control group after 24 hours of
exposure to 1.0mM oleic acid ester. The cultivation of
HepG2 ACSL1-overexpressing cells increased the
uptake of fatty acids in the medium by 43% compared
with the control group, and 14C oleate incorporation in
the extracted lipids increased by 32%. However,
where no significant change was observed, 14C oleate
was transferred into CO2 or ASM (Acid soluble
metabolites), which indicated overexpression of
ACSL1 increased intracellular triglyceride levels by
increasing intracellular fatty acid synthesis rather
than by altering fatty acid oxidation [6].

Fatty acids, an important source of energy for
mammals, are chemically inert and need to be
activated by ACSL1 in cells outside of the
mitochondria to form acyl-coenzyme A before they
enter the metabolic pathway [16]. Once activated to
acyl-coenzyme A, fatty acids have multiple cellular
fates, and the two main metabolic pathways are
degradation by β-oxidation or incorporation into
complex lipids [17]. Because cells do not metabolize
the energy required to oxidize fatty acids, acylcoenzyme A is esterified into triglycerides. It has been
reported that ACSL1 is related to the endoplasmic
reticulum, plasma membrane, GLUT4 vesicles and
cytoplasm rather than mitochondria, and thus, is
more related to the synthesis pathway of fatty acid
metabolism [18]. This study, however, found ACSL1
to regulate triglyceride levels by affecting the
oxidation pathway of fatty acids.
This study indicates that overexpression of
ACSL1 in human liver cells results in decreased
expression of the fatty acid oxidation-related gene
PPARγ, thereby reducing the fatty acids β-oxidation
and increasing triglyceride levels. PPARγ is
upregulated after ACSL1 downregulation, thereby
reducing triglyceride levels.
It was shown that Peroxisome proliferators
which activate receptor-α (PPAR α) and PPARγ are
associated with inducing ACSL1 expression in the
heart and adipose tissue, and have an essential role in
β-oxidation [19,20]. In order to promote and maintain
a mature adipose cell phenotype, the PPARγ ligand
continues to activate fatty acid transporter protein
(FATP) and acyl-coenzyme A synthetase (ACS),
which results in increased delivery of fatty acids to
adipocytes. This may be related to regulating
feedback loops involving continued PPARγ activation
of the FATP and ACS genes. This regulation of FATP
and ACS expression by PPAR activators are found at
the transcriptional level and can be replicated in vitro
in cell culture systems [20].
http://www.medsci.org
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Figure 8. (A) Expression of genes related to fatty acid oxidation pathway after ACSL1 knockdown. (B) Expression of genes related to fatty acid synthesis pathway
after ACSL1 knockdown. ***P < 0.001.

PPARγ is a member of the peroxisome
proliferation-activated receptor (PPAR) subfamily.
Three types of PPAR subtypes are known: ppar-α,
ppar-δ, and ppar-γ, with different distributions and
specific functions [21]. PPARγ is a marker gene that
induces early adipocyte differentiation, and its coding
is involved in lipid storage and metabolic protein
synthesis during adipocyte differentiation. Several
genes that have been shown to play a key role in fatty
acid metabolism contain response elements of
peroxisome proliferators in their upstream regulatory
sequences [22]. It has been proven that the destruction
of liver PPARγ exacerbates hyperlipidemia by
reducing the fatty acids β-oxidation and damaging
the triglyceride clearance rate [23].
In this study, it was also found that pathway
genes related to fatty acid synthesis, such as SREBP1,
ACC, FAS and SCD1, are significantly downregulated after overexpression of ACSL1. No
consistent results are found after ACSL1
downregulation. Therefore, whether ACSL1 gene
affects triglyceride metabolism through the fatty acid
synthesis pathway is still uncertain. However, our
study confirms that ACSL1 gene affects plasma
triglyceride levels through PPARγ.
Sterol regulatory element-binding proteins
(SREBPs) consist of three closely related transcription
factors SREBP-1a, SREBP-1c and SREBP-2 [24]. A
study on gene knockout and transgenic mice has
shown that SREBP-1c preferentially regulates genes
involved in fatty acid biosynthesis, while SREBP-1a
and SREBP-2 mainly regulate genes in the cholesterol
pathway [25]. Therefore, SREBPs are involved in the
synthesis of fatty acids and cholesterol. SREBP-1c is a
major transcription regulator of lipid synthesis. It has
been shown in cows that increasing the expression of
SREBP-1c in liver correlates with lipid accumulation
[26]. In addition, the expression of SREBP-1c

