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An overload of hepatic fatty acids, such as oleic acid is a key trigger of non-alcoholic fatty
liver disease (NAFLD). Here, we investigated whether Artemisia frigida, a valuable
traditional medicine used to treat various diseases, could mitigate OA-induced lipid
accumulation in HepG2 cells. Then, to identify the active substances in A. frigida, a
phytochemistry investigation was conducted using a bioassay-guided isolation method.
Consequently, one terpene (1) and one flavone (2) were identified. Compound 1
((+)-dehydrovomifoliol) exhibited potent effects against lipid accumulation in OA-
induced HepG2 cells, without causing cyto-toxicity. Notably, treatment with
(+)-dehydrovomifoliol decreased the expression levels of three genes related to
lipogenesis (SREBP1, ACC, and FASN) and increased those of three genes related to
fatty acid oxidation (PPARα, ACOX1, and FGF21). In addition, similar results were
observed for SREBP1, PPARα, and FGF21 protein levels. The effects of
(+)-dehydrovomifoliol were partially reversed by treatment with the PPARα antagonist
GW6471, indicating the important role of the PPARα–FGF21 axis in the effects of
(+)-dehydrovomifoliol. Based on its effects on hepatic lipogenesis and fatty acid
oxidation signaling via the PPARα–FGF21 axis, (+)-dehydrovomifoliol isolated from A.
frigida could be a useful early lead compound for developing new drugs for NAFLD
prevention.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver disease that is prevalent in
China, affecting approximately 29% of the population when compared with the global prevalence of
approximately 25%) (Loomba et al., 2021). The prevalence of NAFLD is clearly related to the growing
epidemic of metabolic diseases, such as obesity and cardiovascular diseases (Bellentani, 2017). A
subset (15–20%) of patients with NAFLD progresses to develop the more severe disease nonalcoholic
steatohepatitis (NASH) (Tilg and Moschen, 2010). The pathogenesis of NAFLD involves a “two-hit”
hypothesis; hepatic triglyceride (TG) accumulation is a key step of the first hit leading to NASH,
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which is always associated with hepatic steatosis, including
lipogenesis, lipolysis, and fatty acid oxidation (Basaranoglu
et al., 2013). Therefore, targeting lipid dysregulation is
extremely important for developing additional complex
treatment options for patients with NAFLD.

PPARα is a master regulator of lipid metabolism and
ketogenesis in the liver (Rakhshandehroo et al., 2009).
Fibroblast growth factor 21 (FGF21) is a direct target gene of
PPARα and a key mediator of hepatic lipid metabolism (Badman
et al., 2007). Because of its ability to not only directly modulate
lipid metabolism in the liver but also to improve whole-body
metabolic homeostasis, the PPARα–FGF21 axis has emerged as a
promising target for the treatment of NAFLD and NASH. FGF21
reduces the expression of lipogenic genes, including SCD1, FASN,
and SREBP1. SREBP1 is a master regulator of the lipogenic
transcriptional network that is overexpressed upon ingestion
of a high-fat diet. (Gälman et al., 2008; Tillman and Rolph,
2020). Other studies have shown that activation of the
PPARα–FGF21 pathway has protective effects against lipid
accumulation and NAFLD and NASH development (Marino
et al., 2016; Zeng et al., 2017). Although there are several
pharmacological treatments for NAFLD, such as lipid-lowering
agents, insulin sensitizers, and cytoprotective and antioxidant
agents, their prolonged use is associated with a risk of adverse
effects (Singh et al., 2015). Thus, innocuous, more effective
therapeutic agents—possibly of natural origin—are needed to
treat hepatic TG accumulation in patients with NAFLD.

Artemisia frigida, a perennial herb of the family Compositae,
is widely used for the treatment of numerous human
diseases, including jaundice and cold, in China. As a
traditional medicine, it has a long history of use for the
treatment of arthrosis, carbuncles, and bleeding (Jiggemudedan,
1999). Modern pharmacological studies have shown that it has
multiple bioactivities, including anticancer, anti-inflammatory,
and antioxidant effects (Qinghu Wang et al., 2015; Olennikov
et al., 2019). Phytochemistry research showed that A.
frigida mainly contains terpenes and flavonoids. As part of
our ongoing exploration aimed at discovering bioactive
natural products for treating NAFLD from artemisia plants,
the dried aerial parts of A. frigida were extracted and
fractionated to yield (+)-dehydrovomifoliol (1) and eupatilin
(2).

In summary, the present study described (+)-dehydrovomifoliol,
isolated from a traditional ethnic medicine, alleviates oleic
acid-induced lipid accumulation in HepG2 cells via the
PPARα–FGF21 pathway. These results are available on its
mechanism of action underlying this activity, and are very
helpful to provide clues and useful exploration for drug
research based on natural products especially terpenoids.

MATERIALS AND METHODS

Plant Material
The aerial parts of A. frigida were originally collected from
Sichuan province, China in July 2017 and identified by Dr.
Xudong Zhou, who is one of the corresponding authors. A

voucher specimen (No. LH201707) was deposited in the
Herbarium of Innovative Materia Medica Research Institute,
Hunan University of Chinese Medicine.

