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Abstract

Background: Obesity increases the risk of metabolic dysfunction such as dyslipidemia, hypertension, and fatty liver.
Physcion (PY) is an anthraquinone that reportedly has anti-inflammatory and anti-bacterial properties. However, few
studies have addressed the effect of PY on high-fat diet-induced obesity in mice. The purpose of this study was to

investigate the effects of PY on obesity.

hepatic steatosis, and inflammation.
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Methods: Male C57BL/6 J mice were randomly divided into three groups and fed normal diet (ND, 5% fat, w/w),
high-fat diet (HFD, 20% fat, 1% cholesterol, w/w), and HFD supplemented with 0.002% PY (w/w) for 16 weeks.
Obesity-related biomarkers were analyzed including whole body and white adipose tissue (WAT) weight, in addition
to lipid and inflammatory factors in the plasma, feces, liver and epididymal WAT. Significant differences among the
groups were determined using Student's t-test. Differences were considered statistically significant at p < 0.05.

Results: Body and WAT weights were significantly decreased by the PY supplement relative to the HFD groups.
Energy expenditure was enhanced by the PY supplement, which led to ameliorate plasma lipids, adipokines,
cytokines, and fecal lipids. Fatty acid (FA) synthesis decreased in the liver, while FA oxidation increased. Finally, lipid
synthesis markedly decreased whereas lipolysis and oxidation increased in WAT.

Conclusions: The PY supplement suppressed lipid accumulation in WAT and the liver by regulating enzyme and gene
levels. These results indicate that PY can improve diet-induced obesity and its complications such as dyslipidemia,

Background

Obesity is a global public health concern in adults and
children. The GBD 2015 obesity collaborators reported
that obesity has received major attention in many coun-
tries, the effects of this attention on trends and the dis-
ease burden of obesity remain uncertain [1]. In recent
years, rapid economic growth, increased consumption of
fast food, and decreased physical activity have increased
the number of individuals with high body weight (BW)
and the incidence of obesity [2]. According to the World
Health Organization (WHO), there were approximately
1.9 billion overweight adults, 650 million obese adults,
and 41 million overweight and obese children in 2016.
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Obesity is a chronic disease and induces metabolic syn-
drome, such as cardiovascular disease, hypertension,
type 2 diabetes, dyslipidemia and non-alcoholic fatty
liver disease (NAFLD) [3]. One hallmark of obesity is
the excessive accumulation of white adipose tissue
(WAT). An imbalance of WAT is associated with many
metabolic diseases and other clinical consequences that
involve fatty acid (FA) fluxes, abnormal adipokine secre-
tion, oxidative stress, and inflammatory responses.
Anthraquinones are a type of polyphenolic compound
that is usually derived from Rumex and Rheum genus
plants that are used as traditional medicines [4]. The main
anthraquinones of the plants are chrysophanol, physcion
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(PY), emodin, and rhein [5]. PY was previously reported
to have anti-inflammatory, anti-bacterial, and anti-fungal
properties [6]. It was reported to inhibit protein tyrosine
phosphatase 1B (PTP1B) that strongly enhanced insulin
sensitivity by increasing both tyrosine phosphorylation of
the insulin receptor and Akt phosphorylation [7].

The use of pharmacological agents to treat obesity is
limited by their lack of efficacy and serious side effects.
Alternative approaches that are safe and lower the risks
associated with obesity are urgently required [8]. Re-
cently, efforts are being made to find new bioactive com-
pounds from natural resources which are abundant in
environment and have few side effects. Therefore, the
purpose of this study was to investigate effect of PY, as
dietary supplement, on obesity and its related metabolic
disorders in diet-induced obesity C57BL/6 ] mice.

