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Abstract

Background In hepatic damage, Hepatic stellate cells (HSCs) become active, proliferate, and change to myofibroblasts.
Increasing the fibrogenic genes, such as Transforming growth factor-f§ (TGF-), Alpha Smooth Muscle Actin (a-SMA), and
Collagenl a (COL 1a) show that the activation of HSCs can lead to hepatic fibrosis.

Purpose These days people consume much cholesterol, palmitic acid, and glucose which can have adverse effects on an
individuals’ health, but their influences on activating human HSCs and inducing liver fibrosis have not been assessed. Our
purpose is to investigate the effects of these three main and abundant ingredients in the diet on the activation of human HSCs
and inducing liver fibrosis.

Methods To measure cholesterol, palmitic acid, and glucose cytotoxic effects on the viability of the cells, the MTT technique
was used. Then the treated cells were incubated in media containing cholesterol, palmitic acid, and glucose with different
concentrations for 24 h. At last, the «-SMA, COL 1a, and TGF-f, genes mRNA expression were measured by real-time PCR.
Results and Conclusions Our results demonstrated that high concentrations of cholesterol and palmitic acid can activate
human HSCs that lead to an increase in the mRNA expressions of fibrogenic genes. Thus, controlling fat intaking and know-
ing its mechanism is crucial to prevent and attenuate hepatic fibrosis.
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Introduction

Liver fibrosis disease is considered a significant unsolved
problem in the world. Nowadays, higher liver fibrosis level
is associated with increased liver disease and overall mortal-
ity. Until now, there is no definite cure for it. So preventing
and knowing the factors that cause it, are very important [1].
Hepatic fibrogenesis is the effect of chronic liver injury after
several chronic wound-healing responses. Hepatic fibrosis
shows the reaction of the liver to different damages and
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is happened by increasing the production of extracellular
matrix (ECM) when synthesis and degradation of ECM are
unbalanced. Progressed Hepatic fibrosis can ultimately lead
to cirrhosis and liver failure [2, 3]. Viral infections (hepati-
tis B and C), the consumption of alcohol, autoimmune and
metabolic diseases are the routine and important reasons to
induce hepatic fibrosis [4].

Injuries and damages to the liver can be managed by
lifestyle and nutritional modifications [5]. Nutrition has not
been the main focus of studying liver fibrosis, despite its
importance in the progression and the severity of this dis-
ease. Certainly, improper nutrition can onset liver fibrosis.
Therefore, we should know the elements in our food which
can cause this disease [6].

The stellate cells are the main cells type involved in liver
fibrosis, which become active in response to liver damage.
In normal liver, stellate cells are in a quiescent state and
the lipid droplets in them store vitamin A as retinol ester.
The function of quiescent hepatic stellate cells is unknown.
When the liver is damaged, stellate cells can change into an

@ Springer


http://orcid.org/0000-0001-5437-0056
http://crossmark.crossref.org/dialog/?doi=10.1007/s40200-022-01095-z&domain=pdf

1532

Journal of Diabetes & Metabolic Disorders (2022) 21:1531-1538

activated state [7]. Factors such as the toxicity of alcohol,
viral hepatitis, or metabolic diseases can be considered as
injuries to activate these cells The activated stellate cell is
characterized by proliferation, contractility, migration, and
changing to myofibroblasts. This state of the stellate cell is
the main source of extracellular matrix production in liver
injury, which in chronic injuries can lead to liver fibrosis
[8, 9]. Transforming growth factor-p (TGF-p) is one of the
key cytokines in this process [10]. Activated HSCs express
so much TGF-p. TGF-f has important effects on hepatic
fibrosis.it is a pre-fibro genic factor in chronic liver injury
[11, 12]. TGF-p can activate HSCs by the autocrine effects.
The expression of TGF-f maybe is one of the main signals
that can activate other quiescent and inactivated HSCs and
change them to myofibroblasts.To prevent hepatic fibrosis
and preserve organs function, Inhibition of TGF-p is effec-
tive [13]. In hepatic fibrosis, activated HSCs express high
levels of Collagenl o (COL 1) and Alpha Smooth Muscle
Actin (a-SMA), which is a cytoskeleton factor in the cell
cytoplasm. Increasing in COL la and a-SMA expression
are known as markers that shows activation of HSCs [14].