Extraction and Isolation
Air-dried and powdered aerial parts of A. frigida (2.2 kg) were
immersed in 95% aqueous EtOH, four times for 3 h, each. The
EtOH extract was concentrated; suspended in water; and
sequentially partitioned with petroleum ether (51.2 g),
methylene dichloride (26.9 g), ethyl acetate (7.43 g), and
n-BuOH (34.6 g). The methylene dichloride (CH2Cl2) fraction
was separated by chromatography using a silica gel column
(200–300 mesh; petroleum/EtOAc, 1:0→0:1) to yield seven
fractions (Fr. A–G) and then Fr. E was separated using a MCI
column (MeOH/H2O, 40:60→90:20) to yield seven major sub-
fractions (Fr. E1–E7). Fr. E7 was re-separated by semi-preparative
HPLC (MeOH/H2O 41:59, 2.0 ml/min) to yield compounds 1
(5.2 mg, retention time (Rt): 26.0 min) and 2 (6.7 mg, Rt:
38.1 min). Their structures were determined by comparing
with data in the available literature (González, et al., 1988;
Kisiel et al., 2003; Kim et al., 2004; Suleimenov et al., 2005),
including NMR spectra and optical rotation values.
(+)-Dehydrovomifoliol 1) was isolated from this plant for the
first time.

Cell Culture
HepG2 cells were cultured in a 5% CO2 incubator under a
humidified atmosphere at 37°C for 2–3 days. The cells were
grown in Advanced Roswell Park Memorial Institute (RPMI)
1,640 medium (Thermo Fisher Scientific, Waltham, MA,
United States) supplemented with 10% fetal bovine serum
(ThermoFisher) and 1% penicillin-streptomycin (Solarbio,
Beijing, China). Upon reaching a cell density of 70–80%, the
cells were subcultured at a ratio of 1:4.

Cell Viability Assay
For the toxicity screening, HepG2 cells were seeded in 96-well
plates at a density of 1 × 104 cells/well. WST-8 reagent (10 μl;
Beyotime, Shanghai, China) was added to each well and
incubated at 37°C for 2 h. Finally, the absorbance at 450 nm
was measured using a microplate reader. The effects on cell
growth are reported as a percentage of the control.

Oil Red O Staining
Oil red O (ORO) was purchased from Sigma (St. Louis, MO,
United States). In brief, HepG2 cells were fixed with 4%
paraformaldehyde for 30 min and then stained with 0.5%
ORO (w:v) for 15 min at 20 °C–25°C. Nuclei were stained with
hematoxylin for 10 min. All stained sections were examined via
light microscopy.

Measurement of Intracellular TGs
To measure the intracellular TG content in HepG2 cells, the cells
were lysed with 0.1% Triton X-100 (Solarbio). The resulting cell
lysates were used to assess TG content using a commercial kit
(Jiancheng, Nanjing, China) according to the manufacturer’s
instructions.
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RT-qPCR Analysis
Total RNA was isolated from the HepG2 cells with different
treatment using the RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Then, the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United States) was
used to reverse transcribe the extracted RNA. The resulting
cDNA was used for real-time qPCR amplification with specific
primers and iTaq universal SYBR Green Supermix (Bio-Rad)
according to the manufacturer’s instructions. The reaction was
performed in triplicate using the StepOnePlus Real-Time PCR
system (Thermo Fisher Scientific), and the resulting values were
normalized to those of a housekeeping gene (β-actin or
glyceraldehyde 3-phosphate dehydrogenase [GAPDH]) (Chen
et al., 2019).

Western Blotting Analysis
HepG2 cells were seeded at a density of 1 × 105 cell/ml in 25 cm2

flasks and before induction with oleic acid (OA) for 24 h, HepG2
cells were pretreated with/without 10 μM GW6471 (HY-15372,
MCE, Shanghai, China) for 2 h and with different concentration
of compound 1 for 30 min. Then, the cells were harvested and
lysed with RIPA lysis buffer (Thermo Fisher Scientific)
containing 1× protease inhibitor and phosphatase inhibitor
cocktails (Roche Molecular Biochemicals, Basel, Switzerland).
The Bio-Rad protein assay (Bio-Rad) was used to measure
protein content, and equal amounts of protein were separated
by sodium dodecyl sulfate (SDS)-PAGE (NuPage, Bis-Tris Gel
4–12%; Thermo Fisher Scientific). The proteins were transferred
onto polyvinylidene difluoridemembranes and then immunoblotted
with specific primary antibodies against SREBP1 (# ab28481, 1:
2000), PPARα (# ab171941, 1:2000), FGF21 (# ab126285, 1:2000),
and GAPDH (# AP0063, 1:5,000) at 4°C overnight with gentle
shaking. Bound antibodies were detected using the Immobilon
Western Chemiluminescent kit (Millipore, Billerica, MA,
United States). Images were taken with an ImageQuant LAS
4000 mini (Fujifilm, Tokyo, Japan) (Chen et al., 2019).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc, San Diego, CA, United States).
Values shown are the means ± Standard Error of Mean
(SEM). The data were analyzed using one-way Student’s t-test,
and p values less than 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001)
were considered statistically significant (Lee et al., 2019).