Methods

Animals and diets

The C57BL/6] mice (4-week-old, male, n=34) were
purchased from Jackson Laboratory (Bar Harbor, USA).
All mice were individually housed under a constant
temperature (22+2°C) and 12-h light/dark cycle and
fed a normal chow diet for 1 week after arrival for accli-
mation. At 5weeks of age, mice were randomly divided
into three groups and fed a normal diet (ND, n =10, 5%
fat, w/w), high-fat diet (HFD, n=13, 20% fat and 1%
cholesterol, w/w), or HFD with 0.002% PY (n=11,
Chemfaces, Wuhan, China, w/w) for 16 weeks. The mice
had free access to food and distilled water during the ex-
perimental period. The composition of experimental
diets in each group is shown in Table 1. Food intake and
BW were measured once a week. For calculation of ac-
curate food intakes, the same amount of diets was pro-
vided daily and amounts of leftover diets were checked
to measure daily food consumption.

Sampling

Mice were sacrificed using isoflurane (5mg/kg BW,
Baxter, USA) after a 12-h fast. Blood was collected in
heparinized tubes from the vena cava, centrifuged at
1000xg for 15 min at 4°C, and stored at - 70 °C before
plasma profile analysis. The liver and adipose tissues
were removed, rinsed in cold saline, patted dry, weighed,
and stored at — 70 °C. Feces were collected during the 6
days, and dried feces were used for the determination of
fecal lipid levels.

Energy expenditure (EE) measurement

EE was measured using an indirect calorimeter (Oxylet;
Panlab, Cornella, Spain). The mice were placed into in-
dividual metabolic chambers at 25 °C, with free access
to food and water. O, and CO, analyzers were cali-
brated with highly purified gas. Oxygen consumption
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Table 1 Diet composition for animal experiments

Ingredient (g) ND HFD PY
Casein 200.00 200.00 200.00
D,L-methionine 3.00 3.00 3.00
Corn starch 150.00 111.00 111.00
Sucrose 499.99 369.96 369.94
Cellulose power 50.00 50.00 50.00
Corn ol 50.00 30.00 30.00
Lard - 170.00 170.00
Mineral mixture" 35.00 42.00 42.00
Vitamin mixture” 1000 12.00 1200
Choline bitartrate 2.00 2.00 2.00
Cholesterol - 10.00 10.00
tert-Butylhydroquinone 0.01 0.04 0.04
Bioactive compound - - 0.02
Total (g) 1000 1000 1000

DAIN-76 mineral mixture contained in g/kg of mixture: calcium phosphate
dibasic, 500.00; sodium chloride, 74.00; potassium citrate H,0, 222.00;
potassium sulfate, 52.00; magnesium oxide, 24.00; manganese carbonate, 3.50;
ferric citrate U.S.P, 6.00; zinc carbonate, 1.60; cupric carbonate, 0.30; potassium
iodate, 0.01; sodium selenite, 0.01; chromium potassium sulfate 12 H,0, 0.55;
sucrose, finely powdered, 118.03

2AIN-76 vitamin mixture contained in (g/kg of mixture): thiamine HCl 0.60;
riboflavin, 0.60; pyridoxine HCl, 0.70; niacin, 3.00; calcium pantothenate, 1.60;
folic acid, 0.20; biotin, 0.02, vitamin B12 (0.1%), 1.00; vitamin A palmitate
(500,000 IU/g), 0.80; vitamin D3 (400,000 IU/g), 0.25; vitamin E acetate (500 IU/
g), 10.00; menadione sodium bisulfate, 0.08; sucrose, finely powdered, 981.15.
ND, normal diet (AIN-76, 5% fat, w/w); HFD, high-fat diet (20% fat, 1%
cholesterol, w/w); PY, HFD + 0.002% physcion (w/w)

and carbon dioxide production were recorded at 3-min
intervals using a computer-assisted data acquisition
program (Chart 5.2; AD Instrument, Sydney, Australia)
over 24-h, and the data were averaged for each mouse.
EE was calculated according to the following formula;

EE (kcal/day/kg of body weight °7°)=VO,x
1.44 x [3.815 + (1.232 x VO,/VCO,)].

