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Hispidulin can improve lipid parameters in the HepG2 cell line with
metabolic dysfunction-associated steatotic liver disease
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Abstract

Purpose: Metabolic dysfunction-associated steatotic liver
disease (MASLD) is a significant health issue. Although its
pathogenesis remains unclear, insulin resistance, steatosis,
and inflaimmation play crucial roles. Research on
alternative treatment agents is ongoing. This is the first
study to investigate the effect of hispidulin, a flavonoid, in
a MASLD model.

Materials and Methods: Non-toxic concentrations of
hispidulin and oleic acid were determined using the MTT
cytotoxicity assay. Cells were first treated with hispidulin,
followed by the addition of oleic acid two hours later. The
cells were incubated for 24 hours to induce lipolysis. The
intracellular lipids were demonstrated both qualitatively
and quantitatively using Oil Red O staining. Triglyceride
and total cholesterol levels, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels, and
adenosine monophosphate-activated  protein  kinase
(AMPK) and sirtuin 1 (SIRT1) levels were measured.
Results: Hispidulin at 40 uM significantly reduced
triglyceride levels by 67%, total cholesterol levels by 53%,
ALT levels by 66%, and AST levels by 36%. However, no

increase in AMPK or SIRT1 levels was observed
compared to the model group.
Conclusion: Hispidulin can reduce cellular lipid

accumulation, improve lipid parameters, and lower
aminotransferase enzyme levels in MASLD. However, this
effect may not occur via the AMPK-SIRT1 pathway but
rather through other mechanisms. Further studies are
needed to elucidate the mechanisms of hispidulin's action
in MASLD.
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Amag: Metabolik iligkili steatotik karaciger hastaligt
(MASLD) 6nemli bir saglik sorunudur. Patogenezi hala net
olmasa da insilin direnci, steatoz, inflamasyonun 6nemli
yeri vardir. Tedavi i¢in alternatif ajan ¢alismalart devam
etmektedir. Bu ¢alisma, bir flavonoid olan hispidulinin
MASLD modelindeki etkisini inceleyen ilk ¢alismadir.
Gereg ve Yontem: MTT sitotoksisite testi ile hispidulin ve
oleik asidin toksik olmayan konsantrasyonlari belitlendi.
Hiicrelere 6nce hispidulin uygulands, 2 saat sonra ise oleik
asit verildi. Lipogenez i¢in hiicreler 24 saat inkiibe edildi.
Oil Red O boyama yoéntemi kullanilarak hiicre ici lipitler,
hem nitel hem de nicel olarak gosterildi. Trigliserid ve
Total kolesterol diizeyleri, Alanin aminotransferaz (ALT)
ve aspartat aminotransferaz (AST) diizeyleri ve Adenozin
monofosfat-aktif protein kinaz (AMPK) ve Sirtuin 1
(SIRTT1) seviyeleri dl¢iilda.

Bulgular: 40 uM Hispidulin grubunda model grubuna
kiyasla; trigliserid seviyesini %67, total kolesterol seviyesini
%53, ALT seviyesini %066, AST seviyesini %36 oraninda
anlamli  Olgide  azalttt. Ancak AMPK ve SIRT1
seviyelerinde artis grillmedi.

Sonug: Hispidulinin MASLD' da hiicresel lipid birikimini
azaltp, lipid parametrelerini  iyilestirebilecegi  ve
aminotransferaz  enzim  seviyelerini  azaltabilecegi
belirlenmistir. Fakat bu etkinin AMPK-SIRT1 yolu
tizerinden degil de bagka yolaklar tizerinden olabilecegi
dustinilmektedir.  Hispidulinin = MASLD' daki etki
mekanizmalarint belitflemek i¢in daha ileri arastirmalara
ihtiyag vardur.

Anahtar kelimeler: Hepatik steatoz, htcre kiltird,
hispidulin, Oil Red O, AMPK, SIRT1
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a
prevalent condition that was renamed to Metabolic
Dysfunction-Associated Steatotic Liver Disease
(MASLD) last year. This change was made because
the term NAFLD was considered stigmatizing and
did not accurately reflect the nature of the disease!.
MASLD is associated with obesity, insulin resistance,
type 2 diabetes mellitus, and metabolic syndrome,
and its prevalence is steadily increasing. Itis predicted
to become the leading cause of liver transplantation
by 20303*. Expetrimental studies have demonstrated
potential benefits from drugs such as glucagon-like
peptide-1  receptor agonists, metformin, THR-8
agonists, PPAR agonists, and FXR agonists®. While
Phase 3 trials of various compounds and drugs were
ongoing, resmetirom became the first drug approved
by the U.S. Food and Drug Administration (FDA)
for this condition®’. MASLD is characterized by the
accumulation of hepatic triglycerides (T'G) and
cholesterol®, with de novo lipogenesis identified as
the primary source of this accumulated lipid. While
de novo lipid synthesis does not exceed 5% in healthy
individuals, this rate has been reported to reach 26%
in MASLD patients®. The buildup of lipids triggers
inflammation within hepatocytes!®, playing a crucial
role in the development of MASLD and contributing
to insulin resistance, elevated lipid levels, and
macrophage infiltration. This inflaimmation is also
linked to fibrosis, leading to parenchymal damage!.
Alanine and aspartate aminotransferase (ALT, AST)
enzyme levels increase as a result of parenchymal
damage. While ALT is a liver-specific enzyme, AST
is also released from extrahepatic tissues. Studies
have shown that AST levels in MASLD patients are
associated with disease progression!!.