RESULTS

Isolation and Structure Elucidation
Through bioassay-guided fractionation of the 95% aqueous EtOH
extract of A. frigida aerial parts, we found that the methylene
dichloride (CH2Cl2) fraction exerted lipid accumulation
decreasing effects in OA-induced HepG2 cells (data not
shown). Further separation of the CH2Cl2 fraction via activity-
guided chromatographic methods yielded (+)-dehydrovomifoliol
(1), which was isolated from this plant for the first time, and a
known compound named eupatilin (2).

(+)-Dehydrovomifoliol Alleviates
OA-Induced Excessive Lipid Accumulation
in HepG2 Cells
As shown in Figure 1B, the CCK-8 assays demonstrated that
compound 1was not toxic to HepG2 cells at concentrations lower
than 50 μMwhereas compound 2 was cytotoxic at 25 and 50 μM.
Since the cytotoxic effects of 2, we chose 1 for further study. The
results of the TG assay and oil red staining revealed that OA
increased the lipid contents in HepG2 cells. However,
pretreatment with (+)-dehydrovomifoliol significantly reduced
OA-induced lipid accumulation (Figures 2A,B), and the effect at
10 μM was not significantly different than that at 25 or 50 μM.
Therefore, 10 μM was regarded as a safe concentration and was
chosen for subsequent experiments. Oil red staining also showed
a significant decrease in lipid droplets after treatment with
10 μM (+)-dehydrovomifoliol. Importantly, these beneficial
effects in OA-induced HepG2 cells were dependent on
(+)-dehydrovomifoliol dose.

Changes in Gene and Protein Expression
Levels in OA-Induced HepG2 Cells After
(+)-Dehydrovomifoliol Treatment
Excessive lipid accumulation is caused by either overactivation of
lipogenesis or impairment of fatty acid oxidation and lipolysis.
Thus, to elucidate the molecular events underlying the beneficial
effects of (+)-dehydrovomifoliol, RT-qPCR analysis was used to
quantify the mRNA expression levels of hepatic genes involved in
these processes. As shown in Figures 3A–C, significant increases
in the mRNA expression levels of lipogenesis-related genes that
promote the synthesis of de novo monounsaturated fatty acids,
such as ACC, FASN, SCD1, and SREBP1, occurred after OA
stimulation whereas significant decreases in SREBP1, ACC, and
FASN mRNA expression occurred after pretreatment with
(+)-dehydrovomifoliol. Furthermore, the mRNA expression
levels of three genes that exert lipid-lowering effects—PPARα,
ACOX1, and FGF21—were significantly increased after
pretreatment with (+)-dehydrovomifoliol. Administration of
OA caused a drastic reduction in the mRNA expression levels
of lipolysis-associated genes. However, these effects on mRNA
expression levels were not observed after pretreatment with
(+)-dehydrovomifoliol. Similar results were observed with
SREBP1, PPARα, and FGF21 protein expression levels using
western blotting (Figure 3D). These results indicate the
PPARα–FGF21 axis is the potential target of
(+)-dehydrovomifoliol.

Treating Cells With a PPARα Antagonist
Attenuates the Effects of
(+)-Dehydrovomifoliol on OA-Induced Lipid
Accumulation in HepG2 Cells
PPARα is an important nuclear factor that regulates numerous
hepatic lipid metabolism genes including FGF21, which is
one of the most important effectors (Inagaki et al., 2007;
Vernia et al., 2014; Huang et al., 2017). We examined TG
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content and lipid accumulation in OA-induced HepG2
cells pretreated with GW6471 (a PPARα inhibitor) before
(+)-dehydrovomifoliol treatment to further examine the role
of the PPARα–FGF21 axis in (+)-dehydrovomifoliol-mediated
protection against lipid accumulation. As shown in Figure 4,
administration of GW6471 reversed the decrease in lipid
accumulation caused by (+)-dehydrovomifoliol. In addition,
the improvements in the mRNA expression levels of SREBP1,
ACC, FASN, ACOX1, and FGF21 were significantly reversed
by GW6471 administration. Similar results were observed for
the levels of SREBP1C and FGF21 proteins. These findings
suggest that suppression of the PPARα–FGF21 axis partially
abrogated the restoration effects of (+)-dehydrovomifoliol
on lipid metabolism and the mRNA expression levels of
related genes.

In addition, a molecular docking study (Figure 5) showed that
the C-3 and C-9 carbonyl in (+)-dehydrovomifoliol formed
hydrogen bond donors and/or acceptors with some amino
acid residues of PPARα (Gly335, Met220, and Asn219) and
thus increased the activity of the compound (Kuwabara et al.,
2012). However , the space around these oxygen atoms in PPARα
was large enough for further optimization to improve the
biological activity of (+)-dehydrovomifoliol, suggesting its
potential as a lead compound (Figure 6).