The factors which can cause liver fibrosis are important
because there is no definite remedy for this disease, so by
knowing the factors which can cause liver fibrosis, we can
manage and prevent this disease. Dietary factors are maybe
important for hepatic fibrosis beginning and progression.
In one laboratory research, after long-time use of a high-
cholesterol diet, rodents or rabbits developed hepatic fibro-
sis [15, 16]. Diet with high Cholesterol aggravated hepatic
fibrosis in mice because free cholesterol had accumulated in
HSCs and sensitized HSC to TGF-p [17].

In persons which are suffering from non-alcoholic fatty
liver disease (NAFLD), circulating free fatty acids in the
blood, are commonly increased to the upper level [18].
When the capacity of the liver to keep surplus FFA (free
fatty acids) in the form of TGs (triglycerides) is exceeded,
Liver damages may happen. Mitochondrial dysfunction,
Oxidative stress, and expression of many pro-inflammatory
cytokines may be the result of cellular lipid excess [19, 20],
and can contribute to inflammatory damage in the liver and
fibrogenesis [21].

Palmitic acid (C16:0) forms a large proportion of total
dietary SFA intake and can be found in palm oil, meat, and
butter [22]. Palmitic acid is one of the most common long
chain saturated free fatty acids in food and the human body,
and they are most closely related to insulin resistance and
type 2 diabetes. Human studies have revealed that circulating
SFAs in blood, especially C16:0 is associated with higher
metabolic disease risk like diabetes [23, 24]. In one study,
the HSCs activation genes expression level, such as a-SMA,
COL la, and TGFp in Primary HSCs isolated from Sprague
Dawley rats, significantly increased with palmitic Acid [25].
High hyperglycemia and uncontrolled diabetes can lead to
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fatty liver disease, so hyperglycemia is a factor to induce
liver injury. In one study, the levels of COL la did not signif-
icantly increase in human HSCs exposed to Hyperglycemia
[26]. Recent studies have looked at the effects of diet on liver
injuries [27]. But, few studies have been focused on hepatic
fibrosis to investigate the roles of cholesterol, palmitic acid,
glucose, and their mechanisms of action. Also, because these
three compounds, namely cholesterol, palmitic acid, and
glucose, are mainly present in diets and the body, by com-
paring the effects of these three compounds on activation
of human HSCs, the genes expression involved in hepatic
fibrosis and its progression, helpful results can be obtained.
The purpose of this study is to know the causing elements
in our diets which lead to liver fibrosis. In this research, we
investigated and compared the mRNA expression of major
genes involved in hepatic fibrogenesis (TGFf, COL1a o, and
a-SMA,) in human HSCs treated by different concentrations
of cholesterol, glucose, and Palmitic acid.

Materials and methods

Human hepatic stellate cells culture and preparation
glucose, cholesterol, and palmitic acid solutions

Cholesterol, palmitate, and glucose specific for cell culture,
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazo-
lium bromide (MTT) assay, FBS, DMEM Low Glucose,
penicillin, and antibiotics all were got (Sigma-Aldrich, US).
To do this study, the LX-2 human hepatic stellate cells line
(gotten from Dr. Scott L. Friedman) was used. The cells
were seeded in low DMEM with FBS (10%), penicillin and
streptomycin (100 mg/ml each) in the incubator with 37 °C
and 5% CO2.

To prepare cholesterol and glucose solutions, cholesterol
powder was dissolved in acetic acid. Glucose was dissolved
in bi-distilled water and filter-sterilized to BSA without fatty
acids. For this purpose, the palmitate with different concen-
trations was dissolved in 50% ethanol, and then each concen-
tration was added to DMEM containing 1% BSA [28]. Then,
the solution was incubated on a shaker for 2 h at 37 °C. After
2 h, this medium was filtered and ready to give to the cells.

Human hepatic stellate cells viability
after treatment with different concentrations
of palmitic acid, cholesterol and glucose

To study the effects of various concentrations of glucose,
cholesterol, and palmitic acid on the human HSCs sur-
vival, in all 96-well culture plates, about 4 X 103 cells of
the desired cell line were cultured. After overnight incu-
bation, the cells were treated with different concentra-
tions of cholesterol (20,40,60,80,100 and120 uM) [29],
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glucose (10,15,22,32,and 44 mM) [28], and palmitic acid
(25,50,75,100,125 and 150 uM) [30] which they were for
24 h. The supernatant was detached and then, the HSC
cells were incubated with MTT (100 pl) for four hours.
Then, we used DMSO to solve the formazan crystals.at
570 nm, the absorbance was read with an ELISA reader.
For all different concentrations, the experiments were
repeated 3 times.

