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ABSTRACT ARTICLE HISTORY
Hibiscus sabdariffa. L is folk medicine that is often used for its hypolipidemic and antihypertensive Received 14 April 2021
effects; however, the active compound responsible for its anti-obesity effect is presently unknown. ~ Revised 25 June 2021
Delphinidin-3-sambubioside (Dp3-Sam) is an anthocyanin, was extracted from Hibiscus sabdariffa ~ Accepted 26 June 2021
L. The present research aimed to investigate the role of Dp3-Sam in the prevention of hyperlipi- KEYWORDS

demia in vivo and in vitro. Rats were fed with a standard chow diet (Control group) or high-fat Hibiscus sabdariffa; lipid
diet (HFD and DP group) for eight weeks. Besides, HepG2 cells were stimulated with 0.2 mM oleic metabolism; hyperlipidemia;
acid, with or without Dp3-Sam (100-200 ug/ml). Lipid profiles were measured by commercial kits. diet-induced obesity
Oil Red O staining was performed to measure the hepatic and intracellular lipid levels. The key

genes of lipid metabolism were measured by RT-PCR. In HFD-fed rats, Dp3-Sam reduced the body

weight gain, visceral fat, and abdominal fat and decreased hepatic lipid deposits. Dp3-Sam

decreased intracellular TG levels and lipid accumulation in oleic acid-treated HepG2 cells.

Besides, Dp3-Sam downregulated the mRNA expression of HMG-CoA reductase (HMGCR), sterol

regulatory element-binding protein-1 c¢ (SREBP-1 C), fatty acid synthase (FASN), and acetyl-CoA

carboxylase (ACC) and upregulated the mRNA expression of cholesterol 7a-hydroxylase (CYP7AT),

carnitine palmitoyltransferase1 (CPTT1), acyl-coenzyme A oxidase (ACOX), and peroxisome prolif-

erator-activated receptor alpha (PPARa). Dp3-Sam up-regulated the expression of phosphorylation

of AMP-activated protein kinase (pAMPK) in HFD-fed rats. Our findings indicated that Dp3-Sam

possesses the potential to improve lipid metabolism dysfunction and our results offered evidence

for the use of Dp3-Sam as therapy for the prevention of obesity and dyslipidemia.
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Introduction

Growing evidence showed that obesity is a primary
risk factor for non-communicable diseases, includ-
ing cardiovascular, hypertension, osteoarthritis,
type 2 diabetes, and cancer diseases [1,2]. And pre-
viously study has indicated that the obesity rate is
significantly increased from 1975 to 2014 in the
world, which has an important impact on the econ-
omy and world health [3]. Sedentary lifestyles or
high-calorific diets are the main causes of obesity,
which could ultimately result in hepatic lipid accu-
mulation, such as lipid droplets, total cholesterol
(TC), and triglycerides (TG) in hepatocytes [4]. The
liver is a primary place for lipid metabolism; there-
fore, harmonious regulation in lipid accumulation
and utilization is important in the treatment of
metabolic disorders and hyperlipidemia [5].

The current therapies for the treatment of
hyperlipidemia and obesity, such as orlistat, lorca-
serin, and liraglutide, are limited by their consid-
erable side effects [6]. Therefore, an effective and
safe pharmacological therapy is indispensable. Lots
of researches have shown that natural medicine
plant was potential material for preventing and
treating multiple diseases, including cardiovascular
disease, cancer, and metabolic disease since herbal
therapy had a lower incidence of side effects than
chemical drug therapy [7,8].

Hibiscus sabdariffa L. (Hs, roselle) is a perennial
herb, has been traditionally used as an herbal med-
icine in China [9]. It belongs to the family of
Malvaceae and is widely cultivated in many coun-
tries for its medicinal and industrial applications
[10]. Pre-clinical and clinical researches have
shown that H. sabdariffa L. extract possessed anti-
hypertensive, anti-diabetic, hepatoprotective, anti-
oxidant, anti-obesity, and antibacterial effects [9].
Organic acids, anthocyanins, phenolic acid, and
flavonoids are the main bioactive constituents in
the H. sabdariffa [9]. The previous report has indi-
cated that H. sabdariffa ethanolic, methanolic, and
aqueous extracts rich in flavonoids and polyphenols
exerted anti-inflammatory, antihypertension, and
antihyperlipidemic activities [10]. Another research
reported that H. sabdariffa calyces extract is rich in
anthocyanins, such as cyanidin-3-sambubioside,
delphinidine-3-glucoside, and  delphinidine-

3-sambubioside (Dp3-Sam), contributing to their
antioxidant effects [11]. However, whether the
Dp3-Sam exerts hypolipidemic effects and under-
lying mechanisms is still unclear.