DISCUSSION

Hepatic lipid accumulation is central to the pathogenesis of
NAFLD and NASH, and it is also a risk factor for many other

FIGURE 1 | Chemical structures of 1 and 2, and their cytotoxicity analysis. (A) Chemical structures of compounds 1 and 2 isolated from the methylene dichloride
(CH2Cl2) fraction of artemisia frigida aerial parts. (B) Changes in the viability of HepG2 cells treated with different concentrations of compound 1 or 2. Cell viability as
assessed using the CCK-8 assay at 24 h post-treatment. Data shown in the bar chart are expressed as the mean ± SEM (n � 3). ****p < 0.0001.

FIGURE 2 | (+)-Dehydrovomifoliol alleviates OA-induced excessive lipid accumulation in HepG2 cells. HepG2 cells were pretreated for 30 min with different
concentrations of compound 1 and then stimulated with 10 μMoleic acid (OA). Then, at 24 h post-treatment (A)Oil red O staining images (100×) and the percentages of
HepG2 cells containing lipid droplets. (B) TG contents were analyzed using the TG detection assay. Data shown in the bar chart are expressed as the mean ± SEM (n �
3). #p < 0.05, # # #p < 0.001 vs the control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs the OA-induced group.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7501474

Xi et al. Dehydrovomifoliol Alleviates Lipid Accumulation

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


chronic metabolic perturbations. Natural products have diverse
biological activities for diseases associated with lipid
accumulation (Vermaak et al., 2011). The previous research

found saponins from Momordica charantia could reduce fat
accumulation by targeting multiple lipid mechanisms
containing the sbp-1/mdt-15 pathway (Liu et al., 2019).

FIGURE 3 | (+)-Dehydrovomifoliol modulates lipid metabolism genes in HepG2 cells. HepG2 cells were pretreated for 30 min with different concentrations of 1 and
then stimulated with 10 μM oleic acid (OA) for 24 h. Then, the mRNA levels of genes related to lipid metabolism, including (A) lipogenesis (B) fatty acid oxidation, and (C)
lipolysis, were detected using RT-QPCR. (D)Western blotting analysis of Srebp1, PPARα, and FGF21 protein levels in HepG2 cells and quantification by densitometric
scanning. Data shown in the bar chart are expressed as the mean ± SEM (n � 3). *p < 0.05, **p < 0.01.

FIGURE 4 | PPARα antagonist attenuates the effects of (+)-dehydrovomifoliol on OA-induced lipid accumulation in HepG2 cells. Before induction with oleic acid
(OA) for 24 h, HepG2 cells were pretreated with 10 μM GW6471 for 2 h and with 10 μM compound 1 for 30 min. (A) Oil red O staining images (200×) and (B) the
percentages of HepG2 cells containing lipid droplets. (C) Triglyceride (TG) levels were analyzed using the TG detection assay. (D, E, F) Western blotting analysis of
SREBP1 and FGF21 protein levels in HepG2 cells and quantification by densitometric scanning. (G), (H)mRNA levels of ACC, FASN, SREBP1, ACOX1, and FGF21
were detected using RT-QPCR. Data shown in the bar chart are expressed as the mean ± SEM (n � 3). *p < 0.05, **p < 0.01, ****p < 0.0001.
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Auraptene, a natural compound, showed the inhibition of
P-glycoprotein expression, which widely existed in liver
(Nabekura et al., 2020). Ganoderic acid A, a triterpene from
Ganoderma lucidum, ameliorated lipid metabolism in
hyperlipidemic mice fed a high-fat diet, and could regulated
the mRNA levels of hepatic genes involved in fatty acid
metabolism (Guo et al., 2020). Another natural terpenoid
ursolic acid reduced ROS accumulation in a nematode model
(Naβ et al., 2021). These studies exhibited terpenoids had
potential anti-fat accumulation activity.

Using an in vitro model of lipid accumulation (OA-induced
HepG2 cells), we showed that (+)-dehydrovomifoliol alleviated
intracellular lipid accumulation. Mechanistically, the results of
our study indicate that (+)-dehydrovomifoliol significantly alters
multiple pathways involved in lipid homeostasis. More
specifically (+)-dehydrovomifoliol suppresses the expression of
genes modulating lipogenesis and TG synthesis and storage and
enhances the transcription of genes involved in fatty acid

oxidation and TG secretion, suggesting that
(+)-dehydrovomifoliol has broad functions in lipid metabolism
homeostasis.

Lipid homeostasis is dependent on the balance between
lipogenesis, lipolysis, and fatty acid oxidation (Lelliott and
Vidal-Puig, 2004). Lipogenesis is controlled by a cluster of
transcriptional factors, such as SREBP1, that drive the
transcription of target genes including FASN, ACC, and SCD1
(Linden et al., 2018). PPARα is a ligand-activated factor that plays
an important role in regulating fatty acid and ketogenesis. Studies
conducted in animals have consistently reported the importance
of PPARα expression in steatosis and NASH. For example,
PPARα null mice develop aggressive steatohepatitis when fed a
high-fat diet or methionine and choline-deficient diet (Ip et al.,
2003; Abdelmegeed et al., 2011). Activation of PPARα reverses
high-fat diet-induced hepatocellular injury and liver
inflammation and improves insulin sensitivity (Larter et al.,
2012). FGF21, a direct target of PPARα, is a metabolic

FIGURE 5 | Molecular docking model of compound 1 binding to PPARα.