Due to the role of de novo lipogenesis in the
pathophysiology of MASLD, the AMP-activating
Protein Kinase (AMPK) and Sirtuin 1 (SIRT1)
pathway, known to be effective in de novo
lipogenesis, has been investigated!?. Studies have
shown that AMPK and SIRT1 levels have
significantly decreased in MASLD patients and
increase again with the recovery of MASLD!3-15
AMPK and SIRT1 are two important interrelated
molecules involved in hepatic lipid metabolism!®.
SIRT1, also known as the NAD-dependent
deacetylase Sirtuin 1, regulates protein activation
through the deacetylation of several proteins that play
significant roles in the pathophysiology of metabolic
diseases. SIRT1 activates AMPK, an essential energy
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sensor in the cell, which is activated when the cell's
energy demand increases'#!>. AMPK activation
suppresses fatty acid synthesis by inhibiting Acetyl-
CoA carboxylase (ACC) and fatty acid synthase
(FAS), while also reducing cholesterol synthesis
through the inhibition of HMG-CoA reductase. As a
result, lipogenesis decreases, and beta-oxidation
increases!’-%0,

Hispidulin is a natural flavonoid used in traditional
Chinese medicine and is found in Saussurea
involucrata, Grindelia argentina, Arrabidaea chica,
Crossostephium chinense and various Salvia species.
It is one of the main components of Anatolian sage
(Salvia fruticosa), which grows in Bodrum and
Marmara Island in Turkey?!. Hispidulin is a flavonoid
that inhibits CYP2E1 activity'>?!, which has been
implicated in the pathogenesis of MASLD?223.
Hispidulin has antioxidant and anti-inflammatory!824
effects. It has also been shown to have antiadipogenic
and hepatoprotective effects and is a PPARa agonist

like fibrates used in the treatment of dyslipidemia?>-
27

In this study, we tested the hypothesis that hispidulin
- a natural flavonoid reported to be a PPARx agonist
with  anti-adipogenic, anti-inflammatory, and
hepatoprotective effects - could ameliorate MASLD
through the AMPK-SIRT1 pathway in an oleic acid-
induced MASLD model in the HepG2 cell line. The
study found that hispidulin was effective in MASLD,
improving aminotransferase enzyme levels and lipid
parameters. It was concluded that hispidulin is a
potential therapeutic candidate for MASLD, though
not through the AMPK-SIRT1 pathway.

MATERIALS AND METHODS

All experiments in this study were carried out in the
faculty of medicine of Gaziantep University in the
laboratories of the departments of Medical
Biochemistry and Physiology. Since the HepG2
human hepatoma cell line used in this study was
commercially available, ethics committee approval
was not required. Hispidulin and oleic acid (OA) were
purchased from Cayman (USA). Dulbecco's
Modified Eagle's Medium (DMEM) and MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium

Bromide) were obtained from Sigma (USA). Fetal
Bovine Serum (FBS) and Bovine Setum Albumin
(BSA) were purchased from Hyclone (USA).
Penicillin-streptomycin-amphotericin B was sourced
from Gibco (USA). The Oil Red O staining kit was
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obtained from Abcam (UK). Triglycerides (T'G) and
Total Cholesterol (TC) kits were purchased from

Elabscience (USA). ALT (Alanine
Aminotransferase), AST (Aspartate
Aminotransferase), AMPK (Adenosine
Monophosphate-activated Protein  Kinase) and

Sirtuin 1 (SIRT1) kits were sourced from FineTest
(China).

Cell culture, preparation of treatment and
creation of the MASLD model

Cells were maintained in a medium containing 10%
FBS and 1% antibiotic-antimycotic in an incubator at
37°C with 95% humidity. The medium was changed
2-3 times a week, and cells were passaged when 80-
90% confluency was reached 28. Hispidulin was
dissolved in Dimethyl sulfoxide (DMSO) to prepare
a stock solution, and dilution was performed with
PBS before the experiment. OA was prepared as a
stock solution by dissolving it in ethanol and diluted
with medium before the experiment until the final
ethanol concentration was below 0.2% 2°. The
treatment groups were pretreated with 20 and 40 uM
hispidulin. After 2 hours, the control group was
treated with BSA, while the model and treatment
groups were treated with BSA and oleic acid. All cells
were then incubated for 24 hours. The study
consisted of three independent experiments, each
with a sample size of n=3.