Plasma, hepatic and fecal lipids profile analysis

The concentrations of plasma lipids were determined with
the commercial kits. Triglyceride (TG), total cholesterol
(Total-C), and high-density lipoprotein-cholesterol (HDL-
C): Asan, Seoul, Republic of Korea; Free FA (FFA): Wako
Pure chemical, Osaka, Japan; Apolipoprotein (apo) B:
Nittobo medical co., LTD, Japan. The values of
nonHDL-cholesterol (nonHDL-C) was calculated as follow:
nonHDL-C = (Total-C)-(HDL-C).

Hepatic and fecal lipids were extracted [9], and dried
lipids residues were dissolved in 1 mL of ethanol. Triton
X-100 and a sodium cholate solution in distilled water
were added to 200 pL of the dissolved lipid solution for
emulsification. The TG, cholesterol and FA were ana-
lyzed with the same enzymatic kit used for the plasma
lipids analysis.
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Plasma adipokine and cytokine analysis

Plasma adipokines (adiponectin, leptin) and cytokines
(tumor necrosis factor (TNF)-a, monocyte chemotactic
protein (MCP)-1, interleukin (IL)-6) were measured by
MILLIPLEX"MAP Kit Mouse Adiponectin Magnetic
Bead Single Plex and MILLIPLEX"MAP Kit Mouse
Cytokine/Chemokine Magnetic Bead Panel (MERCK,
New Jersey, USA), respectively.

Lipid-regulating enzyme activities

The enzyme sources of liver and epididymal WAT were
prepared according to the method reported by Hulcher
F.H., and Oleson W.H. (1973) [10]. FA synthase (FASN)
activity was determined by spectrophotometric assay ac-
cording the methods of Nepokroeff C.M., Lakshmanan
M.R,, and Porter J.W. (1975) [11].; one unit of FASN ac-
tivity represented the oxidation of 1pumol of NADPH
per minute at 37°C. Phosphatide phosphohydrolase
(PAP) activity was measured using the method of Wal-
ton P.A., and Possmayer F. (1985) [12] and PAP activity
was expressed as mmol/mg protein/min. Malic enzyme
(ME) activity was measured according to the method of
Ochoa S. (1985) [13] by monitoring the production of
NADPH at 340 nm, where the activity was represented
by the formation of NADPH pmol/mg protein/min. FA
[B-oxidation was measured spectrophotometrically by
monitoring the reduction of NAD to NADH in the pres-
ence of palmitoyl-CoA as described by Lazarow P.B.
(1981) [14], with slight modification. Protein concentra-
tion was measured by the Bradford method using BSA
as the standard [15].

RNA extraction and real-time quantitative PCR analysis
Samples were prepared and analyzed as previously de-
scribed [16]. Total RNA (1 pg) was reverse transcribed
kit (Qiagen, Germany). Then mRNA expression was
quantified by real-time quantitative PCR, using the
QuantiTects SYBR green PCR kit (Qiagen, Germany) on
the CFX96TM real-time PCR system (Bio-Rad, UK).
Primers were used for detecting gene expression in liver
and epididymal WAT, and the primer sequences were
indicated in Table 2. The amplification was performed as
follow: 10 min at 90 °C, 15 s at 95 °C and 60 s at 60 °C for
a total of 35 cycles. The cycle threshold [17] values were
normalized using GAPDH. Relative gene expression was
calculated with the 2-Ct method.

Hepatic and adipose tissue morphology

The liver and epididymal WAT were removed from
each mouse. Samples were fixed in 10% (v/v) parafor-
maldehyde/phosphate-buffered saline and embedded
in paraffin for staining with hematoxylin and eosin.
Stained areas were viewed using a microscope set at
200x magnification.
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Table 2 Primer sequences for genes used in real-time gPCR

Primer Sequences

ACC1 5-GGACAGACTGATCGCAGAGAA AG-3'
5" TGGAGAGCCCCACACACA-3'

ADRP 5-GTGGAAAGGACCAAGTCTGTG-3'
5-GACTCCAGCCGTTCATAGTTG-3'