FIGURE 6 | (+)-Dehydrovomifoliol activated the PPARα-FGF21 pathway to alleviate lipid accumulation.
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regulator that strongly affects both lipid and glucose homeostasis.
These findings are also in agreement with studies showing that
PPARα null mice are deficient in FGF21 and that treating these
mice with FGF21 improves hypertriglyceridemia and
hypoketonemia (Lundåsen et al., 2007). In this study, we
found that OA increased the mRNA expression levels of
SREBP1, ACC, and FASN; however (+)-dehydrovomifoliol
treatment reversed these increases. Administration of
(+)-dehydrovomifoliol significantly increased FGF21 mRNA
and protein expression levels in OA-induced HepG2 cells and
decreased lipid accumulation. In contrast, co-treatment with the
PPARα antagonist GW6471 blocked these effects. This finding
suggests the involvement of signaling via the PPARα–FGF21 axis
in (+)-dehydrovomifoliol-mediated alleviation of OA-induced
excessive lipid accumulation. More importantly, modulation of
PPARα and FGF21 at both the mRNA and protein levels was
dependent on (+)-dehydrovomifoliol dose. Thus, we concluded
that PPARα might be a target of (+)-dehydrovomifoliol, which
was confirmed by the antagonistic effect of GW6471
pretreatment. Finally, a molecular docking study showed that
(+)-dehydrovomifoliol could be useful as an effective scaffold for
a novel series of PPARα agonists. The mechanism underlying this
activation remains a question for further investigations, including
structural and physiological binding analyses. Drugs targeting
PPARα, such as fibrates, have been developed and used in clinical
applications for a long time (American Diabetes Association
2016). Although fibrates possess satisfactory properties for
managing lipid homeostasis, most of them have adverse or
side effects (Myerson, 2016; Julia et al., 2017). Therefore, more
potent and possibly more selective agonists targeting PPARα are
urgently needed for treating NAFLD and NASH (Pawlak et al.,
2014).

In conclusion, this study demonstrates that (+)-dehydrovomifoliol
protects hepatocytes against OA-induced lipid accumulation
through activation of the PPARα–FGF21 pathway and
hence encourages the future use of (+)-dehydrovomifoliol
derivatives for the prevention and/or treatment of NAFLD
and NASH and their complications. Further studies need to be
conducted to evaluate the lipid-lowering effects and toxicity of
(+)-dehydrovomifoliol in vivo based on the doses used in
this study.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

Conceptualization, XZ, YX, and XY; software and formal analysis
(spectral analysis and structure determination), XZ, YX;
methodology and investigation (the extraction and isolation,
bioactivities assay), YX, JZ, and XX; data curation, YX, JZ, and
WX; writing—original draft preparation, YX, JZ, and XZ;
writing—review and editing, YX, JZ, and NC; visualization and
supervision, NC and XY; project administration and funding
acquisition, NC and XZ. All authors reviewed the manuscript
and have read and agreed to the published version of themanuscript.

FUNDING

This research was funded by the National Natural Science
Foundation of China (Grant No. 81903514), the Opening
Project for the first-class disciplines of pharmacy (Grant No.
2020YX03) at Hunan University of Chinese Medicine, and
Scientific research project of Education Department of
Zhejiang Province (Grant No. Y202146053).

ACKNOWLEDGMENTS

The authors acknowledge and appreciate their colleagues for their
valuable efforts and comments regarding this paper.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.750147/
full#supplementary-material

REFERENCES

Abdelmegeed, M. A., Yoo, S. H., Henderson, L. E., Gonzalez, F. J., Woodcroft, K. J.,
and Song, B. J. (2011). PPARalpha Expression Protects Male Mice from High
Fat-Induced Nonalcoholic Fatty Liver. J. Nutr. 141 (4), 603–610. doi:10.3945/
jn.110.135210

American Diabetes Association (2016). Standards of Medical Care in Diabetes-
2016 Abridged for Primary Care Providers. Clin. Diabetes 34 (1), 3–21.
doi:10.2337/diaclin.34.1.3

Badman, M. K., Pissios, P., Kennedy, A. R., Koukos, G., Flier, J. S., and Maratos-
Flier, E. (2007). Hepatic Fibroblast Growth Factor 21 Is Regulated by
PPARalpha and Is a Key Mediator of Hepatic Lipid Metabolism in Ketotic
States. Cell Metab 5 (6), 426–437. doi:10.1016/j.cmet.2007.05.002

Basaranoglu, M., Basaranoglu, G., and Sentürk, H. (2013). From Fatty Liver to
Fibrosis: a Tale of "second Hit". World J. Gastroenterol. 19 (8), 1158–1165.
doi:10.3748/wjg.v19.i8.1158