Increased plasma levels of free fatty acids, such as
oleic acid and palmitic acid, have been reported in
MASLD?. Therefore, oleic acid and palmitic acid are
frequently used separately or in combination in free
fatty acid-induced in vitro MASLD models. Since
oleic acid is more steatogenic and less apoptogenic
than palmitic acid?!, it was preferred in this study?2.
According to the literature, oleic acid concentrations
ranging from 0.25 mM to 1.25 mM are not cytotoxic
to the HepG2 cell line over a 24-hour petiod3?. In our
study, a 0.5 mM oleic acid concentration was used,
which was found to be non-toxic and effective in
preliminary experiments. Additionally, a high glucose
(25 mM) medium was used because it has been
shown that lipid accumulation has significantly
increased when high glucose medium is used with
free fatty acids in adiposity models, compared to
normal or low glucose medium.

Cell viability assay

For the MTT cytotoxicity assay, cells were seeded in
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a 24-well plate at a density of 1.25x10° cells per well
and allowed to adhere. Hispidulin was then added at
concentrations of 10 uM, 20 uM, and 40 uM. After 2
hours, 0.5 mM OA and BSA were added to the wells,
and the cells were incubated for 24 hours. Following
incubation, 9 mg of MTT was dissolved in 2.3 ml
PBS, and 100 pl of the MTT solution was added to
each well. After a 4-hour incubation, DMSO was
added, and absorbance was measured at 570 nm.

Preliminary experiments using Oil Red O (ORO)
staining and triglyceride (T'G) level measurements
were conducted to determine the concentrations at
which the MASLD pattern was induced and the
treatment response was observed. A concentration of
10 pM hispidulin  was excluded due to its
ineffectiveness. OA was found to be effective and
non-toxic at a concentration of 0.5 mM. Based on
these findings, four experimental groups were
established: Control, OA, hisp20 + OA, and hisp40
+ OA. The group treated with OA alone was referred
to as the model group.

Oil red O staining

Cells were seeded in 24-well plates at a density of
1.25x10° cells/well. When the cells reached 80%
confluence, they were treated with hispidulin,
followed by OA 2 hours later, and then incubated for
24 hours. The medium was removed, and staining
was performed using the ORO staining kit (Abcam,
ab150678, Cambridge, UK) as described in
reference’. Briefly, the cells were washed with PBS,
fixed with 4% paraformaldehyde, incubated with
propylene glycol, stained with ORO, washed with
propylene glycol and then water, and photographed
with a 40x objective after drying. For absorbance
measurement, 0.3 ml of 100% isopropanol was added
to each well, and 100 pl was taken from each well,
then transferred to a 96-well plate, and the
absorbance was read at 490 nm using a microplate
reader.

Quantification of intracellular triglyceride
and cholesterol levels

FEach flask was seeded with 2.5 x 10° cells and
incubated for 2 days to reach 80% confluence.
Hispidulin was then added, and 2 hours later, OA was
added and incubated for 24 hours. At the end of the
24-hour incubation, the cells were removed with PBS
and transferred to Eppendorf tubes. The tubes were
centrifuged at 1000Xg for 10 minutes. The
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supernatant was discarded, and 450 ul of isopropanol
was added and vortexed. After centrifugation at
10,000%g for 10 minutes, the supernatant was
removed and stored at -80°C until measurement. TG
and TC measurements were performed using a
commercial kit. For TG measurement (Elabscience-
ELKS8169, Texas, USA), absorbance was read at 510
nm on a microplate reader. For TC measurement
(Elabscience-ELLK8420, Texas, USA), absorbance
was measured at 510 nm using a spectrophotometer.
Results were normalized to protein concentration
and expressed as milligrams of TG/TC per milligram
of protein.

Enzyme - linked immunosorbent assay

Samples stored at -80°C were thawed at room
temperature.  The sandwich  Enzyme-Linked
Immunosorbent Assay (ELISA) method was
performed to measure ALT (FineTest-EH0770,
Wuhan, China), AST (FineTest-EH2671, Wuhan,
China), AMPK (FineTest-EH2622, Wuhan, China),
and SIRT1 (FineTest-EH3785, Wuhan, China).
Absorbance was read at 450 nm. The results were
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normalized to protein concentration and expressed as
nanograms of ALT/AST/AMPK/SIRT1 per
milligram of protein.

Statistical analysis

SPSS software was used for statistical analysis. The
homogeneity ~ of  variances  was  assessed;
homogeneous variables (MTT, TG, ORO, ALT)
were evaluated using one-way ANOVA and post hoc
Tukey tests, while non-homogeneous variables (TC,
AST, AMPK, SIRT1) were evaluated using one-way
ANOVA and post hoc Tamhane tests. The results are
expressed as mean * standard deviation (SD). A
significance level of p < 0.05 was considered
statistically significant.