ADRB3 5"-ACCAACGTGTTCGTGACT-3'
5-ACAGCTAGGTAGCGGTCC-3'

CPT 5-ATCTGGATGGCTATGGTCAAGGTC-3'

5-GTGCTGTCATGCGTTGGCAGTC-3'

LIPE 5-GGCTCACAGTTACCATCTCACC-3'
5-GAGTACCTTGCTGTCCTGTCC3'

PGC-1a 5-AAGTGTGGA ACTCTCTGGAACTG-3'
5"-GGGTTATCTTGGTTGGCTTTATG-3'

PGC-1B 5-GGTCCCTGGCTGACATTCAC-3"
5"-GGCACATCGAGGGCAGAG-3'

PPARa 5-CCTGAACATCGAGTGTCGAATAT-3'
5-GGTCTTCTTCTGAATCTTGCAGCT-3

PPARY 5-GAGTGTGACGACAAGATTTG-3'
5-GGTGGGCCAGAATGGCATCT-3'

PNPLA2 5-CAACGCCACTCACATCTACGG-3'
5-TCACCAGGTTGAAGGAGGGAT-3'

SCD1 5"-CCCCTGCGGATCTTCCTTAT-3'
5-AGGGTCGGCGTGTGTTTCT-3'

SREBP-1a 5-TAGTCCGAAGCCGGGTGGGCGCCGGCGCCAT-3"
5"-GATGTCGTTCAA AACCGCTGTGTGTCCAGTTC-3'

SREBP-1c 5" GGAGCCATGGATTGCACATT-3"
5"-CCTGTCTCACCCCCAGCATA-3'

UCP1 5-AGATCTTCTCAGCCGGAGTTT-3'
5"-CTGTACAGTTTCGGCAATCCT-3'

GAPDH 5-AAGGTCATCCCAGAGCTGAA-3'

5-CTGCTTCACCACCTTGA-3'

ACCT acetyl-CoA carboxylase 1, ADRP adipose differentiation-related protein,
ADRB3 beta-3 adrenergic receptor, CPT1 carnitine palmitoyl-CoA transferase 1,
LIPE lipase E, PGC-1a and 1 peroxisome proliferator-activated receptor
gamma coactivator 1-alpha and beta, PPARa peroxisome proliferator activated
receptor a, PPARy peroxisome proliferator-activated receptor gamma, PNPLA2
patatin-like phospholipase domain containing 2, SCD1 stearoyl-CoA desaturase
1, SREBP-1a and 1c sterol regulatory element binding protein 1a and 1c, UCPT
uncoupling protein 1, GAPDH glyceraldehyde-3-phosphate dehydrogenase

Statistical analysis

Data were expressed as the mean + standard error of the
mean (SEM). All statistical analyses were performed
using SPSS (SPSS, Inc., Chicago, IL, USA) for Windows.
Significant differences among the groups were deter-
mined using student’s ¢-test. Differences were considered
statistically significant at p < 0.05.

Results

BW and organ weight

BW was monitored weekly for 16 weeks (Fig. 1a). BW
significantly decreased in the PY group compared to that
in the HFD group between 13 and 16 weeks. The BW
gain (BWG) and food efficiency ratio (FER) were lower
in the PY group than in the HFD group (Table 3).
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Fig. 1 Change in body weight (a), energy expenditure (b&c), fecal lipid excretion (d). Data are mean + SE. Significant differences between HFD
versus ND are indicated; p < 0.05, "p < 001, p < 0.001. Significant differences between HFD versus PY are indicated; °p < 0.05, **p < 0.01, **°p <
0.001. ND, normal diet (AIN-76, 5% fat, w/w); HFD, high-fat diet (20% fat, 1% cholesterol, w/w); PY, HFD + 0.002% physcion (w/w)

Similar to the BW trends, liver weight significantly de-
creased in the PY group compared to that in the HFD
group. Additionally, muscle weight significantly in-
creased. WAT weight was expressed as weight per 100 g
BW. In the HFD-fed mice, WAT depot weight (includ-
ing epididymal, perirenal, retroperitoneum, mesenteric,
visceral, subcutaneous and interscapular depots) in-
creased compared to that in the ND-fed mice. In the
PY-fed mice, the weights of mesenteric, subcutaneous,
and visceral WAT decreased relative to the HFD-fed
mice. Therefore, the weight of total WAT was signifi-
cantly reduced in the PY-fed mice compared to that in
the HFD-fed mice (Table 3).

