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Purpose: Nonalcoholic fatty liver disease (NAFLD) has become a predictor of death in
many diseases. This study was carried out to investigate the therapeutic effect of Radix
Polygoni Multiflori Preparata (RPMP) and its main component emodin on egg yolk powder-
induced NAFLD in zebrafish. Further investigation was performed to explore whether
emodin was the main component of RPMP for the treatment of NAFLD as well as the
underlying therapeutic mechanism of RPMP and emodin.

Methods: Zebrafish were divided into control group, egg yolk powder group, RPMP group and
emodin group. The obesity of zebrafish was evaluated by body weight, body length and BMI.
The content of lipid was detected by triglyceride (TG), total cholesterol (TC) reagent kit and the
fatty acid was detected by nonesterified free fatty acids (NEFA) reagent kit. HE staining was used
to detect the histological structure of liver. Whole-mount Oil red O staining and Frozen oil red O
staining were carried out to investigate the lipid accumulation in liver. KEGG and STRING
databases were performed to analyze the potential role of AMPK between insulin resistance (IR)
and fatty acid oxidation. Western blot and RT-qPCR were carried out for mechanism research.
Results: RPMP and emodin significantly reduced zebrafish weight, body length and BMI.
Both RPMP and emodin treatment could reduce the lipid deposition in zebrafish liver. RPMP
significantly reduced the content of TG. However, emodin significantly reduced the contents
of TG, TC and NEFA in zebrafish with NAFLD. The protein interaction network indicated
that AMPK participated in both IR and fatty acid oxidation. Further investigation indicated
that RPMP and emodin reduced hepatic lipogenesis via up-regulating the expressions of
phosphatidylinositol 3-kinase (PI3K), protein kinase B (AKT2), amp-activated protein kinase
alpha (AMPKa), proliferator-activated receptor alpha (PPARa), carnitine palmitoyl transfer-
ase la (CPT-1a) and acyl-coenzyme A oxidase 1 (ACOX1).

Conclusion: These findings suggest that emodin is the main component of RPMP for the
treatment of NAFLD, which is closely related to the regulation of AMPK signaling pathway
which increases IR and fatty acid oxidation.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease referring to the
presence of hepatic steatosis without significant intake of alcohol,! which encom-
passes a wide spectrum of liver pathologies ranging from simple hepatic steatosis to
inflammatory nonalcoholic steatohepatitis (NASH), and subsequently progresses to

submit your manuscript

Dove “

http:

in 3

Drug Design, Development and Therapy 2020:14 1493—1506 1493

© 2020 Yu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

o 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Yu et al

Dove

liver fibrosis, cirrhosis, and ultimately hepatocellular car-
cinoma in about 10% of patients.”* NAFLD is widespread
in all countries, with the highest incidence in the United
States 31% and the Middle East 32%, respectively, fol-
lowed by Asia and Europe with 27% and 23%,
respectively.” The exact mechanisms underlying the patho-
genesis of NAFLD still remain unclear, which limits the
development of effective treatments. Presently, drugs spe-
cifically designed for the treatment of NAFLD have not
been discovered yet.

The pathogenesis of NAFLD
Understanding of the etiology and different dietary factors

is very complex.

that induce the “two hits” is essential in the prevention and
treatment of NAFLD. The first hit includes lipid accumu-
lation and insulin resistance (IR). The second hit is caused
by various factors such as mitochondrial beta-oxidation,
oxidative stress, lipid peroxidation, which lead to inflam-
matory necrosis and fibrosis of liver cells. NAFLD is
common among overweight and obese individuals.® As
an important risk factor leading to metabolic syndrome,
obesity generally has lipid metabolism disorder which
increases free fatty acids (FFA) in blood circulation and
liver triglyceride (TG) synthesis.” In addition, it has been
reported that obesity can inhibit liver glucose output and
promote muscle glucose uptake, subsequently causing IR
and promoting the occurrence of NAFLD.® AMPK (AMP-
activated protein kinase) is considered to be a cellular
energy sensor that contributes to regulate energy balance
and caloric intake,” which is closely related to IR and is
involved in fatty acid oxidation. In obese humans, a reduc-
tion of AMPK activity in adipose tissue is correlated with
whole body IR, suggesting that adipose tissue AMPK may
be important for obesity and NAFLD.'® From the perspec-
tive of traditional Chinese medicine, the main pathogen-
esis of fatty liver is related to both Liver and Kidney
deficiency and Blood and Qi deficiency.'!