We hypothesized that Dp3-Sam could prevent
the progression of hyperlipidemia. Therefore,
based on these researches, we used rat hyperlipi-
demia model induced by HFD and oleic acid-
induced steatosis of HepG2 cells to explore the
therapeutic potential of Dp3-Sam in the preven-
tion of hyperlipidemia. Besides, the key genes
related to lipids metabolism were measured to
explore the underlying mechanism of action of
Dp3-Sam.

Materials and methods

Determination of Dp3-Sam by high-performance
liquid chromatography (HPLC)

Dp3-Sam was obtained from Sichuan Weiqi
Biological Technology Co., Ltd (Sichuan, China)
and its purity was measured by a lipid chromato-
graphy (Agilent 1260), with a UV/VIS detector.
An Agilent ZORBAX Eclipse Plus C18 column
(4.6 x 50 mm, 3.5 pym) was used and the wave-
length was 520 nm. The mobile phase consisted of
solvents A (acetonitrile) and B (0.1% formic acid
in water) and the mobile phase in gradient mode
as follows: 0 min, 10% A; 6 min, 80%A;
10 min 80%A. The flow rate of the mobile phase
was 0.6 ml/min and the injection volume was
10 pl. The HPLC purity of Dp3-Sam was 98.91%
(Figure 1).

Animals

The six-week-old of Sprague-Dawley rats were
purchased from the Medical Laboratory Animal
Center of Yunnan (Kunming, China). All animals
were obtained free tap water and food under
a controlled humidity (40-60%) and room tem-
perature (20-22°C) with 12/12 h light-dark sche-
dules. The animal experimental protocol was
approved by the Animal Ethics Committee of
Yanan hospital of Kunming.
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Figure 1. HPLC chromatogram of delphinidin-3-sambubioside (Dp3-Sam).

Animal study design and Dp3-Sam
administration

A rat model of hyperlipidemia was induced
according to the previous report with minor mod-
ification [12]. After seven days of acclimatization.
All rats were classified into four groups (n = 8) as
follows: Control group (Control): rats were fed
normal chow diet for eight weeks; high-fat diet
group (HFD): rats were fed HFD for eight weeks;
a low dose of Dp3-Sam group (LDP): rats were fed
with HFD and gavaged with Dp3-Sam (15 mg/kg
body weight) daily for eight weeks; high dose of
Dp3-Sam group (HDP): rats were fed with HFD
and gavaged with Dp3-Sam (30 mg/kg body
weight) daily for eight weeks. The formula of the
experimental diets was present in Table 1. During
the experiment, food intake and body weight were
measured. The food efficiency ratio was obtained
using the following formula: weight gain/food
intake x 100%. After 12 h of fasting, rats were

Table 1. The formula of the experiment diets (%).

Ingredient High-fat diet Standard chow
Total protein (%) - 28.5
Crude fat (%) 13.5
Carbohydrates (%)

- 58
48% -
8%
44%

Standard chow (%)
Soybean oil (%)
Sweetened condensed milk (%)

anesthetized using ketamine and xylazine. The
blood was obtained from the inferior vena cava.
The visceral fat, abdominal fat, and liver tissue
were harvested, and stored at —80°C for further
assay. The liver index was measured using the
following formula: weight/body weight
x 100%.

liver

Measurement of fecal lipids

At the end of the experiment, rat feces were col-
lected, lyophilized, and weighted. Then, the feces
were crushed and about 0.4 g of powder was
ultrasonically extracted with 20 mL of chloro-
form/methanol (2:1, v/v) for 0.5 h. Finally, we
collected the supernatant and fecal lipids were
obtained using the vacuum drying method [13].

Biochemical analysis

The serum sample was prepared by centrifugation
of the blood sample at 4000 rpm for 10 min. The
liver tissue was homogenized in saline solution
and centrifuged at 4000 rpm for 10 min. We
collected the supernatant for biochemical analysis.
The levels of serum TC, TG, low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), hepatic TC, and hepatic TG
were assayed by commercial kits based on the
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manufacturer’s protocol (Jiancheng
Bioengineering Institute, Nanjing, China).

Histopathological analysis

The lipid deposition of hepatic tissues was
observed by Oil Red O staining. Briefly, freshly
collected hepatic tissues were fixed in 4% par-
aformaldehyde for 72 h. After dehydration with
ethanol, the hepatic tissues were embedded in
paraffin. Then, the embedded hepatic tissues
were cut into 6 um-thick sections and incubated
with 10% formalin at room temperature for
0.5 h, then stained with Oil Red O reagent for
20 min. The stained section was observed using
a microscope (Olympus, Tokyo, Japan) and
enlarged 200x to evaluate lipid deposition.