RNA extraction from Human hepatic stellate cells
and doing Real Time PCR after treatment of the cells
with different cholesterol, glucose, and palmitic acid
concentrations

First, the cells were seeded in six wells (2 X 105 cells/
well) for 24 or 48 h to reach Confluences of about 70-80%.
Before treatment, the cells were under starvation for 24 h.
After starvation, the medium was renewed with DMEM
containing 0.1% FBS. Different concentrations of glucose
(10,15,22,32,and 44 mm), cholesterol (20,40,60,80, and 100
uM), and palmitic acid (25,50,75,100, and 125 uM) were
used to treat Human HSCs for 24 h. Our control group had
exactly the same situation as the treated groups in the labo-
ratory. After starvation, it was treated with DMEM Low
Glucose for 24 h.

Evaluation of gene expression by RNA extraction
kit and real-time reverse transcription-polymerase
chain reaction technic (RT-PCR)

We used the Real-time PCR technique for mRNA quantita-
tion of hepatic fibrogenesis main genes. (TGFf, aSMA, and
COL 1a). After the treatments of the cells with different
concentrations of Glucose, palmitic acid, and Cholesterol
for 24 h, total RNA was isolated from the cells utilizing an
RNeasy mini kit (Qiagen Company, Germany) according to
the protocols. The quality and quantity of extracted RNA
were assessed utilizing a spectrophotometer (NanoDrop
2000, Thermo Fisher Scientific, USA), and 1.0% agarose gel
electrophoresis. After that, cDNA synthesis was done with a
cDNA kit (the company of Yekta Tajhiz Azma, Iran), oligo-
dT primers, and a random hexamer. To evaluate the mRNA
quantitation level of TGF-f, COL1a, and aSMA, Real-Time
PCR technic was performed (Applied Biosystems, US) by
using Amplicon SYBR green Master Mix low ROX kit(US).
In order to detect the expression of the genes, the primers we
used for RT-PCR are in the below table:

TGF-f  Sequence of forward 5’-AGCCGTGGAGGGGAAATT
G-3’
Sequence of reverse  5’-CGGTAGTGAACCCGTTGA
G- 3’

1533
aSMA  Sequence of Forward 5’-TATCCCCGGGACTAAGAC
GG- 3,
Sequence of reverse  5’-CACCATCACCCCCTGATG
TC-3’
COL la  Sequence of Forward 5’- TGAAGGACACAGAGGTTC
AG- 3’
Sequence of reverse  5’- GTAGCACATCATTTCCAC
GA- 3’
GAPDH Sequence of Forward 5’- GTCTCCTCTGACTTCAAC
AGCG -3’
Sequence of reverse  5’- ACCACCCTGTTGCTGTAG
CCAA -3’

Analysis statistical

All steps were repeated three times. The information is pre-
sented in means + standard error of the mean (SEM). The
difference significance between the group’s means was
determined by ANOVA and GraphPad Prism 9 software.
For determining the statistical significance of changes in the
groups, Tukey’s tests and ANOVA were used. P values (less
than 0.05) were as significant.

Results

Effect of different concentrations of cholesterol,
glucose, and palmitic acid on the viability of human
HSC cells

MTT test technic was done after 24 h to find proper con-
centrations of glucose, cholesterol, and palmitic acid for
treatment. First, Human HSCs were treated with different
concentrations of glucose (10,15,22,32,and 44 mM), pal-
mitic acid (25,50,75,100,125 and 150 uM), and cholesterol
(20,40,60,80,100 and120 uM) for 24 h. The percentage of
cell survival at all concentrations of glucose was not changed
compared to the control group (Fig. 1A). At a concentra-
tion of 150 uM palmitic acid, the cell’s survival percent-
age was remarkably reduced in comparison to the control
(****p <0.0001, Fig. 1B). Therefore, concentrations under
IC50 were chosen to treat. The cell viability percentage at
120 uM cholesterol concentration was significantly reduced
in comparison to the control (***p <0.001, Fig. 1C), There-
fore, other concentrations which were under IC50 were cho-
sen to treat.