RESULTS

When cells were exposed to hispidulin at
concentrations of 20 uM and 40 uM, as well as OA at
0.5 mM for 24 hours, no significant decrease in cell
viability was observed (Figure 1).

Hisp20+0OA Hisp40+0A

Figure 1. Effect of hispidulin on HepG2 cell viability. After treating HepG2 cells with hispidulin and oleic acid
for 24 hours, MTT cytotoxicity testing was performed.

Values are expressed as mean * SD from three different experiments. Hisp: Hispidulin, OA: Oleic acid.

The 40 uM hispidulin group showed a significant
dectrease of 67% in TG levels and 53% in TC levels
compared to the model group (p < 0.05) (Figure 2).
Furthermore, treatment with 20 pM and 40 uM
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hispidulin reduced intracellular lipid accumulation, as
shown by ORO staining, by 47% and 42%,
respectively, compared to the model group (p < 0.05)

(Figure 3).
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Figure 2. TG and TC Results.
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Values are expressed as mean £ SD from three different experiments. *p< 0.05 denotes significance compared to the control group,
# p < 0.05 denotes significance compared to the oleic acid group. Hisp: Hispidulin, OA: Oleic acid.
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Figure 3. Oil Red O Staining Results. A. Oil red O staining images were taken under an inverted microscope
with a 40x objective. Arrows indicate oil drops. Scale bar in the lower right corners of the figures shows the
value of 2 mm. B. Oil Red O staining absorbance results.

Values are expressed as mean + SD from three different experiments. *p< 0.05 denotes significance relative to the control group, #
p< 0.05 denotes significance relative to the oleic acid group. Hisp: Hispidulin, OA: Oleic acid.

The ALT enzyme level was significantly decreased by
55% in the 20 uM hispidulin group and by 66% in the
40 pM hispidulin group compared to the model
group (p < 0.05). The AST enzyme level was not
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significantly decreased in the 20 pM hispidulin group
but was reduced by 36% in the 40 uM hispidulin
group compared to the model group (p < 0.05)
(Figure 4).
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Control OA  Hisp20+0AHisp40+0A

Values are expressed as mean + SD from three different experiments. *p< 0.05 denotes significance relative to the control group, #
p< 0.05 denotes significance relative to the oleic acid group. Hisp: Hispidulin, OA: Oleic acid.

In the 20 puM hispidulin group, AMPK levels
increased compared to the model group (p < 0.05).
No significant difference was observed in the 40 uM
hispidulin group. Regarding SIRT1 levels, no
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Figure 5. AMPK and SIRT1 results.
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significant difference was found in the 20 uM
hispidulin group compared to the model group,
whereas a decrease was detected in the 40 uM
hispidulin group (p < 0.05) (Figure 5).

Hisp20+0A Hispd0+0A
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Values are expressed as mean + SD from three different experiments. *p< 0.05 denotes significance relative to the control group, #
p< 0.05 denotes significance relative to the oleic acid group. Hisp: Hispidulin, OA: Oleic acid.

DISCUSSION

In our study, compared to the model group, the
hispidulin 40 pM group showed a decrease in
intracellular lipid content, TG and TC levels, ALT
and AST levels in the HepG2 cell line, where the
MASLD model was induced with oleic acid,
indicating the therapeutic effect of hispidulin.

The HepG2 cell line is a well-characterized cancer cell
line that retains many functions of healthy
hepatocytes, including cholesterol, triglyceride,
lipoprotein, and glycogen metabolism?>, and it has
been used for many years in MASLD models?. There
are similar studies in the literature where the HepG2
cell line was used alone without a healthy cell line?”.
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In the literature, two studies were found in which
hispidulin was applied to the HepG2 cell line. In
these  studies, hispidulin = was applied at
concentrations between 50-200 uM for 24, 48, and 72
hours, and it was found to be significantly cytotoxic
at concentrations of 50 uM and above within 24
hours. A study using a different cell line, 3T3-L1
preadipocyte cells, showed that hispidulin did not
affect cell viability when applied at concentrations of
10, 20, and 40 uM for 24 hours®. In our study,
consistent with the literature, no significant toxicity
was observed at concentrations of 20 pM and 40 pM
within 24 hours.

In a study where hispidulin was administered alone or
in combination with p-synephrine to investigate its
antiadipogenic effect in 3T3-L1 preadipocytes, it was
found that hispidulin  inhibited  adipocyte
differentiation and significantly reduced lipid
accumulation in ORO staining at concentrations of
20 M and 40 pM?38. Similatly, in our study, hispidulin
significantly reduced intracellular lipid accumulation
in ORO staining at concentrations of 20 pM and 40
uM. The 40 uM hispidulin group also significantly
reduced TG and TC levels. Hispidulin demonstrated
antiadipogenic effects consistent with the literature
and reduced lipid levels.

