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Abstract

The increase in high-calorie diets, notably those rich in animal fats, has contributed to an
increased prevalence of obesity, metabolic syndrome, and related diseases. This study
investigates the cellular effects of palmitic acid and cholesterol, which are significant
components of animal fats, on HepG2 cells, focusing on autophagy, cell death, and key
metabolic pathways. Our results demonstrate that treatment with 80 uM cholesterol resulted
in significant intracellular cholesterol accumulation and a marked decrease in cell viability.
Similarly, 800 uM palmitic acid increased lipid droplet formation and reduced the cell viability.
Although cholesterol promoted autophagy and inhibited p70S6 kinase activity, it did not affect
AMP-activated protein kinase (AMPK) or acetyl-CoA carboxylase (ACC) phosphorylation.
Conversely, palmitic acid suppressed autophagy, inhibited p70S6 kinase activity, activated
AMPK, and decreased ACC phosphorylation. Oleic acid, a monounsaturated fatty acid,
increased lipid droplet size, but did not adversely affect cell viability or autophagy. These
findings suggest that the cytotoxic effects of cholesterol and palmitic acid are mediated by
distinct mechanisms involving autophagy regulation and metabolic pathway disruption. These
insights will pave the way for future research further to elucidate lipid-specific pathways and
their implications in metabolic health. Emphasizing the reduction in dietary palmitic acid and
the inclusion of less harmful fatty acids holds promise for mitigating cholesterol toxicity and
preventing lifestyle-related diseases.
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1. INTRODUCTION:

Global increase in the consumption of high-calorie
diets has led to an increase in the prevalence of
various diseases [1,2]. Diets rich in animal fats are
known to contribute to obesity and metabolic
syndrome, thereby increasing the risk of lifestyle-
related diseases such as dyslipidemia and
atherosclerotic diseases [3]. According to previous

studies, the average intake of dietary fats, including
animal fats, has significantly increased over the past
few decades, particularly in high- and upper-middle-
income countries. This increase has been correlated
with an increase in obesity and metabolic disorders
worldwide, highlighting the impact of changing
dietary patterns on public health [4,5]. Animal fats
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are high in saturated fatty acids, such as palmitic acid
and cholesterol.

Additionally, some animal fats contain
monounsaturated fatty acids such as oleic acid.
Saturated fatty acids, particularly palmitic acid, have
been shown to contribute to insulin resistance and
inflammation, which are critical factors in the
development of metabolic syndromes and
cardiovascular diseases [6]. The impact of cholesterol
on health is also significant, as cholesterol is a major
component of atherosclerotic plaques that lead to
coronary artery disease [7].

Palmitic acid promotes inflammatory responses and
inhibits autophagy, leading to cell death when
present in excess [8—10]. Moreover, excessive
cholesterol has been linked to an increased risk of
steatotic liver disease, cirrhosis, and metabolic
disorders such as atherosclerosis and metabolic
syndrome [11-13]. Studies have also indicated that
palmitic acid and cholesterol affect key metabolic
signaling pathways. For instance, palmitic acid has
been shown to inhibit cellular energy homeostasis
[14-16]. Cholesterol accumulation does not
significantly affect cellular energy homeostasis but
alters lipid metabolism [17,18]. Furthermore,
palmitic acid and cholesterol have been shown to
suppress protein synthesis and cell growth.
Suppression of protein synthesis and impaired cell
growth contribute to cellular dysfunction and
increased susceptibility to metabolic stress.