Radix Polygoni Multiflori is the dried root tuber of
Fallopia multiflora (Thunb.) Harald which has been
applied to treat fatty liver for more than 2000 years. In
the ancient herbal book Compendium of Materia Medica,
Radix Polygoni Multiflori Preparata (RPMP) was recorded
to tonify liver and kidney, nourish the blood and
strengthen the bones and muscles. In modern pharmacol-
ogy, RPMP possesses an effect of reducing blood lipid and
is widely used in the treatment of blood deficiency, lumbar
debility, hyperlipidemia, etc,'> as recorded In Chinese
Pharmacopoeia (2015 edition). Kong Xianglian collected
40 cases in which 94 drugs were used for the treatment of

fatty liver and Radix Polygonum multiflorum ranked 7th in
terms of usage frequency.'®> The commonly used Chinese
patent medicine Kezhi capsule and Jiangzhining tablet
containing Radix Polygonum multifiorum have been
approved by the Chinese Food and Drug Administration
for the treatment of fatty liver and Hyperlipidemia due to
the effect of invigorating liver and kidney. Studies claimed
that Radix Polygonum multiflorum can reduce lipids by
improving IR and promoting fatty acid oxidation.'* The
main active components of Radix Polygonum multiflorum
are anthraquinones, stilbenes, phospholipids, flavonoids
and phenols, among which stilbene glycosides, emodin
and physcion are considered to be the main components
with lipid-lowering effect."”

The results of our previous experiments on the lipid-
lowering effect of Radix Polygonum multiflorum pro-
vided the following findings: (a) 50% alcohol extract of
RPMP possessed predominant therapeutic effect than
aqueous extract of RPMP; (b) The best effective con-
centration of 50% RPMP alcohol extract to treat
NAFLD was 1-2 mg/mL; (c¢) Most components of
50% alcohol extract and aqueous extract were similar.
However, significant difference was found in the emodin
contents between aqueous extract and 50% alcohol
extract of RPMP. Thus, we hypothesized that emodin
might be the main component of RPMP accounting for
the lowering lipid effect.

Over the past decade, emodin has received increasing
attention as many studies have demonstrated its anti-
inflammatory, anti-tumor, immunoregulation and lipid-
lowering effects.'® The chemical structure of emodin is
shown in Figure 1A. Modern research finds that emodin is
an AMPK activator, which can attenuate lipid accumula-
tion by decreasing lipogenesis and increasing mitochon-
drial fatty acid p-oxidation mediated via activation of the
AMPK signaling pathway, and emodin also activates
AMPK by an indirect mechanism similar to berberine.”'”
However, most of the current researches on emodin treat-
ment of NAFLD have focused on the anti-inflammatory
mechanism which has no relationship with the treatment of
NAFLD by RPMP.'®

In the present study, we tried to find the intrinsic
relationship between RPMP and emodin in the treatment
of NAFLD via AMPK signaling pathway. And found
that both RPMP and emodin could activate AMPK and
participate in the regulation of IR and fatty acid
oxidation.
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Figure | (A) Chemical structure of emodin. (B) Experimental outline of the feeding protocol.

Materials and Methods

Materials

Larval-AP100 was obtained from Zeigler Bros. Inc (PA,
USA). Egg yolk powder was obtained from Yuanye
Bio-Technology = Co., Ltd (Shanghai, China).
Triglyceride (TG) and total cholesterol (TC) reagent kits
were purchased from Nanjing Jiancheng Institute of
China). Nonesterified fatty
acids (NEFA) reagent kit was purchased from elabscience
Biotechnology Co., Ltd (Wuhan, China). Oil red O dye-

ing solution was collected from Shanghai solarbio

Biotechnology (Nanjing,

Bioscience and Technology Co., Ltd (Shanghai, China).
HE dye solution was collected from Servicebio (Wuhan,
China). SuperLumia ECL HRP Substrate Kit was
obtained from Abbkine Scientific Co., Ltd (CA, USA).
5xAll-In-one MasterMix and EvaGreen 2xqRT-PCR
were provided by Applied Biological Materials Inc
(VAN, Canada). Gene-specific primer sequences for RT-
qPCR were synthesized by TSINGKE Biological
Technology (Chengdu, China). Formic acid, Acetonitrile
and methanol were provided by Thermo Fisher Scientific
Co., Ltd (MA, USA). Fluorescence microscope (Leica,
Germany), microplate reader (BioTek, USA), high-per-
formance liquid chromatography (PerkinElmer, USA).
The materials are listed in Table 1.