Hispidulin combined with synephrine, octopamine,
and HCI was reported to reduce body weight and
decrease TC and ALT levels in mice fed a high-fat
diet*. In another study, using a bromobenzene-
induced hepatotoxicity model in mice, hispidulin
inhibited lipid peroxidation significantly lowered
ALT levels, and reduced hepatotoxicity was
observed?’. ALT and AST do not always increase
together in model groups. In a similar study
examining the effect of oleic acid and chicoric acid in
modeling MASLD in HepG2 cells, AST levels
increased significantly in the OA group compared to
the control group, while ALT levels did not
increase®. In another study where HepG2 cells were
exposed to 0.1 mM OA for 24 hours to induce lipid
accumulation, the TG, TC, ALT, and AST levels were
significantly increased in the OA group compared to
the control group. When Alpha-naphthoflavone was
administered as treatment and incubated for another
24 hours, the TG, TC, ALT, and AST levels
significantly decreased in the treatment group
compared to the OA group. ALT and AST levels
are variable in MASLD, and their elevation does not
rule out the disease. ALT is specific to the liver and
is elevated in about one in three patients with
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MASLD, whereas AST is an enzyme released from
other tissues, and its elevation has been associated
with the histopathologic progression of the
disease! 4041 In this study, ALT levels were
significantly increased in the OA group compared to
the control group, while AST levels did not show a
significant increase. However, a significant decrease
in both ALT and AST levels was observed in the 40
pM hispidulin group compared to the OA group, and
these results are consistent with similar studies.
Hispidulin significantly decreased ALT and AST
enzyme levels compared to the model group,
demonstrating hepatoprotective effects consistent
with the literature.

In the literature, in vitro models of MASLD, AMPK
and SIRT1 levels were usually significantly decreased
in the model group compared to the control group
and significantly increased again with treatment. In
mice fed a high-fat diet supplemented with Salvia-
Nelumbinis extract, hepatic SIRT1 and AMPK levels
gradually decreased in the model group. SIRT1 was
significantly increased in the model group compared
to the control group at week 4, but it decreased
significantly from week 12 onward. A significant
decrease in AMPK activity was observed in the
model group at week 16. AMPK and SIRT1 levels
increased again with Salvia-Nelumbinis treatment*2.
However, there are also studies where AMPK and
SIRT1 were not significantly reduced together. In a
study where an oleic acid-induced MASLD model
was used in HepG2 cells, no significant decrease in
AMPK and SIRT1 levels was obsetved in the model
group compared to the control group. However,
AMPK was activated, and SIRT1 levels increased
with Ginkolide C treatment 3. Studies investigating
the relationship between hispidulin and AMPK
reported that hispidulin may activate AMPK*-48. In a
study where GBM8401 and GBM8901 cell lines were
treated with 40 pM and 60 puM hispidulin for 48
hours, respectively, it was shown that hispidulin
activated AMPK, suppressed FAS and ACC, and
decreased lipid synthesis. In the study, AMPK
activation was evident for 48 hours®. AMPK needs
to phosphorylate the ACC enzyme to exert its lipid-
lowering effects, and this phosphorylation may take
time. In this study, a significant decrease in AMPK
levels was observed in the model group compared to
the control group, which is consistent with the
literature. Hispidulin treatment at 20 uM and 40 pM
decreased TG and TC levels but did not increase
AMPK levels at 40 pM compared to the model
group. The fact that hispidulin significantly increased
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AMPK levels at 20 uM but did not decrease TG
levels may be related to the insufficient time required
to observe the effect of AMPK increase on lipid
levels.

In this study, no significant increase in SIRT1 levels
was observed at 20 pM hispidulin, while SIRT1 levels
significantly decreased in the 40 uM hispidulin group.
Similar to studies in the literature, it is noteworthy
that SIRT1 levels were expected to increase but
instead decteased in the treatment group. The
catalytic activity of SIRT1 is regulated by nutritional,
hormonal, and environmental factors that can alter
cellular levels of NAD+, and the level and activity of
SIRT1 protein may not always be parallel. Therefore,
it has been reported that not only the protein level of
SIRT1 but also its activity should be considered 3.
The fact that hispidulin at 40 uM, which was effective
in this study, did not increase SIRT1 levels may be
attributed to the measurement of protein expression.
The lack of examination of SIRT1 activity is a
limitation of this study. On the other hand, the
significant reduction of lipid accumulation by 40 pM
hispidulin, despite the decrease in SIRT1 levels, may
indicate a specific effect of hispidulin on HepG2 cells
or that hispidulin may have inhibited lipogenesis via
another pathway.

Although the absence of a healthy cell group is a
limitation, similar studies can be found in the
literature. Since there was no FDA-approved
treatment for MASLD at the time of this study, no
positive control was used. Hispidulin also has anti-
inflaimmatory effects, and the inability to analyze
inflammatory parameters is a limitation of this study.
Additionally, SIRT1 activity could not be measured.