EE

EE was measured for 24 h and the result is shown in Fig.
1b&c. EE was significantly higher in the PY group than
in the HFD group at 6 PM and 1 AM (Fig. 1b). EE not-
ably decreased in the HFD group relative to the ND
group during both night and day. In contrast, EE signifi-
cantly increased in the PY group during night and day

compared to that in the HFD group (Fig. 1c). Therefore,
the average EE level during the 24h of experimental
period was markedly lower in the HFD group than in
the ND group, and these levels were significantly higher
in the PY group than in the HFD group.

Plasma and fecal lipid profiles

Supplementation of PY altered the plasma lipid profiles
in the mice fed HFD. The concentration of FFA, TG,
Total-C, HDL-C, nonHDL-C, and Apo B significantly
increased in the HFD group relative to the ND group. In
the PY group, the concentrations of FFA, Total-C,
nonHDL-C, and Apo B significantly decreased compared
to the HFD group (Table 4).

The HFD group showed markedly elevated fecal
lipid levels including TG, cholesterol, and FA com-
pared to the ND group. In the PY group, fecal TG
and cholesterol levels increased compared to those in
the HFD group, but there was no significant differ-
ence in fecal FA level (Fig. 1d).
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Table 3 Effect of 16-week PY treatment on BW, FER, and organ and WAT weights

ND HFD PY
Initial Body Weight (g) 20.86 + 030 2097 + 041 2089 + 031
Final Body Weight (g) 3383 £ 061 4525 + 142" 4024 +127°
Body Weight Gain (q) 1296 + 067 2408 + 1197 1935 + 1.13°
Body Weight Gain (g/day) 0.10 + 001 019+ 001" 0.16 £ 001°
Food Intake (g/day) 3.82 + 008 304+ 009" 287 + 0.05
Energy Intake (kcal/day) 14.77 + 030 13.78 £ 0.39 13.02 £ 0.23
FER 0.007 + 0.000 0014 + 0001 0012 £ 0001°
Organ weight (g/ 100 g body weight)
Liver 351+ 007 548 +027" 443 +035°
Muscle 094 + 0,02 072 +002™" 078 + 0.02°
WAT weight (g/ 100 g body weight)
Epididymal WAT 385+0.18 6.02+021" 569 +0.18
Perirenal WAT 049 + 0.02 092 + 003" 0.84 + 0.06
Retroperitoneum WAT 0.99 + 0.03 128 + 005" 132 + 004
Mesentric WAT 161 + 006 259 +014" 201 +£0.14°
Visceral WAT 6.94 + 0.23 1081 £ 024" 9.86 + 035
Subcutaneous WAT 2154012 456 +019" 369 + 023%
Interscapular WAT 138 +0.12 194 +0107 181 + 008
Total WAT 1047 + 040 1731+ 038" 1535 + 0.55°°

Data are mean + S.E. Significant differences between HFD versus ND are indicated; ““p < 0.001. Significant difference between HFD versus PY are indicated;
Sp <0.05, ssp < 0.01. ND, normal diet (AIN-76, 5% fat, w/w); HFD, high-fat diet (20% fat, 1% cholesterol, w/w); PY, HFD + 0.002% physcion (w/w); FER, food
efficiency ratio = body weight gain per day/energy intake per day. WAT, white adipose tissue; BW, body weight

Visceral WAT = (epididymal + perirenal + retroperitoneum + mesenteric) WAT;
Total WAT = (visceral + subcutaneous + interscapular) WAT

Plasma adipokine and cytokine levels

As shown in Fig. 2a, there was no significant differ-
ence in adiponectin level between the three groups.
Leptin and leptin:adiponectin (L:A) ratio levels signifi-
cantly decreased in the PY group compared to those
in the HFD group. Concentrations of MCP-1, TNEF-q,
and IL-6 were markedly lowered by PY supplementa-
tion (Fig. 2b).