Bellentani, S. (2017). The Epidemiology of Non-alcoholic Fatty Liver Disease. Liver
Int. 37 (1), 81–84. doi:10.1111/liv.13299

Chen, H., Zhang, Y., Zhang, W., Liu, H., Sun, C., Zhang, B., et al. (2019).
Inhibition of Myeloid Differentiation Factor 2 by Baicalein Protects
against Acute Lung Injury. Phytomedicine 63, 152997. doi:10.1016/
j.phymed.2019.152997

Gälman, C., Lundåsen, T., Kharitonenkov, A., Bina, H. A., Eriksson, M., Hafström,
I., et al. (2008). The Circulating Metabolic Regulator FGF21 Is Induced by
Prolonged Fasting and PPARalpha Activation in Man. Cel Metab 8 (2),
169–174. doi:10.1016/j.cmet.2008.06.014

GonzálezHerrera, A. G. J. R., Herrera, J. R., Luis, J. G., Ravelo, A. G., and Ferro, E.
A. (1988). Terpenes and Flavones of Salvia Cardiophylla. Phytochemistry 27 (5),
1540–1541. doi:10.1016/0031-9422(88)80236-X

Guo,W. L., Guo, J. B., Liu, B. Y., Lu, J. Q., Chen, M., Liu, B., et al. (2020). Ganoderic
Acid A from Ganoderma Lucidum Ameliorates Lipid Metabolism and Alters
Gut Microbiota Composition in Hyperlipidemic Mice Fed a High-Fat Diet.
Food Funct. 11 (8), 6818–6833. doi:10.1039/d0fo00436g

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7501477

Xi et al. Dehydrovomifoliol Alleviates Lipid Accumulation

https://www.frontiersin.org/articles/10.3389/fphar.2021.750147/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.750147/full#supplementary-material
https://doi.org/10.3945/jn.110.135210
https://doi.org/10.3945/jn.110.135210
https://doi.org/10.2337/diaclin.34.1.3
https://doi.org/10.1016/j.cmet.2007.05.002
https://doi.org/10.3748/wjg.v19.i8.1158
https://doi.org/10.1111/liv.13299
https://doi.org/10.1016/j.phymed.2019.152997
https://doi.org/10.1016/j.phymed.2019.152997
https://doi.org/10.1016/j.cmet.2008.06.014
https://doi.org/10.1016/0031-9422(88)80236-X
https://doi.org/10.1039/d0fo00436g
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Huang, Z., Xu, A., and Cheung, B. M. Y. (2017). The Potential Role of Fibroblast
Growth Factor 21 in LipidMetabolism andHypertension. Curr. Hypertens. Rep.
19 (4), 28. doi:10.1007/s11906-017-0730-5

Inagaki, T., Dutchak, P., Zhao, G., Ding, X., Gautron, L., Parameswara, V., et al.
(2007). Endocrine Regulation of the Fasting Response by PPARalpha-Mediated
Induction of Fibroblast Growth Factor 21. Cel Metab 5 (6), 415–425.
doi:10.1016/j.cmet.2007.05.003

Ip, E., Farrell, G. C., Robertson, G., Hall, P., Kirsch, R., and Leclercq, I. (2003). Central
Role of PPARalpha-dependent Hepatic Lipid Turnover in Dietary Steatohepatitis
in Mice. Hepatology 38 (1), 123–132. doi:10.1053/jhep.2003.50307

Jiggemudedan, J. (1999). B. Tong Wa Ga Ji De. Huhehaote, China: Inner Mongolia
People’s Press, 219.

Julia, A., Supreet, S., Emilie, T., and Morse, G. D. (2017). Novel Considerations
about Diabetes Management Strategies in Chinese Immigrants in America:
Possible Corollaries of the Use of Traditional ChineseMedicines. Innov. Pharm.
8 (2), 509. doi:10.24926/iip.v8i2.509

Kim, I., Chin, Y.W., Lim, S. W., Kim, Y. C., and Kim, J. (2004). Norisoprenoids and
Hepatoprotective Flavone Glycosides from the Aerial Parts of Beta Vulgaris
Var. Cicla. Arch. Pharm. Res. 27 (6), 600–603. doi:10.1007/BF02980156

Kisiel, W., Michalska, K., and Szneler, E. (2004). Norisoprenoids from Aerial Parts
of Cichorium Pumilum. Biochem. Syst. Ecol. 32 (3), 343–346. doi:10.1016/
j.bse.2003.08.005

Kuwabara, N., Oyama, T., Tomioka, D., Ohashi, M., Yanagisawa, J., Shimizu, T.,
et al. (2012). Peroxisome Proliferator-Activated Receptors (PPARs) Have
Multiple Binding Points that Accommodate Ligands in Various
Conformations: Phenylpropanoic Acid-type PPAR Ligands Bind to PPAR in
Different Conformations, Depending on the Subtype. J. Med. Chem. 55 (2),
893–902. doi:10.1021/jm2014293