In conclusion, this study established a MASLD
model by exposing the HepG2 cell line to oleic acid
for 24 hours. Oil Red O staining, along with TG and
TC measurements, indicated that hispidulin had a
therapeutic effect on MASLD by improving lipid
parameters and decreasing ALT and AST levels.
However, this effect was not mediated through
AMPK and SIRT1. SIRT1 may not have been able to
activate AMPK. Contrary to expectations, however,
the SIRT1 level decreased significantly at a 40 pM
hispidulin ~ concentration,  despite  significant
improvement in lipid parameters. These results
suggest that hispidulin may have acted through a
pathway other than the SIRT1-AMPK pathway. In
one study, it was reported in silico that hispidulin may
also act via the NF-»«B and CYP450 enzymes in
MASLD and provide a hepatoprotective effect 32
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Given the anti-inflammatory effects of hispidulin, it
is necessary to conduct a study using a MASLD
model in experimental animals to evaluate the
systemic effects of hispidulin and to determine
whether it exerts its effects through the nuclear
factor-kappa B (NF-xB) pathway.

Author Contributions: Concept/Design : BA, HU; Data acquisition:
BA, HU, MT; Data analysis and interpretation: BA, DSK; Drafting
manuscript: BA; Critical revision of manuscript: DSK; Final approval
and accountability: BA, DSK, HU, MT; Technical or material support:
-5 Supervision: DSK; Securing funding (if available): n/a.

Ethical Approval: As the study is conducted on cell lines, there is no
need for ethical clearance.

Peer-review: Externally peer-reviewed.

Conflict of Interest: Authors declared no conflict of interest.
Financial Disclosure: This work was supported by Gaziantep
University Scientific Research Projects (project number TF.UT.21.44).
Information: This article is derived from a medical specialization thesis.

REFERENCES

Powell E, Wong V, Rinella M. Non-alcoholic fatty
liver disease. Lancet. 2021;397:2212-24.

Rinella M, Lazarus ], Ratziu V, Francque S, Sanyal A,
Kanwal Fea. A multisociety Delphi consensus
statement on new fatty liver disease nomenclature.
Hepatology. 2023;78:1966-86.

Byrne C, Targher G. NAFLD: a multisystem disease.
J Hepatol. 2015;62:47-64.

Kuyumcu A, Pirnak T, Yildiz E. Non alkolik yagh
karaciger hastaligi olan bireylerde fruktoz titketiminin
degerlendirilmesi. Turk J Clin Lab. 2019;10:190-6.
Rong L, Zou J, Ran W, Qi X, Chen Y, Cui Hea.
Advancements in the treatment of non-alcoholic fatty
liver disease (NAFLD). Front Endocrinol (Lausanne).
2022;13:1087260.

Harrison S, Bedossa P, Guy C, Schattenberg ],
Loomba R, Taub Rea. A phase 3, randomized,
controlled trial of resmetirom in NASH with liver
fibrosis. N Engl ] Med. 2024;390:497-509.

Ray K. Resmetirom proves positive for NASH with
liver fibrosis. Nat Rev Gastroenterol Hepatol.
2024;21:218.

Wang S, Sheng F, Zou L, Xiao ], Li P. Hyperoside
attenuates non-alcoholic fatty liver disease in rats via
cholesterol metabolism and bile acid metabolism. ]
Adv Res. 2021;34:109-22.

Ipsen D, Lykkesfeldt ], Tveden-Nyborg P. Molecular
mechanisms of hepatic lipid accumulation in non-
alcoholic fatty liver disease. Cell Mol Life Sci.
2018;75:3313-27.

Athyros V, Alexandrides T, Bilianou H, Cholongitas
E, Doumas M, Ganotakis Eea. The use of statins
alone, or in combination with pioglitazone and other
drugs, for the treatment of non-alcoholic fatty liver
disease/non-alcoholic  steatohepatitis and related
cardiovascular risk. An expert panel statement.
Metabolism. 2017;71:17-32.

10.



Volume 49 Year 2024

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Unal N, Yilmaz F, Akarca U, Nart D, Erséz G, Karasu
Zea. Nonalkolik yaglt karaciger hastaliginda histolojik
progresyon ile klinik ve laboratuvar parametrelerin
iliskisi. The Turkish Journal of Academic
Gastroenterology. 2020;19:63-74.

Anggreini P, Kuncoro, H, Sumiwi, SA, Levita, J. Role
of the AMPK/SIRT1 pathway in non-alcoholic fatty
liver disease (Review). Mol Med Rep. 2023;27:35.
Smith B, Marcinko K, Desjardins E, Lally J, Ford R,
Steinberg G. Treatment of nonalcoholic fatty liver
disease: role of AMPK. Am ] Physiol Endocrinol
Metab. 2016;311:730-40.

Colak Y, Ozturk O, Senates E, Tuncer I, Yorulmaz E,
Adali Gea. SIRT1 as a potential therapeutic target for
treatment of nonalcoholic fatty liver disease. Med Sci
Monit. 2011;17:5-9.