Cell culture and Dp3-Sam treatment

A HepG2 cells model of hyperlipidemia was
induced according to the previous report with
minor modification [14]. Human hepatocyte
(HepG2) cells were purchased from the China
Cell Line Bank (Beijing, China) and were cultured
in Dulbecco’s modified eagle medium (1% penicil-
lin-streptomycin and 10% fetal bovine serum) with
5% CO, in a humidified atmosphere at 37°C. After
reaching about 80% confluence, HepG2 cells were
starved and then stimulated with oleic acid
(0.2 mM), with or without Dp3-Sam (0-500 pg/
ml), for 24 h.

Measurement of cell viability

Cell viability was measured using the cell counting
kit-8 colorimetric assay. Briefly, the HepG2 cells
were seeded in 96-well plates (5 x 10° cells/well)
and cultured for 24 h. Subsequently, cells were
stimulated with oleic acid (0.2 mM), with or with-
out Dp3-Sam (0-500 pg/ml), for 24 h. Cell
Counting Kit-8 (Dojindo Molecular
Technologies, Inc., Japan) was used to measure
the cell viability according to the manufacturer’s
protocols. Besides, HepG2 cells were collected for
TG measurement by the commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing,
China) following the manufacturer’s protocols.

Oil Red O staining and assay of lipid
accumulation

HepG2 cells were stimulated with oleic acid
(0.2 mM), with or without Dp3-Sam (100 and
200 pg/ml), for 24 h. After that, HepG2 cells were
fixed in formalin solution (10%) for 0.5 h and stained
by Oil Red O solution for 0.5 h. After the stained cells
were washed with PBS and cells were observed by an
inverted microscope. 60% isopropanol was used to
extract the lipid droplets and measured the lipid
accumulation colorimetrically at 510 nm.

Real-time quantitative polymerase chain
reaction (RT-PCR)

Total RNA was isolated from hepatic tissue using
TRIzol reagent based on the suppliers’ specifica-
tions (Invitrogen, CA, USA). The cDNA synthesis
was conducted using the GoScript Reverse
Transcription kit based on the suppliers’ specifica-
tions (Thermo, USA). The mRNA levels were esti-
mated by RT-PCR using an SYBR Green qPCR
Master Mix kit based on the suppliers’ specifica-
tions (Takara, Dalian, China). The qPCR was per-
formed by an RT-PCR detection system (Bio-Rad,
Hercules, CA). The PCR reaction conditions were
performed as follows: 95°C for 2 min; 40 cycles of
95°C for 20 s, 60°C for 30 s and 70°C for 15 s. The
primer sequences used to amplify mRNA were
shown in Table 2. Fold expression relative to the
reference gene (GAPDH).

Western blot

Liver tissues were lysed in cold RIPA buffer to
extract the total proteins. Then, the bicinchoninic
acid protein assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) was
used to measure the protein concentration. The
protein (35 pg) was separated on a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose mem-
branes (Millipore, USA). After the membranes
were blocked with bovine serum albumin (5%)
for 2 h at room temperature and then were incu-
bated at 4°C overnight with the primary antibodies
against phosphor-AMPK, AMPK, and f-actin, fol-
lowed by the horseradish peroxidase-conjugated
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Table 2. Primer sequences for quantitative real-time RNA.

Genes Forward primer Reverse primer

Rat ACC 5'-CTGCTGGAGACCGAAAGCTT-3’ 5'-CAACATGGTGTCAGGACGTTCT-3'
Rat FASN 5'-AGCCCCTCAAGTGCACAGTG-3' 5'-TGCCAATGTGTTTTCCCTGA-3'

Rat SREBP-1 C 5'-CCCTGCGAAGTGCTCACAA-3’ 5'-GCGTTTCTACCACTTCAGGTTTCA-3’
Rat HMGCR 5'-TGTTCACCGGCAACAACAAGA-3' 5'-CCGCGTTATCGTCAGGATGA-3’
Rat CYP7A1 5'-TTCTCAACGATACACTCT-3' 5'-CTCCATTCACTTCTTCAG-3'

Rat CPT1 5'-ACCGCCACCTCTTCTGCCT-3' 5'-AGTTCCACCTGCTGCTGAG-3'

Rat ACOX 5-TTACATGCCTTTGTTGTCCCTATC-3’ 5'-CGGTAATTGTCCATCTTCAGGTA-3'
Rat PPARa 5'-GGAAACTGCCGACCTCAAAT-3’ 5'-AACGAAGGGCGGGTTATTG-3’