Larter, C. Z., Yeh, M. M., Van Rooyen, D. M., Brooling, J., Ghatora, K., and Farrell,
G. C. (2012). Peroxisome Proliferator-Activated Receptor-α Agonist, Wy
14,643, Improves Metabolic Indices, Steatosis and Ballooning in Diabetic
Mice with Non-alcoholic Steatohepatitis. J. Gastroenterol. Hepatol. 27 (2),
341–350. doi:10.1111/j.1440-1746.2011.06939.x

Lee, J. E., Thuy, N. T. T., Lee, J., Cho, N., and Yoo, H. M. (2019). Platyphylloside
Isolated from Betula Platyphylla Is Antiproliferative and Induces Apoptosis in
colon Cancer and Leukemic Cells. Molecules 24 (16), 2960. doi:10.3390/
molecules24162960

Lelliott, C., and Vidal-Puig, A. J. (2004). Lipotoxicity, an Imbalance between
Lipogenesis De Novo and Fatty Acid Oxidation. Int. J. Obes. Relat. Metab.
Disord. 28 (4), S22. doi:10.1038/sj.ijo.0802854

Lin, C., Lin, Y., Chen, Y., Xu, J., Li, J., Cao, Y., et al. (2019). Effects of Momordica
Saponin Extract on Alleviating Fat Accumulation in Caenorhabditis elegans.
Food Funct. 10 (6), 3237–3251. doi:10.1039/c9fo00254e

Linden, A. G., Li, S., Choi, H. Y., Fang, F., Fukasawa, M., Uyeda, K., et al. (2018).
Interplay between ChREBP and SREBP-1c Coordinates Postprandial Glycolysis
and Lipogenesis in Livers of Mice. J. Lipid Res. 59 (3), 475–487. doi:10.1194/
jlr.M081836

Loomba, R., Friedman, S. L., and Shulman, G. I. (2021). Mechanisms and Disease
Consequences of Nonalcoholic Fatty Liver Disease. Cell 184 (10), 2537–2564.
doi:10.1016/j.cell.2021.04.015

Lundåsen, T., Hunt, M. C., Nilsson, L. M., Sanyal, S., Angelin, B., Alexson, S. E.,
et al. (2007). PPARalpha Is a Key Regulator of Hepatic FGF21. Biochem.
Biophys. Res. Commun. 360 (2), 437–440. doi:10.1016/j.bbrc.2007.06.068

Marino, J. S., Stechschulte, L. A., Stec, D. E., Nestor-Kalinoski, A., Coleman, S., and
Hinds, T. D., Jr (2016). Glucocorticoid Receptor β Induces Hepatic Steatosis by
Augmenting Inflammation and Inhibition of the Peroxisome Proliferator-
Activated Receptor (PPAR) α. J. Biol. Chem. 291 (50), 25776–25788.
doi:10.1074/jbc.M116.752311

Myerson, G. E. (2016). Pharmacoeconomics of Colcigel® for the Treatment of
Acute Gout Flares. Am. J. Pharm. Benefits 8 (4).

Nabekura, T., Kawasaki, T., Kato, Y., Kawai, K., Fiorito, S., Epifano, F., et al. (2020).
Citrus Auraptene Induces Drug Efflux Transporter P-Glycoprotein Expression
in Human Intestinal Cells. Food Funct. 10 (6), 5017–5023. doi:10.1039/
d0fo00315h

Naß, J., Abdelfatah, S., and Efferth, T. (2021). Ursolic Acid Enhances Stress
Resistance, Reduces ROS Accumulation and Prolongs Life Span in C.
elegans Serotonin-Deficient Mutants. Food Funct. 12 (5), 2242–2256.
doi:10.1039/d0fo02208j

Olennikov, D. N., Kashchenko, N. I., Chirikova, N. K., Vasil’eva, A. G., Gadimli,
A. I., Isaev, J. I., et al. (2019). Caffeoylquinic Acids and Flavonoids of
Fringed Sagewort (Artemisia Frigida Willd.): HPLC-DAD-ESI-QQQ-MS
Profile, HPLC-DAD Quantification, In Vitro Digestion Stability, and
Antioxidant Capacity. Antioxidants (Basel) 8 (8), 307. doi:10.3390/
antiox8080307

Pawlak, M., Baugé, E., Bourguet, W., De Bosscher, K., Lalloyer, F., Tailleux, A., et al.
(2014). The Transrepressive Activity of Peroxisome Proliferator-Activated
Receptor Alpha Is Necessary and Sufficient to Prevent Liver Fibrosis in
Mice. Hepatology 60 (5), 1593–1606. doi:10.1002/hep.27297

Rakhshandehroo, M., Hooiveld, G., Müller, M., and Kersten, S. (2009).
Comparative Analysis of Gene Regulation by the Transcription Factor
PPARalpha between Mouse and Human. PLoS One 4 (8), e6796.
doi:10.1371/journal.pone.0006796

Singh, S., Khera, R., Allen, A. M., Murad, M. H., and Loomba, R. (2015).
Comparative Effectiveness of Pharmacological Interventions for
Nonalcoholic Steatohepatitis: A Systematic Review and Network Meta-
Analysis. Hepatology 62 (5), 1417–1432. doi:10.1002/hep.27999