Extraction of Alcohol Extract from RPMP
0.25 g RPMP was accurately weighed, placed in a round-
bottom flask and mixed with 20 times of 50% ethanol. The
mixture was soaked for 30 min and heated to reflux for 60
min followed by filtrating. The filtrate was evaporated

using a rotary evaporator at 45°C until discarding the
totality of ethanol.

Analysis of the Major Components in 50%

Alcohol Extract and Aqueous Extract of

RPMP

The major components of RPMP were analyzed by high-
performance liquid chromatography (HPLC) referred to
the previous methods established by our lab.'” The deter-
mination was carried out in ZORBAX C,g analytical col-
umn (4.6 mm x 250 mm, 5 pum) with the pre-column
ZORBAX Cig (4.6 mm x 12.5 mm, 5 pm). Gradient
elution was performed with mobile phase composed of
(a) 0.1% formic acid and (b) acetonitrile at the flow rate
of 1 mL/min. Percentage of acetonitrile was 5-10% (0-5
min), 10-22% (5-30 min), 22-25% (30-38 min), 25-32%
(38-48 min), 32-45% (48-55 min), 45-85% (55-65 min),

Table |1 The Item Number and Manufacturer of Reagents

Drug Design, Development and Therapy 2020:14

Reagent Manufacturer Item
number

Rabbit anti-AMPKa Cell Signaling Technology 25328
Rabbit anti-PAMPKa Beijing Biosynthesis Bs-4002R

Biotechnology
Mouse anti-GAPDH Huaan Biological Technology EMI 101
Emodin Chengdu Chroma- CHB-D-

Biotechnology 023
RPMP Sichuan Neautus Traditional

Chinese Medicine
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85-95% (65-70 min), 95% (70-72 min). The detection
wavelength was set at 275 nm, and the column tempera-
ture was 30°C. The peaks of different components were
identified through comparing their retention time values
and UV spectra with standard solution (catechin, gallic
acid ester, stilbene glycoside, emodin glycoside, emodin
and physcion).

Animals and Methods

Zebrafish (Danio rerio) of wild-type AB strain from
Pharmacy College of Chengdu University of Traditional
Chinese Medicine were maintained and raised under stan-
dard conditions as previously described.?® The embryos
were cultured at 28.5°C from natural mating. The zebrafish
experiments were performed under the approval of the
Institutional Animal Care and Use Committee of
Chengdu University of Traditional Chinese Medicine.
Egg yolk powder was used as the induction factor of
zebrafish obesity due to its excellent water solubility and
high-fat content. AP100, a standard diet for zebrafish
juveniles, was chosen as a control diet. As shown in
Figure 1B, 5-day post-fertilization (5 dpf) zebrafish were
randomly divided into six groups and maintained for 72 h
as follows: (1) the control group of zebrafish exposed to
AP100; (2) the model group of zebrafish exposed to
2 mg/mL egg yolk powder; (3) RPMP treatment groups
of zebrafish exposed to cotreatment of 2 mg/mL egg yolk
powder and 1 mg/mL, 0.5 mg/mL 50% alcohol extraction
of RPMP, respectively; (4) emodin treatment groups of
zebrafish exposed to cotreatment of 2 mg/mL egg yolk
powder and 0.5 ug/mL, 0.25 pg/mL emodin, respectively.
Zebrafish were fasted for 1 day before sample collection
for further analysis of histologist, TG, TC, NEFA, WB and
RT-qPCR.