While it is well established that an increased intake
of animal fats is associated with a higher incidence of
cardiovascular diseases and cancer, the specific
effects of individual lipid components at the cellular
level remain inconsistent. In particular, the precise
effects of palmitic acid and cholesterol on the
metabolic pathways involving p70S6 kinase, AMP-
activated protein kinase (AMPK), and acetyl-CoA
carboxylase (ACC) remain unclear. p70S6 kinase is
crucial for protein synthesis and cell growth, as it is
involved in the translation of proteins necessary for
cell cycle progression. AMPK is a central regulator of
cellular energy homeostasis and functions as an
energy sensor that activates pathways that generate
ATP, while inhibiting those that consume ATP. ACC, a
key enzyme in fatty acid synthesis, converts acetyl-
CoA to malonyl-CoA, which is the first step in this
biosynthetic pathway. The inhibition of ACC
phosphorylation disrupts lipid metabolism, leading
to altered lipid homeostasis. Although palmitic acid
can inhibit AMPK phosphorylation, and cholesterol
can affect ACC phosphorylation, the detailed
mechanisms through which these lipids influence
these key metabolic regulators and their
downstream effects on cellular metabolism remain

Int J Pharm Biol Sci.

unclear. Further research is necessary to elucidate
the interactions between these lipids and their
metabolic pathways at the molecular level and to
understand their implications for metabolic health
and disease.

In this study, we investigated the effects of palmitic
acid and cholesterol, components of animal fats, on
HepG2 cells, focusing on autophagy, cell death, and
metabolic pathways.

2. MATERIALS AND METHODS:

2-1. materials

A solution of 30 w/v % albumin solution (fatty acid-
free), Oil Red O, methyl-B-cyclodextrin, chloroquine
diphosphate, and Immunostar Zeta
chemiluminescence reagents were purchased from
FUJIFILM Wako Chemicals (Osaka, Japan). Sodium
palmitate was purchased from the Tokyo Chemical
Industry (Tokyo, Japan). Sodium oleate was
purchased from Nacalai Tesque Inc. (Kyoto, Japan).
ProLong Diamond Antifade Mountant and a
complete protease inhibitor cocktail were obtained
from ThermoFisher Scientific (Waltham, MA, USA)
and Sigma-Aldrich (St. Louis, MO, USA), respectively.
The Cell Counting Kit-8 was purchased from Dojindo
(Kumamoto, Japan). Anti-LC3 (Cat. No. PM036) and
anti-b-Actin (Cat. No. M177-3) antibodies were
purchased from MBL (Nagoya, Japan). Anti-AMPKa
(Cat. No. 5831), anti-Phosphor-AMPKa (Thr172) (Cat.
No. 2535), anti-Acetyl-CoA Carboxylase (Cat. No.
3676), anti-Phospho-Acetyl CoA Carboxylase (Ser79)
(Cat. No. 11818), anti-p70 S6 Kinase (Cat. No. 2708),
and anti-Phospho-p70 S6 Kinase (Cat. No. 9234)
antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). The horseradish
peroxidase-conjugated goat anti-rabbit IgG (H+L)
polyclonal antibody (Cat. No. 611-1302) was
purchased from  Rockland Immunochemical
(Gilbertsville, PA, USA). The horseradish peroxidase-
conjugated goat anti-mouse IgG (H+L) polyclonal
antibody (Cat. No. A90-116P) was purchased from
Bethyl (Montgomery, TX, USA). The human
hepatoma cell line, HepG2 (RCB1648), was provided
by the RIKEN BioResource Research Center through
the National Bioresource Project of the Japan Agency
for Medical Resource and Development.

2-2. cell culture

HepG2 cells were cultured in Medium A (Dulbecco's
modified Eagle's medium (DMEM) supplemented
with 100 units/mL  penicillin, 100 pg/mL
streptomycin, and non-essential amino acids)
containing 10% fetal bovine serum (FBS) at 37 °C in
5% CO2. Medium A supplemented with 37.5 uM
cholesterol/methyl-B-cyclodextrin was used for
cholesterol-adding treatment, and medium A
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containing fatty acid-BSA conjugates was used for
fatty acid-adding treatment.

2-3. cell viability assay

Cell viability was measured using a Cell Counting Kit-
8 (CCK-8) according to the manufacturer’s
instructions. Briefly, the HepG2 cells were seeded at
a density of 6 x 103 cells/well in 96-well plates. The
next day, the cells were treated with fatty acids or
cholesterol in medium A for 12 h. After the
treatment, CCK-8 solution was added to the medium
before further incubation for 3 h at 37 °C in 5% CO2.
After incubation, the absorbance was measured at
450 nm.