Rat GAPDH 5-TGTGTCCGTCGTGGATCTGA-3' 5'-CCTGCTTCACCACCTTCTTGAT-3'
Human FASN 5'-GGGATGAACCAGACTGCGTG-3' 5'-TCTGCACTTGGTATTCTGGGT-3’
Human SREBP-1 C 5'-GCGCCTTGACAGGTGAAGTC-3’ 5'-GCCAGGGAAGTCACTGTCTTG-3’
Human CPT1 5'-CTCAGTGGGAGCGGATGTTT-3' 5-TGCTGTCTCTCATGTGCTGG-3'

Human PPARa
Human GAPDH

5'-AAGCTGTCACCACAGTAGCTT-3’
5'-GAGCATCCCCCAAAGTTCACAA-3'

5'-TTCCAGAACTATCCTCGCCG-3’
5'-AGTGGGGTGGC AGGAT-3’

secondary antibody. These antibodies were
obtained from Cell Signaling Technology. An
enhanced chemiluminescence detection reagents
(Bio-Rad, CA, USA) was used to measure the
protein bands.

Statistical analysis

Data were presented as means * standard error of
the mean (SEM). Statistical comparisons were ana-
lyzed by one-way analysis of variance (ANOVA)
and data were statistically evaluated using
GraphPad Prism software (GraphPad Software,
Inc., La Jolla, USA). Differences were deemed sig-
nificant when P < 0.05.

Results

The present research aimed to investigate the ben-
eficial effects and underlying mechanism actions
of Dp3-Sam on hyperlipidemia. In our study, we
hypothesized that lipid metabolism involved in
Dp3-Sam’s protective effects against hyperlipide-
mia. And both rat and HepG2 cells model of
hyperlipidemia were wused to validate our
hypothesis.

The effects of Dp3-Sam on food intake, body
weight, tissue weight, and food efficiency ratio

A rat model of hyperlipidemia was established to
investigate the effects of Dp3-Sam on hyperlipide-
mia in vivo. The final body weight, body weight
gain, liver index, abdominal fat, visceral fat, and
food efficiency ratio of the HFD group were higher

when compared with those of the control group
(Figure 2). Administration of LDP or HDP inhib-
ited the increase of liver index, body weight gain,
final body weight, abdominal fat, visceral fat, and
food efficiency ratio induced by HFD.
Additionally, HDP showed the better effect than
LDP (P < 0.01 or P < 0.05). As shown in Figure 2c,
no obvious differences were observed among all
groups for food intake, showing that the loss in
body weight was attributed to the reduction of fat
accumulation and not result from lower energy
intake. Besides, the fecal lipid content of rats in
the HFD group was higher compared to the con-
trol group (Figure 2g). After administration of
LDP or HDP, the fecal lipid content was increased
compared with the HFD group (P < 0.01 or
P < 0.05). There was no significant difference in
fecal lipid and food efficiency ratio between the
LDP and HDP groups (P > 0.05). Our findings
showed that long-term treatment of Dp3-Sam
decreased lipid accumulation in HFD rats.

Histopathological analysis

Oil Red O staining was employed on hepatic sec-
tions to assess hepatic steatosis (Figure 3). The
lipid droplet was not observed in the hepatic tissue
section of the control group, while many lipid
droplets were found in the HFD group. However,
after treatment with Dp3-Sam for eight weeks, the
number and degree of red lipid droplets in the
LDP and HDP group were lower than those of
the HFD group. The improvement was particularly
significant in the HDP group, indicating that Dp3-
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Figure 2. Beneficial effects of delphinidin-3-sambubioside (Dp3-Sam) on high fat diet (HFD)-induced obese rats. (a) final weight; (b)
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Figure 3. Treatment with delphinidin-3-sambubioside (Dp3-Sam) alleviates lipid deposition in HFD rats. Representative images of
hepatic tissue Oil Red O staining of each group, black arrows indicated lipid droplet. Scale bar, 50 um.

Sam could alleviate hepatic lipid accumulation in
the HFD group.

The effects of Dp3-Sam on serum and hepatic
lipid profile in HFD rats

ELISA kits were used to measure the lipid profiles
in serum and liver tissue. After HFD for eight
weeks, the serum HDL-C level was decreased,
while the serum LDL-C, TG, and TC levels were
increased compared to those in the control group
(Figure 4a). Administration of LDP or HDP for
eight weeks improved these lipid profiles in the
HDP group. HDP exhibited the better effect than
LDP (P < 0.01 or P < 0.05). Besides, as shown in
Figure 4b, after HFD for eight weeks, the hepatic
TG and TC levels were increased compared with

those in the control group (P < 0.01). However,
administration of LDP or HDP for eight weeks
improved the hepatic lipid profiles in the LDP
and HDP groups. And HDP exhibited a better
effect than LDP (P < 0.05).