Luo X, He Z, Sun X, Gu X, Zhang W, Gao Jea. DHA
protects against hepatic steatosis by activating Sirtl in
a high fat diet-induced nonalcoholic fatty liver disease
mouse model. Diabetes Metab Syndr Obes.
2020;13:185-96.

Purushotham A, Schug T, Xu Q, Surapureddi S, Guo
X, Li X. Hepatocyte-specific deletion of SIRT1 alters
fatty acid metabolism and results in hepatic steatosis
and inflammation. Cell Metab. 2009;9:327-38.
Horman S, Browne G, Krause U, Patel ], Vertommen
D, Bertrand Lea. Activation of AMP-activated protein
kinase leads to the phosphorylation of elongation
factor 2 and an inhibition of protein synthesis. Curr
Biol. 2002;12:1419-23.

Ashaq A, Magbool, MF, Maryam, A, Khan, M, Shakir,
HA, Irfan, M et al. Hispidulin: A novel natural
compound with therapeutic potential against human
cancers. Phytother Res. 2021;35:771-89.

Hwang J, Kwon D, Yoon S. AMP-activated protein
kinase: a potential target for the diseases prevention
by natural occurring polyphenols. N Biotechnol.
2009;26:17-22.

Tanyddiz S, Yidiim H, Ugur H, Yaman M.
AMPK’nin dogal aktivatotleri ve hastaliklarla iligkisi.
European Journal of Science and Technology.
2021:389-401.

Tekin M. Bodrum ve Marmara Adasi'nda yetisen
Salvia fruticosa (syn. Salvia triloba) bitkisinin polar
ekstrelerinin kimyasal kompozisyonu ve
biyoaktivitelerinin karsilagtirilmast  [Yitksek Lisans
Tezi]. Istanbul: Bezmialem Vakif Universitesi. 2022.
Wang K, Tan W, Liu X, Deng L, Huang I, Wang Xea.
New insight and potential therapy for NAFLD:
CYP2E1 and flavonoids. Biomed Pharmacother.
2021;137:111326.

Cederbaum A, Wu D, Mari M, Bai J. CYP2E1-
dependent toxicity and oxidative stress in HepG2
cells. Free Radic Biol Med. 2001;31:1539-43.

Patel K, Patel D. Medicinal importance,
pharmacological activities, and analytical aspects of
hispidulin: A concise report. ] Tradit Complement
Med. 2017;7:360-66.

899

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Metabolic dysfunction-associated steatotic liver disease (MASLD)

Wu X, Xu, J. New role of hispidulin in lipid
metabolism: PPAR« activator. Lipids. 2016;51:1249-
57.

Lee SG, Kim JS, Min K, Kwon TK, Nam JO.
Hispidulin inhibits adipogenesis in 3T3-L1 adipocytes
through PPARy pathway. Chem Biol Interact.
2018;293:89-93.

Ferrandiz M, Bustos G, Paya M, Gunasegaran R,
Alcaraz M.  Hispidulin  protection  against
hepatotoxicity induced by bromobenzene in mice.
Life Sci. 1994;55:145-50.

Jalilian A, Golmohammadi T, Meshkani R, Koushki
M, Eivazi N, Khorzoughi Rea. Evaluating the effect
of a mixture of two main conjugated linoleic acid
isomers on hepatic steatosis in HepG2 cellular model.
Mol Biol Rep. 2021;48:1359-70.

Zhao N, Li X, Wang L, Feng Z, Li X, Wen Yea.
Palmitate induces fat accumulation by activating
C/EBPg-mediated GOS2 expression in HepG2 cells.
World J Gastroenterol. 2017;23:7705-15.

Gambino R, Bugianesi E, Rosso C, Mezzabotta L,
Pinach S, Alemanno Nea. Different serum free fatty
acid profiles in NAFLD subjects and healthy controls
after oral fat load. Int ] Mol Sci. 2016;17:479.

Ricchi M, Odoardi M, Carulli L, Anzivino C, Ballestri
S, Pinetti Aea. Differential effect of oleic and palmitic
acid on lipid accumulation and apoptosis in cultured
hepatocytes. ] Gastroenterol Hepatol. 2009;24:830-
40.

Gnoni A, Di Chiara Stanca B, Giannotti L, Gnoni G,
Siculella I, Damiano F. Quercetin reduces lipid
accumulation in a cell model of NAFLD by inhibiting
de novo fatty acid synthesis through the acetyl-coA
catboxylase 1/AMPK/PP2A axis. Int ] Mol Sci.
2022;23:1044.