2-4. western blotting

HepG2 cells were seeded at a density of 3 x 10°
cells/well in 12-well plates. The next day, the cells
were treated with fatty acids or cholesterol in
medium A for 12 h. After the treatment, cells were
washed with cold phosphate-buffered saline (PBS)
and lysed with lysis buffer (62.5 mM Tris-HCI, pH 6.8,
2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.02%
bromophenol blue, 1 mM sodium pyrophosphate, 1
mM B-glycerophosphate, 2 mM Na3V0s4, 2 mM NaF,
1 mM sodium molybdate, complete protease
inhibitor cocktail) and transferred to microcentrifuge
tubes. Cell lysates were then sonicated and boiled for
5 min. The lysates were subjected to SDS-PAGE, and
the proteins were transferred to a polyvinylidene
membrane. The membranes were blocked with TBST
(20 mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.1% Tween
20) containing 1% skim milk. The membrane was
probed with primary antibody overnight at 4°C and
incubated with horseradish peroxidase-conjugated
secondary antibody for 1 h at room temperature.
Signals were visualized using the Immunostar Zeta
chemiluminescence reagents. The signal intensities
were analyzed using a LuminoGraph Il imaging
analyzer (ATTO, Tokyo, Japan).

2-5. confocal imaging

HepG2 cells were seeded on a cover glass and
treated with fatty acids or cholesterol for 12 h. Cells
were washed in PBS and fixed with 4%
paraformaldehyde. They were then stained with 50
pug/mL Filipin solution in the dark for 30 min for
cholesterol staining and identification. Cells were
stained with Oil Red O solution for 20 min for lipid
droplet staining. The cells were then washed with
PBS and mounted using ProLong Diamond Antifade
Mountant. Confocal images were obtained using a
laser-scanning microscope (Leica DM2500).

2-6. statistical analysis

Data are expressed as mean t standard deviation
(S.D.). Statistical analyses were performed using a
one-way analysis of variance followed by Tukey's
post-hoc test. The sample sizes are shown in the
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figure legends. Statistical significance was set at P <
0.05.

3. RESULTS:

3-1. effects of fatty acids and cholesterol on HepG2
cell lipid accumulation

We first investigated whether lipid accumulation
occurred in HepG2 cells after treatment with
cholesterol, palmitic acid, or oleic acid (Figure 1a).
Intracellular cholesterol was detected using filipin, a
fluorescent dye that binds to cholesterol. When the
HepG2 cells were treated with various cholesterol
concentrations for 12 h, no significant cholesterol
accumulation was observed at low concentrations.
However, treatment with 80 uM cholesterol resulted
in approximately 30-fold more significant cholesterol
accumulation compared with the control group
(Figure 1b).

Lipid accumulation in HepG2 cells treated with fatty
acids was detected by Oil Red O staining (Figure 1a).
Treatment of HepG2 cells with palmitic acid or oleic
acid resulted in a significant increase in intracellular
lipid droplets at 400 uM and 800 uM concentrations
(Figure 1c). Notably, treatment with palmitic acid did
not alter the size of lipid droplets. In contrast,
treatment with oleic acid at concentrations of 400
MM and 800 uM led to a significant increase in lipid
droplet size, with the droplets becoming more than
eight times more significant compared with the
untreated group (Figure 1d).

3-2. effects of fatty acids and cholesterol on HepG2
cell viability

We investigated the effects of cholesterol, palmitic
acid, and oleic acid on HepG2 cell viability (Figure 2).
HepG2 cells were treated with varying
concentrations of cholesterol, palmitic acid, and oleic
acid for 12 h, and cell viability was assessed using the
CCK-8 assay. The results indicated that cholesterol
significantly reduced cell viability at a concentration
of 80 uM, decreasing it to 47% compared with the
untreated group. In the case of palmitic acid
treatment, a significant reduction in cell viability was
observed at a concentration of 800 uM, decreasing it
to 25% compared with the untreated group.
Conversely, treatment with oleic acid did not reduce
cell viability; instead, a significant increase in viability
was observed at a concentration of 800 uM.