Effect of Dp3-Sam on mRNA expression in liver

As shown in Figure 5, the mRNA expressions of
lipid metabolism-related genes were measured to
explore the underlying mechanism actions of Dp3-
Sam against lipid metabolism disorder. The mRNA
expression levels of HMGCR, FAS, SREBP-1 C, and
ACC were upregulated in the HFD group, while
CYP7A1, CPTI1, ACOX, and PPARx mRNA expres-
sion levels were downregulated in the HFD group
compared to those in the control group (P < 0.01).
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Figure 4. Effect of delphinidin-3-sambubioside (Dp3-Sam) on serum lipid profile (a), and hepatic lipid profile (b) in the high-fat diet
(HFD)-induced obese rats. Low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triacylglycerol
(TG), and total cholesterol (TC). Data are reported as mean = SEM. * P < 0.05, ** P < 0.01, no significant difference (ns).

However, administration of LDP or HDP downre-
gulated the hepatic SREBP-1 C, ACC, FAS, and
HMGCR mRNA expression, and upregulated the
hepatic CYP7A1l, CPT1, ACOX, and PPAR«
mRNA expression (P < 0.01 or P < 0.05) in the
HED group. Additionally, HDP showed a better
effect than LDP (P < 0.05). There was no significant
difference in CYP7A1 and CPTI between the LDP
and HDP groups (P > 0.05).

Effect of Dp3-Sam on activation of AMPK in HFD
rats

We measured the protein expression of pAMPK/
AMPK to investigate the role of Dp3-Sam on the

hepatic AMPK pathway. As shown in Figure 6, the
phosphorylated AMPK to AMPK ratio was declined
in the HFD group compared with the control group
(P < 0.01). Administration of HDP increased the
ratio back to the normal level. These findings
showed that Dp3-Sam regulated lipogenesis-related
genes via the activation of the AMPK pathway.

Cell viability of Dp3-Sam

A HepG2 cells model of hyperlipidemia was estab-
lished to further validate the protective actions of
Dp3-Sam on hyperlipidemia in vitro. The effects
of oleic acid (0.2 mM) plus different concentra-
tions of Dp3-Sam (0-500 pg/ml) on cell viability
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Figure 6. Effect of delphinidin-3-sambubioside (Dp3-Sam) on the expression of AMPK in high fat diet (HFD)-induced obese rats. The
expression of AMPK and pAMPK in hepatic tissues were measured by western blot. Data are reported as mean = SEM. * P < 0.05, **

P < 0.01, no significant difference (ns).

were investigated (Figure 7a). The data showed
that oleic acid (0.2 mM) plus Dp3-Sam (0-
500 pg/ml) had no cytotoxic effect.

Effect of Dp3-Sam on intracellular TG level in
oleic acid-treated HepG2 cells

After treated with oleic acid (0.2 mM), the intra-
cellular TG level was higher than those of the
unstimulated cells (Figure 7b). Dp3-Sam treatment
prevented oleic acid-induced TG accumulation in
a concentration-dependent manner (25-200 pg/
ml). Therefore, the effect of Dp3-Sam on lipid
metabolism in vitro was evaluated using concen-
trations between 100 and 200 pg/ml.

Effect of Dp3-Sam on lipid accumulation in oleic
acid-treated HepG2 cells

After treated with oleic acid (0.2 mM), the lipid
accumulation was higher than those of the unsti-
mulated cells (Figure 8a). Dp3-Sam treatment
prevented oleic acid-induced lipid accumulation
in a concentration-dependent manner (100-
200 pg/ml). Besides, HepG2 cells exposed to
the oleic acid showed a significant increase in
lipid droplets compared to the unstimulated cells
(Figure 8b). Dp3-Sam treatment suppressed oleic
acid-induced lipid accumulation in
a  concentration-dependent manner (100-
200 pg/ml).
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Figure 7. Effect of delphinidin-3-sambubioside (Dp3-Sam) on cell viability and TG levels in oleic acid-treated HepG2 cells. (a) Cell
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Effect of Dp3-Sam on lipid metabolism in vitro

The genes involved in fatty acid p-oxidation and
lipogenesis were measured to explore the under-
lying mechanism actions of Dp3-Sam against
hyperlipidemia in vitro. As shown in Figure 9,
our findings showed that the mRNA expression
levels of FASN and SREBP-1 ¢, were down-
regulated by Dp3-Sam treatment compared with
oleic acid-treated HepG2 cells. Besides, the mRNA
expression levels of CPTI and PPARx were up-
regulated by Dp3-Sam treatment compared with
oleic acid-treated HepG2 cells. These findings

indicated that Dp3-Sam could inhibit lipid accu-
mulation via improving lipid metabolism.