Comparison of the effects of different
concentrations of cholesterol, glucose, and palmitic
acid on the liver fibrosis genes expression

According to phenotype and appearance, changing quies-
cent HSC cells into fibrogenic Myofibroblasts are a major
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Fig. 1 Effects of, glucose, palmitic acid, and cholesterol in various
concentrations on the human HSCs survival. The MTT assay results
show the viability of the cells treated to different cholesterol, glu-
cose, and palmitic acid concentrations after 24 h. obtained results are
shown with mean+ SEM. Analysis was done by Tukey test, one-way
ANOVA, and GraphPad Prism 8 program. (**p <0.01, ***p <0.001,
kD <0.0001)
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sign of the activation of these cells [26]. The shape of the
cells is shown in the control group and in the presence of
glucose, palmitic acid, and cholesterol treatments. (Fig. 2A,
B, C, and D) .Activated cells are spindle-shaped and more
elongated and changed to Myofibroblasts. Inactive cells are
almost round. The results got from Real-time PCR indicated
that the TGF-f, COL la, and a-SMA genes mRNA expres-
sions were not significantly changed and not increased in
response to 10, 15, 22, 32, and 44 mM glucose compared
to the control group. (Figs. 2E, 3A and D)The TGF-§, COL
la, and a-SMA genes mRNA expressions in response to
palmitic acid were not changed at 25,50 and 75 uM concen-
trations but palmitic acid at 100 and 125 uM concentrations
significantly increased the mRNA expression of the genes.
Palmitic acid at the concentrations of 100 and 125 puM sig-
nificantly increased the mRNA expression of genes by Fold
Change 1.9and 2.1 for TGF-p, 2.3, and 3.3 for COL la,
2.8and 3 for a-SMA relative to the control respectively. (*
p<0.05, ** p<0.01, Figs. 2F, 3B and E). Cholesterol at 20
and 40 uM concentrations did not change the TGF-f, COL
la, and a-SMA genes mRNA expressions but significantly
increased the expression of these genes at each 60, 80, and
100 uM concentration. Cholesterol at the concentrations
of 60, 80, and 100 mM significantly increased the mRNA
expression of genes by Fold Change 2, 2.2, and 3.8 for TGF-
B, 2.7, 3.4, and 3.7 for COL 1a, 2.9,3.1and 4.9 for a-SMA
relative to the control respectively. (* p <0.05, ** p<0.01,
**% p <0.001 Figs. 2G, 3C and F).

Discussion

Nowadays, liver fibrosis disease is known as one of the most
common reasons for death in the world, and its incidence is
growing every year. Recognizing the factors which can cause
and advance liver fibrosis is a serious matter in the medical
field today [29]. If chronic liver damages continue, because
of any reason like the toxicity of alcohol, viral hepatitis, or
metabolic diseases, Hepatic fibrosis will happen [28, 30],
but few attention and studies have been done on the effect
of nutrition and food in causing liver fibrosis. At present, it
is better to know the factors in the diet that cause hepatic
fibrosis to choose better food. The absence of efficient drugs
to treat hepatic fibrosis is a major global subject, thus, pre-
vention of hepatic fibrosis is important. Hepatic stellate cells
(HSCs) which stand in the liver, are the source of activated
myofibroblasts cells that yield ECM (extracellular matrix)
in the liver [31]. When HSCs become activated and change
to myofibroblasts, they have important roles in developing
hepatic fibrosis because they can produce much ECM. Sev-
eral inflammatory and fibrogenic pathways have a role in the
activation of HSCs [32].
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Fig.2 Effect of the action of palmitic acid, cholesterol and, glucose
on hepatic stellate cells. Human HSCs before treating (control group)
(A). Human HSCs after treatment with glucose, palmitic acid, and
cholesterol respectively (B, C, and D) (10 magnification). TGFp1
gene expression with glucose, palmitic acid, and cholesterol in the
cells. E TGF-p expression in glucose-treatedcells. F TGF-p expres-