3-3. palmitic acid and cholesterol affect the
expression level of microtubule-associated protein
light chain 3-II (LC3B-Il) protein

To investigate the effects of cholesterol, palmitic
acid, and oleic acid on autophagy in HepG2 cells, we
examined LC3B-Il levels after lipid addition by
western blotting (Figure 3). LC3B-Il protein is an
autophagy  marker; during  autophagosome
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formation, phosphatidylethanolamine is conjugated
to LC3B-I, producing LC3B-Il. When HepG2 cells were
treated with cholesterol and palmitic acid, the
amount of LC3B-Il increased compared with that in
the control group. In contrast, treatment with oleic
acid resulted in little change in LC3B-II protein levels
compared with the control.

To determine whether cholesterol and palmitic acid
promote or inhibit autophagy, we examined LC3B-II
protein levels in chloroquine. LC3B-Il protein levels
can increase because of enhanced initiation of
autophagy or inhibition of lysosomal degradation.
Chloroquine inhibits lysosomal degradation by
preventing lysosomal acidification. Therefore, an
increase in LC3B-Il protein levels in the presence of
chloroquine indicates enhanced autophagy, whereas
a small change suggests the inhibition of autophagy.
Upon examining the effects of cholesterol and
palmitic acid in the presence of 20 uM chloroquine,
we observed a substantial increase in LC3B-Il protein
levels with cholesterol treatment. In contrast,
palmitic acid treatment resulted in little change in
LC3B-Il protein levels, even with chloroquine.

3-4. palmitic acid and cholesterol suppress the
phosphorylation of p70S6 kinase

To investigate the effects of cholesterol, palmitic
acid, and oleic acid on cellular protein synthesis and
growth, we examined the phosphorylation status of
the p70S6 kinase (Figure 4a). p70S6 kinase is a critical

(@)

Chol.

Pal.
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signaling molecule involved in protein synthesis and
cell growth, activating ribosomal function through
the phosphorylation of ribosomal protein S6, thereby
promoting the synthesis of proteins essential for
cellular growth and proliferation. HepG2 cells
treated with cholesterol and palmitic acid exhibited
reduced phosphorylation of p70S6 kinase compared
with the control cells.

3-5. palmitic acid and cholesterol
phosphorylation level of metabolic
proteins

To investigate the effects of cholesterol, palmitic
acid, and oleic acid on metabolic pathways, we
examined the phosphorylation statuses of AMPK and
ACC (Figure 4b), which play crucial roles in cellular
energy and lipid metabolism. AMPK is activated
when intracellular ATP levels decrease and AMP
levels increase, leading to the inhibition of fatty acid
and protein synthesis. ACC is a rate-limiting enzyme
in fatty acid synthesis, and its activity is suppressed
when phosphorylated by AMPK, which inhibits
cellular fatty acid synthesis. In HepG2 cells treated
with cholesterol or oleic acid, no significant changes
in the phosphorylation states of AMPK and ACC were
observed compared with those in the control.
However, in cells treated with palmitic acid, there
was an increase in AMPK phosphorylation and a
decrease in ACC phosphorylation compared with
those in the control.

affect the
pathway
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Figure 1: Effects of cholesterol and fatty acids on HepG2 cell lipid accumulation
(a) Confocal microscopic images of intracellular cholesterol and lipid droplets. Scale bar = 20 um. (b) Quantification of
cholesterol-stained areas in HepG2 cells. (c) Quantification of the average number of lipid droplets in HepG2 cells. (d)
Quantification of the average size of lipid droplets in HepG2 cells. Significant differences compared to the control cells
are shown as *p < 0.05, **p < 0.01, using Tukey's post-hoc test.
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Figure 2: HepG2 cell viability after treatment with the indicated concentrations of lipids.
Cell viability was calculated as a percentage of non-treated cells. Data are expressed as the mean * standard deviation
(n =4). Significant differences compared with the non-treated cells are shown *p < 0.05 or **p < 0.01 using Tukey's
post-hoc test.
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Figure 3: Expression levels of LC3B-Il protein by western blotting.
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Figure 4: Expression levels of protein synthesis and metabolic pathway proteins by western blotting.
(a) Expression levels of p70S6 kinase. (b) Expression levels of AMPK and ACC.