Discussion

Long-term intake of HFD is deemed to one of the
primary risk factors for obesity, cardiovascular
disease, nonalcoholic fatty liver disease, and hyper-
lipidemia, hypertension, type 2 diabetes, and insu-
lin tolerance, which results in chronic health
problems [15]. Previous reports indicated that
H. sabdariffa L. extract possessed anti-
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for 24 h. Data are reported as the mean + SEM. * P < 0.05, ** P < 0.01 vs. oleic acid group.
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Figure 9. Effect of delphinidin-3-sambubioside (Dp3-Sam) on lipid metabolism in HepG2 cells. HepG2 cells were stimulated with
oleic acid (0 or 0.2 mM) and treated with different concentrations of DP (100 or 200 ug/ml) for 24 h. The mRNA levels of FASN (a),
SREBP-1 ¢ (b), CPTT (c), and PPARa (d) were measured by gRT-PCR. Data are reported as mean + SEM. * P < 0.05, ** P < 0.01, no
significant difference (ns).



hypertensive, anti-diabetic, and anti-obesity effects
[9]. Especially, the bioactive compounds, such as
phenolic acid, flavonoids, and anthocyanins
extracted from H. sabdariffa L., are potent in the
inhibition of adipogenesis and lipid accumulation
[16]. In the present study, we evaluated the
improvement effects of Dp3-Sam on hyperlipide-
mia and lipid metabolism disorders in vivo and
in vitro. Our findings for the first time demon-
strated that Dp3-Sam decreased body weight gain
and improved lipid profile in hyperlipidemia
models.

Consistent with the previous reports [17,18],
HFD administration for eight weeks caused hepa-
tic lipid accumulation, which increases the liver
index. Treatment with Dp3-Sam alleviated hyper-
lipidemia in the HFD-induced obese rats, as evi-
denced by an obvious decrease in lipid levels and
hepatic lipid accumulation. Therefore, the results
indicated that Dp3-Sam exerted potent efficacy to
inhibit the initiation of pathogenesis associated
with hyperlipidemia, and HDP showed a better
effect than LDP.

The liver tissue is considered the primary organ
for lipid metabolism, and hepatic lipid homeosta-
sis is mediated by lots of enzymes, and mediators.
HMGCR, a rate-limiting enzyme, plays a vital role
in cholesterol synthesis, which controls cholesterol
biosynthesis [19]. Besides, FASN, ACC, and
SREBP-1 C play a vital role in the process of
lipogenesis [20]. Our results showed that Dp3-
Sam treatment suppressed the ACC, FASN,
SREBP-1 C, and HMGCR expression in the liver
tissue of HFD rats, indicating that lipid metabo-
lism disorders could be improved by Dp3-Sam
intervention. CYP7AI, another rate-limiting
enzyme, is involved in the catabolism of choles-
terol [20]. Previous reports showed that increased
fatty acid p-oxidation results in reduced triglycer-
ide levels in both animals and humans. And CPT1,
ACOX, and PPAR« play an important role in fatty
acid P-oxidation [20]. Our results showed that
Dp3-Sam treatment increased the CYP7AI,
CPTI1, ACOX, and PPAR« expression in the liver
tissue of HFD rats, indicating that Dp3-Sam inter-
vention inhibited lipid accumulation via accelera-
tion of lipid oxidation in HFD-induced
hyperlipidemia rats.
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Previous reports had indicated that the AMPK
pathway regulates fatty acid oxidation and lipid
synthesis in liver tissue [21-23]. It also has been
reported that AMPK plays an important role in
liver steatosis in HFD-induced obesity mice [24].
In the liver, AMPK is part of a mechanism that
increases lipid oxidation and suppresses lipid
synthesis via the inhibition of ACC activity
[25,26]. Besides, hepatic activation of AMPK
could protect against dyslipidemia in diet-
induced insulin-resistant mice in part via inhibi-
tion of SREBP-1 c- and —2-dependent lipogenesis
[22]. Our findings indicated that the phosphory-
lated AMPK to AMPK ratio was decreased in long
term HFD group. And Dp3-Sam restored the
ratio of pAMPK/AMPK to the normal level,
which indicated Dp3-Sam inhibited hepatic lipo-
genesis via activation of the AMPK signaling
pathway.