Measurement of Body Index

After 72 hrs RPMP and emodin administration, the body
weight and length of zebrafish were measured. Before
measurements, zebrafish were anesthetized with tricaine
at 1:20 dilution for 15 s. The body length of zebrafish is
the distance from the most front of the head of zebrafish to
the most end of zebrafish tail. Once the measurement was
finished, zebrafish were put back into fresh water. Body
mass index (BMI) was calculated as weight/length?.

Whole-Mount Oil Red O Staining

After fasting for 1 day, zebrafish larvae were fixed over-
night with 4% PFA at 4°C and washed 3 times with PBS.

Subsequently, zebrafish larval were orderly immersed in
25%, 50%, 75% and 100% 1,2-propanediol at room tem-
perature for 20 min, respectively. Then, fresh 0.5% Oil
Red O solution was added and zebrafish larval were dyed
at room temperature for 12 h. Then, zebrafish larval sam-
ples were washed with 100%, 75%, 50%, 25% 1.2-propa-
nediol, respectively. Finally, the lipid droplets in liver
tissue were observed and photographed on fluorescence
microscope. The oil red O positive staining of zebrafish
liver was measured by Image J software.

Hematoxylin and Eosin (HE) Staining
Zebrafish larvae in each group were fixed with 4% PFA for
24 h, dehydrated and embedded in paraffin at 65°C.
Paraffin sections were cut by paraffin slicer and counter-
stained to visualize the nuclei. All other HE staining
processes were performed in accordance with standard.
Then, all the staining was observed and photographed
under microscope.

Frozen Oil Red O Staining (ORO)
Zebrafish larvae were fixed with 4% PFA for 24 h at 4°C
and washed 3 times with PBS. Subsequently, the zebrafish
samples were placed at 4°C and dehydrated and precipi-
tated with 15% sucrose solution and 30% sucrose solution.
The surface water was sucked slightly with filter paper.
Then, the zebrafish samples were embedded by optimum
cutting temperature (OCT) compound and sliced after
OCT compound turned white and hard.

The slices were baked at 60°C for 30 min, then infil-
trated with 85% and 100% 1.2-propanediol for 5 min.
Next, the slices were dyed with freshly prepared 0.5%
Oil Red O dye solution at room temperature for 2 h. The
dye solution was lightly rinsed off with PBS. The back-
ground color was removed with 100% 1.2-propanediol for
1 min. The slices were re-dyed in hematoxylin dye solu-
tion for 10 s, rinsed with clear water and sealed with
gelatin. Finally, the lipid droplets (dyed red) were
observed under the microscope and photos were taken at
the same time.

Triglyceride (TG) and Total Cholesterol
(TC) Test

After 25 larvae were cleaned by precooled PBS for three
times, 300 pL absolute ethanol were added and homoge-
nized. After being centrifuged at 4°C, 10,000 xg for 10
min, the supernatants were aspirated according to the
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instructions of TG and TC reagent kit at a wavelength of
510 nm in the microplate reader. The contents of TG and
TC were detected according to the kit instruction.

Non-Esterified Fatty Acid (NEFA) Test

Sixty larvae were cleaned by precooled PBS for three
times and 2 mL extraction liquid was added to mechani-
cally homogenize the larvae samples under temperature of
the mixture of ice and water. The supernatants were then
collected after being centrifuged at 4°C for 10 min (10,000
xg) and divided into control tube and measuring tube with
addition of 0.5 mL contrast liquid and reaction liquid,
respectively. The mixture was placed on ice for measure-
ment. The standard tubes were prepared according to the
instruction. The control tube, measuring tube and standard
tube were vortexed for 3 min followed by 3 min treatment
at room temperature. Then, 0.3 mL of the upper layer
liquid was collected for microplate reader analysis at a
wavelength of 715 nm and the content of NEFA was
detected according to the kit instruction.

Construction of Protein Interaction

Networks

For protein interaction network construction, keywords of
“insulin resistance” and ‘“fatty acid oxidation” were
imported into Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. The protein information con-
cerning “insulin resistance” and “fatty acid oxidation”
were collected and screened. Pathway analysis was carried
out according to KEGG database. And, protein—protein

interactions (PPI) were analyzed by SRING database.