Suleimenov, E. M., Smagulova, F. M., Morozova, O. V., Raldugin, V. A.,
Bagryanskaya, I. Y., Gatilov, Y. V., et al. (2005). Sesquiterpene Lactones and
Flavonoids from Artemisia Albida. Chem. Nat. Compd. 41 (6), 689–691.
doi:10.1007/s10600-006-0013-x

Tilg, H., and Moschen, A. R. (2010). Evolution of Inflammation in Nonalcoholic
Fatty Liver Disease: the Multiple Parallel Hits Hypothesis. Hepatology 52 (5),
1836–1846. doi:10.1002/hep.24001

Tillman, E. J., and Rolph, T. (2020). FGF21: An Emerging Therapeutic Target for
Non-alcoholic Steatohepatitis and Related Metabolic Diseases. Front.
Endocrinol. (Lausanne) 11, 601290. doi:10.3389/fendo.2020.601290

Vermaak, I., Viljoen, A. M., and Hamman, J. H. (2011). Natural Products in Anti-
obesity Therapy. Nat. Prod. Rep. 28 (9), 1493–1533. doi:10.1039/c1np00035g

Vernia, S., Cavanagh-Kyros, J., Garcia-Haro, L., Sabio, G., Barrett, T., Jung, D. Y.,
et al. (2014). The PPARα-FGF21 Hormone axis Contributes to Metabolic
Regulation by the Hepatic JNK Signaling Pathway. Cel Metab 20 (3), 512–525.
doi:10.1016/j.cmet.2014.06.010

Wang, Q., Wu, J., Wu, X., Han, N., Tai, W., Dai, N., et al. (2015). Anti-
inflammatory Effects and Structure Elucidation of Flavonoid and
Biflavonoid Glycosides from Artemisia Frigida Willd. Monatsh Chem. 146
(2), 383–387. doi:10.1007/s00706-014-1322-6

Zeng, K., Tian, L., Patel, R., Shao, W., Song, Z., Liu, L., et al. (2017). Diet Polyphenol
Curcumin Stimulates Hepatic Fgf21 Production and Restores its Sensitivity in
High-Fat-Diet-Fed Male Mice. Endocrinology 158 (2), 277–292. doi:10.1210/
en.2016-1596

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xi, Zheng, Xie, Xu, Cho, Zhou and Yu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7501478

Xi et al. Dehydrovomifoliol Alleviates Lipid Accumulation

https://doi.org/10.1007/s11906-017-0730-5
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1053/jhep.2003.50307
https://doi.org/10.24926/iip.v8i2.509
https://doi.org/10.1007/BF02980156
https://doi.org/10.1016/j.bse.2003.08.005
https://doi.org/10.1016/j.bse.2003.08.005
https://doi.org/10.1021/jm2014293
https://doi.org/10.1111/j.1440-1746.2011.06939.x
https://doi.org/10.3390/molecules24162960
https://doi.org/10.3390/molecules24162960
https://doi.org/10.1038/sj.ijo.0802854
https://doi.org/10.1039/c9fo00254e
https://doi.org/10.1194/jlr.M081836
https://doi.org/10.1194/jlr.M081836
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.bbrc.2007.06.068
https://doi.org/10.1074/jbc.M116.752311
https://doi.org/10.1039/d0fo00315h
https://doi.org/10.1039/d0fo00315h
https://doi.org/10.1039/d0fo02208j
https://doi.org/10.3390/antiox8080307
https://doi.org/10.3390/antiox8080307
https://doi.org/10.1002/hep.27297
https://doi.org/10.1371/journal.pone.0006796
https://doi.org/10.1002/hep.27999
https://doi.org/10.1007/s10600-006-0013-x
https://doi.org/10.1002/hep.24001
https://doi.org/10.3389/fendo.2020.601290
https://doi.org/10.1039/c1np00035g
https://doi.org/10.1016/j.cmet.2014.06.010
https://doi.org/10.1007/s00706-014-1322-6
https://doi.org/10.1210/en.2016-1596
https://doi.org/10.1210/en.2016-1596
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	(+)-Dehydrovomifoliol Alleviates Oleic Acid-Induced Lipid Accumulation in HepG2 Cells via the PPARα–FGF21 Pathway
	Introduction
	Materials and Methods
	Plant Material
	Extraction and Isolation
	Cell Culture
	Cell Viability Assay
	Oil Red O Staining
	Measurement of Intracellular TGs
	RT-qPCR Analysis
	Western Blotting Analysis
	Statistical Analysis

	Results
	Isolation and Structure Elucidation
	(+)-Dehydrovomifoliol Alleviates OA-Induced Excessive Lipid Accumulation in HepG2 Cells
	Changes in Gene and Protein Expression Levels in OA-Induced HepG2 Cells After (+)-Dehydrovomifoliol Treatment
	Treating Cells With a PPARα Antagonist Attenuates the Effects of (+)-Dehydrovomifoliol on OA-Induced Lipid Accumulation in  ...

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