Ziamajidi N, Khaghani S, Hassanzadeh G, Vatrdasbi S,
Ahmadian S, Nowrouzi Aea. Amelioration by chicory
seed extract of diabetes- and oleic acid-induced non-
alcoholic fatty liver disease (NAFLD)/non-alcoholic
steatohepatitis INASH) via modulation of PPAR« and
SREBP-1. Food Chem Toxicol. 2013;58:198-209.
Lima K, Schneider Levorse V, Rosa Garcia M, de
Souza Basso B, Pasqualotto Costa B, Antunes GLea.
Octyl gallate induces hepatic steatosis in HepG2 cells
through the regulation of SREBP-1c and PPAR-
gamma gene expression. Excli j. 2020;19:962-71.
Donato M, Tolosa L., Gémez-Lechén M. Culture and
functional characterization of human hepatoma
HepG2 cells. Methods Mol Biol. 2015;1250:77-93.
Xia H, Zhu X, Zhang X, Jiang H, Li B, Wang Zea.
Alpha-naphthoflavone attenuates non-alcoholic fatty
liver disease in oleic acid-treated HepG2 hepatocytes
and in high fat diet-fed mice. Biomed Pharmacother.
2019;118:109287.

Huang W, Chen Y, Liu H, Wu S, Liou C. Ginkgolide
C reduced oleic acid-induced lipid accumulation in
HepG2 cells. Saudi Pharm J. 2018;26:1178-84.



Aslan et al.

38.

39.

40.

41.

42.

43.

44,

45.

Lee D, Kwak H, Kim B, Kim S, Kim D, Kang K.
Combined anti-adipogenic effects of hispidulin and p-
synephrine on 3T3-L1 adipocytes. Biomolecules.
2021;11:1764.

Lee D, Lee, JH, Kim, BH, Lee, S, Kim, DW, Kang,
KS. Phytochemical combination (p-synephrine, p-
octopamine hydrochloride, and hispidulin) for
improving obesity in obese mice induced by high-fat
diet. Nutrients. 2022;14:2164.

Huang Y, Wang X, Yan C, Li C, Zhang L, Zhang Lea.
Effect of metformin on nonalcoholic fatty liver based
on meta-analysis and network pharmacology.
Medicine. 2022;101:31437.

Acay A. Non alkolik yagli karaciger hastaliginda giincel
medikal tedavi. The medical journal of Kocatepe.
2015;16:67-76.

LiuY,LiY, Wang ], Yang L, Yu X, Huang Pea. Salvia-
Nelumbinis naturalis improves lipid metabolism of
NAFLD by regulating the SIRT1/AMPK signaling
pathway. BMC Complement Med Ther. 2022;22:213.
Han M, Gao H, Ju P, Gao M, Yuan Y, Chen Xea.
Hispidulin inhibits hepatocellular carcinoma growth
and metastasis through AMPK and ERK signaling
mediated  activaton = of  PPARy.  Biomed
Pharmacother. 2018;103:272-83.

Wang Y, Liu W, He X, Fei Z. Hispidulin enhances the
anti-tumor effects of temozolomide in glioblastoma
by activating AMPK. Cell Biochem Biophys.
2015;71:701-6.

Niu X, Chen J, Wang P, Zhou H, Li S, Zhang M. The
effects of hispidulin on bupivacaine-induced
neurotoxicity: role of AMPK signaling pathway. Cell
Biochem Biophys. 2014;70:241-9.

900

46.

47,

48.

49.

51.

52.

Cukurova Medical Journal

Huang I, Huang K, Ning H. Autophagy induction by
hispidulin provides protection against sevoflurane-
induced neuronal apoptosis in aged rats. Biomed
Pharmacother. 2018;98:460-8.

Zhou R, Wang Z, Ma C. Hispidulin exerts anti-
osteoporotic activity in ovariectomized mice via
activating AMPK signaling pathway. Cell Biochem
Biophys. 2014;69:311-7.

Woo S, Seo S, Kim S, Nam J, Kim S, Park Jea.
Hispidulin enhances TRAIL-mediated apoptosis via
CaMKKB/AMPK/USP51 axis-mediated Bim
stabilization. Cancers (Basel). 2019;11:1960.

Lin Y, Hung C, Tsai J, Lee J, Chen Y, Wei Cea.
Hispidulin potently inhibits human glioblastoma
multiforme cells through activation of AMP-activated
protein kinase (AMPK). ] Agric Food Chem.
2010;58:9511-7.

Kim J, Yang G, Kim Y, Kim J, Ha J. AMPK
activators: mechanisms of action and physiological
activities. Exp Mol Med. 2016;48:224.

Cheng J, Liu C, Hu K, Greenberg A, Wu D, Ausman
Lea. Ablation of systemic SIRT1 activity promotes
nonalcoholic fatty liver disease by affecting liver-
mesenteric adipose tissue fatty acid mobilization.
Biochim  Biophys  Acta Mol Basis Dis.
2017;1863:2783-90.

Patel DK, Patel K. Hepatoprotective effect of
hispidulin for the treatment of non-alcoholic fatty
liver disease (NAFLD): involvement of nuclear
factor-¥B and cytochrome p450 through molecular
mechanism. The Liver Week 2020; Virtual
Conference. p. 319.