Protein Isolation and Western Blot

Thirty-five zebrafish larvae were lysed on ice and the
protein was isolated by using RIPA buffer supplemented
with protease inhibitors (RIPA lysate: Phenyl methyl

Table 2 Primers Used for qRT-PCR

sulfonyl fluoride: Protein phosphatase inhibitor =
100:1:1). Centrifuging for 15 min and collecting the super-
natant. The protein concentration was detected with the
BCA kit, and then the protein concentration was adjusted
to be consistent with the Lysis Buffer. Protein loading
buffer was added (total protein: loading buffer=4:1) and
heated for 5 min at 100°C, then cooled to room tempera-
ture. Equal amounts of sample protein were loaded and
separated on 10% SDS-PAGE gels and electrotransferred
onto polyvinylidene fluoride membranes. The polyvinyli-
dene fluoride membranes were blocked with 5% milk for
2.5 h at room temperature and immunoblotted with pri-
mary antibodies AMPKa (1:1000), PAMPKa (1:1000),
GAPDH (1:1000) overnight at 4°C. After incubating
with the corresponding secondary antibodies (1:5000),
the signals were detected with an enhanced chemilumines-
cence kit and exposed in gel imager. The net optical
density was quantificationally analyzed with the gel ima-

ger analysis software.

Real-Time Quantitative PCR (qRT-PCR)
Analysis

Total RNA was extracted from 38 juvenile fish using
Trizol reagent, and then dissolved in 50 pL of RNase-
free water. The final RNA purity was detected by measur-
ing the OD260/280 value using a nucleic acid/protein
analyzer and RNA integrity was verified by Gold View I
type on 1% agarose gel. The reaction conditions were as
follows: 95°C 10 min, 95°C 15 s, 60°C 30 s (40 cycles). Ct
values were obtained, and the relative expression of target
gene mRNA was calculated using the 27" method.
Melting curve analysis was performed at the end of each
PCR run to ensure amplification of a single product. Gene-
specific primer sequences for qRT-PCR are listed in
Table 2.

Gene Name Forward (5'-3) Reverse (5'-3')

PI3K GCAGATGGACCTTCAGATG ATAACAGGGGGGATGACAG

AKT2 TGTCTCGAGAGCGTGTGTTC GGTCGTCTCTCGCTGTCAAA
AMPKa AGTTATCAGCACACCGACAG CAGTAATCCACCCCTGAGATG
PPARq CGTCGTCAGGTGTTTACGGT AGGCACTTCTGGAATCGACA
CPT-la TGCGGTCTTGCACTACAGAG GTGGACAGTCTCCAAGGCTC
ACOXI CCGTGAACGTGAAAATGCGT ATACACCCCTCACAACAGTCT
AdipoR 2 CTCTTGAAGGACACCCTCTCG ATGAAGACAGTTCTGTCCGGG
GAPDH GGATCTGACAGTCCGTCTTGAGAA CCATTGAAGTCAGTGGACACAACC

Drug Design, Development and Therapy 2020:14
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Results
The Content Comparison of 50% Alcohol

Extracts and Aqueous Extracts

From HPLC chromatogram (Figure 2), 6 peaks have been
assigned using reference compounds both in 50% alcohol-
extracted and aqueous-extracted of RPMP (catechin, gallic
acid ester, stilbene glycoside, emodin glycoside, emodin and
physcion). The content of emodin in 50% alcohol-extract was
12.99 times that in aqueous extract, as shown in Figure 2A
and B. However, the content of catechin, gallic acid ester,
stilbene glycoside, emodin glycoside and physcion in the
alcohol extract were 1.12 times, 1.09 times, 1.38 times, 1.97
times and 0.88 times that in the aqueous extract, respectively.

Length, Weight and BMI

After 72 hrs of the feeding experiment, the body weight
and length of the zebrafish larval were detected, as shown

in Figure 3. Compared with the control group, the body
length (Figure 3A), body weight (Figure 3B) and BMI
(Figure 3C) of zebrafish larval in the model group were
increased. After 72 hrs of administration, compared with
the model group, the body weight and body length were
decreased in RPMP group and emodin group. In addition,
both 1 mg/mL RPMP group and 0.5 pg/mL emodin and
0.25 pg/mL emodin groups could reduce the BMI of
zebrafish compared to the model group, which indicated
that RPMP and emodin could reduce zebrafish obesity.