increased significantly in the case of liver triglyceride
accumulation [27]. ACC1, FAS, and SCD1 are key
enzymes in lipid synthesis, and are also the target
genes of SREBP-1c [28]. ACC1 converts acetyl-CoA to
malonyl CoA [29], which participates in the synthesis
of fatty acids. FAS is the gene that determines the
amount of de novo fatty acids produced in the tissue
[30]. SCD1 catalyzes the extension and desaturation of
fatty acids [30,31].
SREBPs are conserved from fission yeast to
humans, which regulate the expression of genes that
control cell lipid homeostasis, depending on
species-specific requirements. Therefore, these
proteins and their target genes perform complex
feedback regulation on SREBP activity at multiple
levels [32]. It was shown that overexpression of
SREBP-1c can significantly up-regulate the expression
of ACSL1 and increase the enzyme activity of ACSL1,
thereby increasing the uptake and activation of liver
fatty acids [33]. In this study, the level of triglyceride
increased significantly after the overexpression of
ACSL1 compared with the control group. The low
expression of SREBP1 and its target genes may be
related to complex feedback regulation, but after
ACSL1 downregulation, the results of fatty acid
synthesis pathway-related genes (SREBP1, ACC, FAS,
SCD1) and overexpression of ACSL1 are not
consistent. The gene pathways involved in lipid
metabolism are complex. Although this study has not
confirmed whether ACSL1 gene influences
triglyceride levels through the fatty acid synthesis
pathway, we have demonstrated that ACSL1 gene
influences triglyceride levels through the fatty acid
β-oxidation pathway. Previous research has shown
that ACSL1 overexpression can increase the synthesis
of fatty acids in cells without significantly changing
the oxidation of fatty acids [6], which is not
completely consistent with our research results.
http://www.medsci.org
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The liver is an important organ involved in lipid
metabolism. Primary human hepatocytes are
considered as the gold standard for investigating the
molecular mechanisms involved in the development
of nonalcoholic fatty liver disease (NAFLD) [34]. It is
known that cells from healthy human livers contain
lower amounts of intracellular triglycerides than cells
from hepatocellular carcinoma (HepG2) [35]. Due to
the availability, usability and donor variability of
human liver cells, Hepatocyte cells are used as an
alternative model for lipid metabolism in human liver
in most studies of lipid metabolism [34]. Liver cancer
cells have shortcomings in the study of lipid
metabolism, so it is more meaningful to adopt healthy
human liver cells as the vector of ACSL1 gene and
triglyceride metabolism and mechanism.

Conclusion
The ACSL1 gene affects triglyceride levels.
The high expression of ACSL1 gene decreases
fatty acid β-oxidation by PPARγ pathway, which
increases the level of triglycerides.
Therefore, this research confirms that the high
expression of ACSL1 gene, which increases the level
of plasma triglyceride, is one of the mechanisms that
promote the incidence of AMI.

Abbreviations
ACSL1: long-chain acyl-coenzyme A synthetases
1; ACC: acetyl-coenzyme A carboxylase; FAS: fatty
acid synthase; PPARγ: peroxisome proliferatorsactivated receptors γ; SREBP1: sterol regulatory
element binding protein; SCD1: stearyl carboxylase A
dehydrogenase.
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