In this research, we studied the effects of different glu-
cose, cholesterol, and palmitic acid concentrations on the
expression of fibrosis genes in human HSCs. Our results
showed that Both high concentrations of cholesterol and pal-
mitic acid could increase the mRNA expression of the main
fibrosis genes (a-SMA, COL la, and TGF-f genes)while
different glucose concentrations didn’t affect the expres-
sion of these genes. Compared with palmitic, Cholesterol
increases the a-SMA, COL la, and TGF-f genes mRNA
expression more significantly. “Tomita and his colleagues
in a study after giving a high-fat to mice, found that the liver
becomes fibrosis and the higher cholesterol causes fibrosis
to become more severe and faster. It was reported that free
cholesterol could activate HSCs, and adding excess choles-
terol to a diet could lead to more accumulation of cholesterol
in mice cells. They further observed that fibrosis was caused
by the accumulation of free cholesterol in mice HSCs, which
increased the expression of genes involved in the progression
of fibrosis. Also, they found that the cause of cholesterol
accumulation in HSCs was impaired regulation of choles-
terol homeostasis” [33]. “A study conducted by Meissen
JK showed that high glucose concentration increases the
accumulation of triglyceride in the hepatocyte cells” [34]
but its effect on hepatic fibrosis in humans has not been
studied yet. Experiments of Katalin Kiss and his colleagues
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sion in palmitic acid-treated cells. G TGF-p expression in cells
treated with cholesterol. All cells were treated for 24 h. The data are
shown with the mean+SEM and 3 replicates. They are shown as fold
changes in expressions in comparison to the control. For the refer-
ence gene, GAPDH was taken to use. (* P<0.05 vs. treated control,
**p <0.01 vs. treated)

in vitro indicate that chronic exposure to high glucose con-
centration initiates profound alteration of cells. We guess
maybe chronic exposure to glucose can activate the cells
and increase the expression of genes, but it needs to test
[26]. “Hella Wobser and his colleagues in a study found that
palmitic acid treatment induces cellular lipid accumulation
in humans, but its effect on hepatic fibrosis has remained
unclear” [35]. “Z Dong in his study investigated the role of
palmitic acid in the activation of rat HSCs. After treating
the cells with palmitic acid, they evaluated the TLR4-NF-kb
signaling pathway as well as the expression of genes such as
TGFp and concluded that palmitic acid could activate HSCs
and cause hepatic fibrosis by increasing the TLR4-NF-xB
signaling pathway” [25]. The activated HSCs express more
TGF-p which leads to hepatic fibrosis by increasing ECM
deposition and inhibits collagenase activity in HSCs cells
[36]. Increasing the expression of COL la and a-SMA genes
are the markers of activated HSCs [32]. According to these
researches, we decided to study the effect of cholesterol,
palmitic acid, and glucose on mRNA expression of fibro-
genic genes in human HSCs. As shown in this study, the
human HSCs were activated by cholesterol and palmitic acid
treatment (dose-dependent), and the TGFp1, COL la, and
a-SMA genes mRNA expressions (hepatic fibrogenic genes)
were significantly increased, but mRNA expressions of these
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«Fig.3 COLAI and, a-SMA gene expression with cholesterol, glu-
cose, and palmitic acid in cells line. A COLA1 expression in glu-
cose-treated cells B COLA1 expression in palmitic acid-treated cells.
C COLAL1 expression in cholesterol-treated cells. D a-SMA expres-
sion in glucose-treated cells (E) a-SMA expression in palmitic acid-
treated cells for. F a-SMA expression in cholesterol-treated cells. All
cells were treated for 24 h. The data are shown with the mean+SEM
and 3 replicates. They are shown as fold changes in expressions in
comparison to the control. For the reference gene, GAPDH was taken
to use. (* p<0.05 vs. treated control, ** p<0.01 vs. treated)

genes were not increased by glucose treatment. Moreover,
our results showed that cholesterol more than palmitic acid
activates HSCs and increases the expression of hepatic fibro-
genic genes.

Our study has some limitations. In this study, all experi-
ments were done on cell line and in the laboratory (in vitro),
and the results may be different from those referring to living
organisms. So, we recommend doing all these experiments
on living organisms, mice, or humans. Our study shows that
high cholesterol and palmitic acid can activate human HSCs
and increase hepatic fibrogenic genes expression, but glu-
cose does not have this effect. According to these data, it is
recommended to reduce cholesterol and free fatty acids in
the diet to prevent liver fibrosis. Once again, we realize the
role of proper nutrition in preventing diseases.

Abbreviations TGF-p: 1-Transforming growth factor-p; a-
SMA: 2-Alpha Smooth Muscle Actin; COL la: 3-Collagenl a;
HSCS: Human hepatic stellate cells; ECM: Extracellular matrix;
NAFLD: Non-alcoholic fatty liver disease; MTT assay: 3-(4, 5-dimeth-
ylthiazol-2-yl)-2, 5-diphenyl-2 H-tetrazolium bromide; FFA: free fatty
acids; TGs: triglycerides
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