Whole-Mount Oil Red O Staining

As shown in Figure 4, the liver of control group was not
stained after the Whole-mount Oil Red O staining, but the
liver of model group was stained. The staining of zebrafish
liver and blood vessel staining was correspondingly lighter
after administration (Figure 4A). The statistical results of
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Figure 2 (A) HPLC chromatogram of the 50% ethanol extract of RPMP. (B) HPLC chromatogram of the aqueous extract of RPMP.
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Figure 4 (A) Whole-mount oil red O staining of larval zebrafish (the yellow area indicates the liver). (B) The gray value of the liver part (statistical analysis by imagine |
software). Values are expressed as mean % SD in each group. **p < 0.001 egg yolk powder group versus Con group. *p < 0.05, "#p < 0.001 RPMP and emodin groups

versus egg yolk powder group.

image J software also showed that the gray value of the
liver part in the model group was significantly higher than
that in control group, RPMP treatment group and emodin
treatment group (Figure 4B). Among which, 1mg/mL
RPMP, 0.5 pg/mL, 0.25 pg/mL emodin exhibited an
obvious effect on alleviating the liver staining in zebrafish.
These results demonstrated that RPMP and emodin could
reduce liver lipid accumulation.

HE Staining

To further evaluate the liver histological changes, the liver
sections were stained by H&E staining. The whole fish
was embedded, sectioned and photographed. As shown in
Figure 5, the morphology of zebrafish liver tissues in
control group was normal, and hepatocytes were arranged
closely. However, a large number of vacuoles and irregular

arrangement of liver cells were observed in pathological
sections of model group due to the lipid droplets deposited
in zebrafish liver tissue. But the lipid droplets and the
vacuoles in hepatocyte space of liver were reduced after
treating with RPMP and emodin, and the arrangement was
tended to be regular. The liver tissues of zebrafish in
0.5pg/mL emodin treatment group were regularly arranged
and were similar to that of the control group, which
showed an optimal therapeutic effect.

Frozen Oil Red O Staining

As shown in Figure 6, compared with the control group,
the model group showed an increase of lipid droplets and
diffuse red stained lipid droplets in liver cells. Compared
with the model group, red lipid droplets in liver were
decreased after administrating with RPMP and emodin.

Drug Design, Development and Therapy 2020:14
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Figure 6 Effect of RPMP and emodin on lipid deposition in zebrafish liver.

According to the diffuse of red-stained lipid in liver, 1mg/
mL RPMP, 0.5pg/mL and 0.25pg/mL emodin showed an
optimal elimination on the lipid deposition in zebrafish
liver. These results suggested that RPMP and emodin
could protect against liver steatosis induced by egg yolk
powder. And the effect of emodin on reducing liver lipid
deposition was more obvious.

Analysis of TG and TC Content

As shown in Figure 7, the contents of TG and TC were
significantly increased in the model group compared with
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control group. Although Img/mL RPMP, 0.5ug/mL and
0.25pug/mL emodin could decrease the TG content com-
pared with the model group. The inhibition of TC expres-
sion was only found in 0.5 pg/mL emodin treatment
group, but not RPMP treatment group.

Analysis of Non-Esterified Fatty Acid
(NEFA) Content

As shown in Figure 8, the content of NEFA was signifi-
cantly increased in the model group compared with control
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Figure 7 (A) TG levels of zebrafish in each group. (B) TC levels of zebrafish in each group. Values are expressed as mean * SD in each group. *p < 0.05 and **p < 0.001 egg
yolk powder group versus Con group. *p < 0.05 and *#p < 0.001 RPMP and emodin versus egg yolk powder group.
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Figure 8 NEFA levels of zebrafish in each group. Values are expressed as mean *
SD in each group. *p < 0.05 egg yolk powder group versus Con group. #p < 0.05
emodin group versus egg yolk powder group.

group. Emodin treatment group significantly decreased the
content of NEFA, while there was no statistical signifi-
cance between RPMP treatment group and model group.
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Figure 9 PPI plot of IR and fatty acid oxidation.
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Construction

As shown in Figure 9, the hub value of proteins was
carried out using SRING database (Figure 9). It was
found that AMPK participated in the regulation of IR
and fatty acid oxidation, which indicated that AMPK
might be a crucial protein during the development of
NAFLD.