Moreover, we performed a cell experiment to
confirm whether Dp3-Sam prevents lipid accumu-
lation in oleic acid-treated HepG2 cells.
Consistent with the previous reports [14,27], our
findings confirmed that oleic acid caused lipid
accumulation in HepG2 cells. Consistent with
the results of our animal experiment, Dp3-Sam
treatment prevented lipid accumulation in vitro.
It has been reported that oleic acid caused lipid
accumulation in HepG2 cells via the down-
regulation of fatty acid [-oxidation and up-
regulation of lipid synthesis [28]. Consistent with
our in vivo data, Dp3-Sam treatment down-
regulated the mRNA expression levels of FASN
and SREBP-1 ¢, and up-regulated the mRNA
expression levels of CPT1 and PPAR« in HepG2
cells.

Conclusions

Overall, the in vivo and in vitro experiments
demonstrated that Dp3-Sam alleviated hyperlipi-
demia via regulating the target genes related to
fatty acid p-oxidation and lipogenesis via regulat-
ing AMPK activation. Together, those evidences
suggested that Dp3-Sam  could become
a potential therapeutic drug in the prevention
and treatment of obesity-related disease.
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Article highlights

(1) Dp3-Sam attenuates hyperlipidemia in vivo

and in vitro.

(2) Dp3-Sam improves lipid metabolism via

activation of AMPK signaling.

(3) Dp3-Sam attenuates hyperlipidemia via reg-

ulating lipid metabolism-related genes.

Data availability statement

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

ORCID

Lijuan Zhang

http://orcid.org/0000-0002-3586-8585

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

Després JP, Lemieux I. Abdominal obesity and meta-
bolic syndrome. Nature. 2006;444(7121):881-887.
Haslam DW, James WP. Obesity. Lancet. 2005;366
(9492):1197-1209.

Worldwide trends in diabetes since 1980: a pooled
analysis of 751 population-based studies with
44  million  participants.  Lancet. = 2016;387
(10027):1513-1530.

Adams LA, Anstee QM, Tilg H, et al. Non-alcoholic
fatty liver disease and its relationship with cardiovas-
cular disease and other extrahepatic diseases. Gut.
2017;66(6):1138-1153.

He K, Li X, Xiao Y, et al. Hypolipidemic effects of
Myrica rubra extracts and main compounds in
C57BL/6j mice. Food Funct. 2016;7(8):3505-3515.
Khera R, Murad MH, Chandar AK, et al. Association
of pharmacological treatments for obesity with weight
loss and adverse events: a systematic review and
meta-analysis. Jama. 2016;315(22):2424-2434.

Zhu KX, Nie SP, Tan LH, et al. A polysaccharide from
ganoderma atrum improves liver function in type 2
diabetic rats via antioxidant action and short-chain
fatty acids excretion. ] Agric Food Chem. 2016;64
(9):1938-1944.

Chen X, Li X, Zhang X, et al. Antihyperglycemic and
antihyperlipidemic activities of a polysaccharide from
Physalis pubescens L. in streptozotocin (STZ)-induced
diabetic mice. Food Funct. 2019;10(8):4868-4876.

[9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Da-Costa-Rocha I, Bonnlaender B, Sievers H, et al
Hibiscus sabdariffa L. - a phytochemical and pharma-
cological review. Food Chem. 2014;165:424-443.

Riaz G, Chopra R. A review on phytochemistry and
therapeutic uses of Hibiscus sabdariffa L. Biomed
Pharmacother. 2018;102:575-586.

Aurelio D-L, Edgardo RG, Navarro-Galindo S.
Thermal kinetic degradation of anthocyanins in
a roselle (Hibiscus sabdariffa L. cv. ‘Criollo’) infusion.
Int J Food Sci Technol. 2008;43(2):322-325.

Pan H, Fu C, Huang L, et al. Anti-obesity effect of
chitosan oligosaccharide capsules (COSCs) in obese
rats by ameliorating leptin  resistance and
adipogenesis. Mar Drugs. 2018;16(6). DOI:10.3390/
md16060198

Li Z, Wu YY, Yu BX. Methylophiopogonanone A, an
Ophiopogon homoisoflavonoid, alleviates high-fat
diet-induced hyperlipidemia: assessment of its poten-
tial mechanism. Braz ] Med Biol Res. 2020;53(3):e9201.
Yu Q, Liu Y, Wu Y, et al. Dihydrocurcumin amelio-
rates the lipid accumulation, oxidative stress and insu-
lin resistance in oleic acid-induced L02 and HepG2
cells. Biomed Pharmacother. 2018;103:1327-1336.
Tanaka K, Nakanishi T. Obesity as a risk factor for
various diseases: necessity of lifestyle changes for
healthy aging. Appl Human Sci. 1996;15(4):139-148.
Ojulari OV, Lee SG, Nam JO. Beneficial effects of
natural bioactive compounds from hibiscus sabdariffa
L. on obesity. Molecules. 2019;24(1). DOI:10.3390/
molecules24010210

Sheng D, Zhao S, Gao L, et al. BabaoDan attenuates
high-fat diet-induced non-alcoholic fatty liver disease
via activation of AMPK signaling. Cell Biosci.
2019;9:77.