4. DISCUSSION:

In the present study, we investigated the effects of
cholesterol and palmitic acid on autophagy, cell
death, and metabolic pathways in HepG2 cells. When
HepG2 cells were treated with 80 uM cholesterol, a
significant accumulation of cholesterol within the
cells was observed, resulting in a marked decrease in
cell viability. Similarly, treatment with 800 uM

palmitic acid led to increased intracellular lipid
droplets and a significant reduction in cell viability.
Although both cholesterol and palmitic acid
substantially decreased cell viability, their effects on
autophagy, protein synthesis, and metabolic
pathways differed. Cholesterol promotes autophagy
and inhibits the activity of p70S6 kinase, which is
involved in protein synthesis but does not affect
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AMPK or ACC activity. In contrast, palmitic acid
suppresses autophagy, activates AMPK, and inhibits
ACC and p70S6 kinase activity.

We examined the effects of oleic acid, a
monounsaturated fatty acid, on HepG2 cells. Oleic
acid induced a significant accumulation of lipid
droplets within the cells but only slightly increased
cell viability without affecting autophagy, p70S6
kinase activity, or metabolic pathways. Therefore, an
increase in intracellular lipid droplets does not
directly lead to decreased cell viability; instead, the
disruption of protein synthesis and energy supply
contributes to reduced cell viability.

Previous studies have confirmed that progression of
metabolic dysfunction-associated steatohepatitis is
associated with the autophagy suppression [19-21].
When autophagy is inhibited, cellular waste and
damage accumulation reduces the ability of the cell
to respond to stress, leading to cell death [22].
However, excessive autophagy degrades essential
cellular components, also resulting in decreased cell
viability [23,24]. The p70S6 kinase regulates the
synthesis of various proteins necessary for cell
survival, and both cholesterol and palmitic acid
inhibit its activity. Decreased protein synthesis may
weaken the adaptive capacity of cells under stressfull
conditions and promote cell death. AMPK is activated
when cells experience low-energy conditions or
nutritional stress. In energy-deficient cells, AMPK
activation inhibits mTORC1 activity and induces
autophagy. Palmitic acid has been reported to
increase the levels of Rubicon, an autophagy-
inhibitory protein [25-27]. Thus, even under low-
energy or nutritional stress conditions, where AMPK
is activated, increased levels of Rubicon may inhibit
autophagy, prevent stress alleviation, and lead to cell
death.

A limitation of our study is that we used only HepG2
cells; therefore, caution is needed when
extrapolating these results to other cell types,
particularly hepatocytes. However, our findings are
noteworthy considering that animal fats rich in
cholesterol and palmitic acid can contribute to
diseases in various organs, including the liver. Our
study confirmed that cholesterol and palmitic acid
induce cell death in HepG2 cells, but the underlying
cellular phenomena differ significantly. Previously,
we reported that long-chain fatty acids exhibit strong
cytotoxicity, whereas short- and medium-chain fatty
acids show little to no cytotoxicity [28]. We propose
that reducing the amount of palmitic acid in food and
replacing it with short- and medium-chain fatty acids
can mitigate cholesterol toxicity and prevent
lifestyle-related diseases.

Int J Pharm Biol Sci.

5. CONCLUSIONS:

This study demonstrated that cholesterol and
palmitic acid induce significant cell death in HepG2
cells, albeit through distinct mechanisms.
Cholesterol promoted autophagy and inhibited
protein synthesis without affecting AMPK or ACC
activity. In contrast, palmitic acid suppresses
autophagy, inhibits protein synthesis, activates
AMPK, and inhibits ACC, leading to cell death. This
highlights that the disruption of protein synthesis
and energy supply are critical factors in the reduction
of cell viability.
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