Western Blot

The expressions of proteins were shown in Figure 10A.
We found decreased expression of AMPKa and
P-AMPKa in the model group, and RPMP significantly
increased the expression of AMPKoa (Thrl72)
(Figure 10B) and P-AMPKa (Figure 10C) compared
with model group. According to the value of
P-AMPKo/AMPKa, both RPMP and emodin signifi-
cantly  increased  phosphorylation of AMPKa
(Figure 10D). It suggested that RPMP treatment of
NAFLD might be related to the AMPK pathway.
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Figure 10 (A) The protein expression level of AMPKa and P-AMPKo. (B) Quantitation of Western blot analysis of AMPKo. (C) Quantitation of Western blot analysis of
P-AMPKo. (D) The value of P-AMPKo/AMPKa. Values and quantitative data are expressed as mean + SD in each group. ***p < 0.001 egg yolk powder group versus Con
group. #p < 0.05, *p < 0.01, "#p < 0.001 RPMP and emodin groups versus egg yolk powder group.

RT-qPCR
The mRNA expression level is shown in Figure 11A-FG.
Compared with the model group, the expression level of
target gene PI3K, AKT2, AMPKa, PPARa, ACOX1, CPT-
la was significantly increased after treatment with RPMP
and emodin. The expression level of adipoR2 was not
significantly increased in RPMP group. However, the
expression level of adipoR2 was significantly enhanced
in emodin group, as shown in Figure 11G. These results
indicated that emodin might be the main component of
RPMP in the treatment of NAFLD via promoting IR and
fatty acid oxidation.

Discussion

As a traditional medicinal herb in East Asia for more than
three thousand years, RPMP has been proved to have the
effect of lowering blood lipid and is used as a therapeutic

drug for NAFLD in clinic. However, the effective sub-
stances of RPMP have not been fully confirmed and the
exact mechanism of its protective effect has not been fully
understood.

Accumulating evidence suggested that emodin can
improve key features of NAFLD, including hepatic stea-
tosis, obesity and hyperlipidemia.>'** In previous study
carried out in our lab, it was preliminarily found that
emodin may be the potential main effective component
for RPMP’s treatment for NAFLD. In the present study,
the therapeutic effects of RPMP and emodin on NAFLD
were explored by activating AMPK to clarify that emodin
may be the main active component of RPMP.

Studies have shown that the main lipid-lowering ingre-
dients in RPMP include TSG, emodin and physcion. TSG
showed the best cholesterol-reducing effect, especially
LDL. Emodin showed the best TG-reducing effect and
physcion showed the best VLDL-reducing effect.'” In
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preliminary experiment, the better effect of 50% alcohol
extract than water extract of RPMP suggested the different
efficacy might result from the great concentration differ-
ence of emodin which was 12.99 times in 50% alcohol
extract than water extract of RPMP. Our findings also
suggested that egg yolk powder induced NAFLD model
significantly increased TG expression. RPMP and emodin
reduced TG more significantly than TC, which suggested
that emodin was the main component in the treatment of
NAFLD in RPMP.

A vicious cycle is formed due to excessive production
of FFA in body and leads to the increase of liver TG.?
The accumulation of FFA in muscle and liver induced by
increased lipolysis in turn interferes insulin’s utilization,
glucose metabolism and causing IR.** The peripheral

tissue glucose uptake and utilization capacity are
decreased by IR,* and excess glucose reaches the liver
through blood circulation and deposits in the form of TG.
The decomposition of TG into FFA has been proved to be
a determining factor for changes in insulin sensitivity.® In
addition, lipid synthesis of adipose tissue is weakened
while lipolysis is strengthened when IR occurs.?’
Therefore, TG and FFA play an important role in IR in
NAFLD patients. The PI3K-AKT signaling pathway is one
of the major pathway of IR. It is an effective strategy to
prevent IR and type 2 diabetes by regulating AKT and
AMPK ?*3° For example, AMPK can regulate the activity
of PI3K and AKT by combining IRS-1 (insulin receptor
substrate-1).>! The AMPK is a serine/threonine protein