Mun J, Kim S, Yoon HG, et al. Water extract of
curcuma longa L. ameliorates non-alcoholic fatty liver
disease. Nutrients. 2019;11:10.

Haerer W, Delbaere K, Bartlett H, et al. Relationships
between HMG-CoA reductase inhibitors (statin) use
and strength, balance and falls in older people. Intern
Med J. 2012;42(12):1329-1334.

Choi WH, Gwon SY, Ahn J, et al. Cooked rice prevents
hyperlipidemia in hamsters fed a high-fat/cholesterol
diet by the regulation of the expression of hepatic genes
involved in lipid metabolism. Nutr Res. 2013;33
(7):572-579.

Wang Q, Liu S, Zhai A, et al. AMPK-mediated regula-
tion of lipid metabolism by phosphorylation. Biol
Pharm Bull. 2018;41(7):985-993.

Li Y, Xu S, Mihaylova MM, et al. AMPK phosphor-
ylates and inhibits SREBP activity to attenuate hepatic
steatosis and  atherosclerosis in  diet-induced
insulin-resistant mice. Cell Metab. 2011;13(4):376-388.
Esquejo RM, Salatto CT, Delmore J, et al. Activation of
liver AMPK with PF-06409577 corrects NAFLD and
lowers cholesterol in rodent and primate preclinical
models. EBioMedicine. 2018;31:122-132.


https://doi.org/10.3390/md16060198
https://doi.org/10.3390/md16060198
https://doi.org/10.3390/molecules24010210
https://doi.org/10.3390/molecules24010210

(24]

(25]

(26]

Garcia D, Hellberg K, Chaix A, et al. Genetic liver-specific
AMPK activation protects against diet-induced obesity
and NAFLD. Cell Rep. 2019;26(1):192-208.e196.

Daval M, Foufelle F, Ferré P. Functions of
AMP-activated protein kinase in adipose tissue.
J Physiol. 2006;574(Pt 1):55-62.

Assifi MM, Suchankova G, Constant S, et al. AMP-
activated protein kinase and coordination of hepatic fatty
acid metabolism of starved/carbohydrate-refed rats. Am
J Physiol Endocrinol Metab. 2005;289(5):E794-800.

(27]

(28]

BIOENGINEERED (&) 3849

Huang WC, Chen YL, Liu HC, et al. Ginkgolide
C reduced oleic acid-induced lipid accumulation
in HepG2 «cells. Saudi Pharm J. 2018;26
(8):1178-1184.

Ziamajidi N, Khaghani S, Hassanzadeh G, et al
Amelioration by chicory seed extract of diabetes- and
oleic acid-induced non-alcoholic fatty liver disease
(NAFLD)/non-alcoholic steatohepatitis (NASH) via mod-
ulation of PPARa and SREBP-1. Food Chem Toxicol.
2013;58:198-209.



	Abstract
	Introduction
	Materials and methods
	Determination of Dp3-Sam by high-performance liquid chromatography (HPLC)
	Animals
	Animal study design and Dp3-Sam administration
	Measurement of fecal lipids
	Biochemical analysis
	Histopathological analysis
	Cell culture and Dp3-Sam treatment
	Measurement of cell viability
	Oil Red Ostaining and assay of lipid accumulation
	Real-time quantitative polymerase chain reaction (RT-PCR)
	Western blot
	Statistical analysis

	Results
	The effects of Dp3-Sam on food intake, body weight, tissue weight, and food efficiency ratio
	Histopathological analysis
	The effects of Dp3-Sam on serum and hepatic lipid profile in HFD rats
	Effect of Dp3-Sam on mRNA expression in liver
	Effect of Dp3-Sam on activation of AMPK in HFD rats
	Cell viability of Dp3-Sam
	Effect of Dp3-Sam on intracellular TG level in oleic acid-treated HepG2 cells
	Effect of Dp3-Sam on lipid accumulation in oleic acid-treated HepG2 cells
	Effect of Dp3-Sam on lipid metabolism invitro

	Discussion
	Conclusions
	Article highlights
	Data availability statement
	Disclosure statement
	References