kinase that is highly conserved in higher eukaryotes.*
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Figure 11 Effect of RPMP and emodin on genes expression profiles. (A) mRNA expression of PI3K on larval zebrafish; (B) mRNA expression of AKT2 on larval zebrafish;
(€) mRNA expression of AMPKa on larval zebrafish; (D) mRNA expression of PPARa on larval zebrafish; (E) mRNA expression of ACOXI on larval zebrafish; (F)
mRNAexpression of CPT-1a on larval zebrafish; (G) mMRNA expression of AdipoR2 on larval zebrafish; (H) AMPK signaling pathway of RPMP and emodin in the treatment of
nonalcoholicfatty liver disease on larval zebrafish. Values are expressed as mean * SD in each group. *p < 0.01, ***p < 0.001 egg yolk powder group versus Con group. #p
<0.05, ##p < 0.01, ####p < 0.001 RPMP and emodin groups versus egg yolk powder group.

Threonine 172 is involved in AMPK activation and its
phosphorylation plays an important role in the regulation
of AMPK activity.>*** After AMPK is activated, the
expression of target genes that promote fatty acid oxida-
tion are increased.’> Emodin can attenuate lipid accumula-
tion by decreasing lipogenesis and increasing
mitochondrial fatty acid B-oxidation mediated by activa-
tion of the AMPK signaling pathway.'’

The dynamic balance of liver TG content cannot be
maintained without mitochondrial fatty acid beta-oxidation.
AdipoR2 mainly exists in liver and related to mitochondrial
fatty acid beta-oxidation. The accumulation of hepatic trigly-
ceride can be increased by adiponectin-lowering level.
Adiponectin binds to AdipoR2 and the affinity is related to
adiponectin sensitivity,’® which regulates substrate metabo-
lism by activating several key participants in cell energy
management, including AMPK, PPARa and adiponectin,’’
that leads to enhanced fatty acid oxidation, thus preventing
hepatic steatosis and enhancing insulin sensitivity.>® The

pathway of CPT-1 transport across the mitochondrial outer

membrane is catalyzed by the oligoyl-CoA synthetase on the
outer membrane of mitochondria, which determines the rate
of mitochondrial B-oxidation.** ACOX1, the rate-limiting
enzyme for B-oxidation of peroxisome fatty acids, mainly
regulates the -oxidation process of fatty acids in mitochon-
dria and peroxisome,*® which determines the oxidation rate
of peroxisome. PPARa is an important regulatory factor in
fatty acid oxidation, which regulates the expression of its
downstream target proteins CPT1, ACOX1,*" and regulates
fatty acid oxidation. AMPK can indirectly regulate PPARa,
but the mechanism of correlation is not clear. Studies have
shown that pretreatment with AMPK inhibitor Compound C
attenuates the effects of lipid accumulation and expression of
PPARa proteins,** which suggest that PPARa is a down-
stream gene of AMPK. Inhibition of AMPK activity leads
to reduced expression of PPARa. AMPK activation enhances
PPARa activity may be via ERK1/2 MAPK signaling
pathway.** The AMPK signaling pathway related to emodin
and RPMP treatment of NAFLD is shown in Figure 11H. In
this study, both 50% alcohol-extracted of RPMP and emodin
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can improve IR through PI3K/AKT2/AMPKa pathway and
promote the expression of PPARa, CPT-1a and ACOXI1 to
enhance the oxidation of fatty acids. Emodin exhibited a
preferable effect on lipid-lowering relative to RPMP for it
can reduce both the content of TG and TC. In addition,
RPMP had no significant effect on lowering FFA and
increasing expression of adipoR2. Some studies show that
adiponectin will play an import role in lipid-lowering only
after binding to its receptor,** which consequently promotes
FFA oxidation.*> Therefore, we suspected that adipoR2 was
one of the main targets to promote fatty acid oxidation. Our
results indicated that emodin was a main effective compo-
nent of RPMP in the treatment of NAFLD. But there may be
other components in RPMP that cooperate with emodin for
the treatment of NAFLD, which provided an interesting
consideration for lipid-lowering research of other compo-
nents of RPMP.

Conclusions

Our research indicates that emodin is the main component
of RPMP in the treatment of NAFLD, which is closely
related to the regulation of AMPK signaling pathway, and
the increase of IR and fatty acid oxidation.
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