Table 4 Effect of PY on plasma lipid profiles over 16 weeks

ND HFD PY
FFA (mmol/L) 062+003  073+002" 068 + 002°
TG (mmol/L) 0.77 + 005 110 £ 005 110 + 004
Total-C (mmol/L) 363+ 011 638 +028" 508+ 024°°
HDL-C (mmol/L) 168+010  304+009"  263+014°
nonHDL-C (mmol/l) ~ 194+012  334+023" 244 +013%
Apo B (mg/dL) 414+037 607 £040" 474 +026°

Data are mean * S.E. Significant differences between HFD versus ND are
indicated; “p < 0.01, “"p < 0.001. Significant differences between HFD and PY
are indicated; °p < 0.05, **p < 0.01. ND, normal diet (AIN-76, 5% fat, w/w); HFD,
high-fat diet (20% fat, 1% cholesterol, w/w); PY, HFD + 0.002% physcion (w/w);
FFA, free fatty acid; TG, triglyceride; Total-C, total-cholesterol; HDL-C,
HDL-cholesterol; nonHDL-C, nonHDL-cholesterol = (Total-C)-(HDL-C); Apo B,
apolipoprotein B

Hepatic lipid profiles, lipid-regulating enzyme activities,
gene expression and morphology

Hepatic TG, cholesterol, and FA levels were higher in
the HFD group than in the ND group. Similar to the
trends observed in liver weight, PY supplementation dra-
matically decreased hepatic TG, cholesterol, and FA
levels (Fig. 3a). Hepatic tissue morphology is shown in
Fig. 3d. In the HFD group, there were large-sized hepatic
lipid droplets compared to the ND group. However, the
PY treatment reduced both hepatic lipid droplet number
and size compared to HFD.

Figure 3b presents the activities of hepatic lipid-regu-
lating enzyme. Although there were no statistical differ-
ences in FASN among the groups, ME activity
significantly decreased in the PY group compared to that
in the HED group. B-oxidation activity increased in the
PY supplementation group relative to the HFD group.

Figure 3¢ shows the expression levels of hepatic lipid
metabolism-related genes. PY supplementation mark-
edly reduced lipogenic gene expression levels includ-
ing PPARy, SREBP-1a, SREBP-1c, ACC1, and SCDI.
CPT1 and PGC-1a are genes related to FA oxidation.
The expression of CPT1 and PGC-la was down-
regulated in the HFD group compared to that in the
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ND group. However, PY up-regulated these genes
compared to HFD.

Lipid-regulating enzyme activities, gene expression and
morphology in epididymal WAT

Lipid-regulating enzyme activities and epididymal WAT
morphology are indicated in Fig. 4a and c, respectively.
PY significantly decreased the activities of ME, FASN,
and PAP compared to HFD. Adipocyte size increased in
HFD-fed mice compared to that in ND-fed mice,
whereas PY supplementation reduced adipocyte size
relative to HFD.

The expression of lipid regulating genes is indicated in
Fig. 4b. Gene expression of PPARa, UCP1, and ADRB3,
FA oxidation-related genes, decreased in the HFD group
compared to that in the ND group. With PY supplemen-
tation, PPARa, PGC-1p, and UCP1 expression was sig-
nificantly down-regulated and PGC-1la expression was
tended to be increased. PNPLA2 and LIPE genes were
associated with lipolysis. The expressions of PNPLA2
was significantly decreased in the HFD group compared
to the ND group. The expression of PNPLA2 and LIPE
were significantly increased in the PY group relative to
the HFD group. ADRP, a gene involved in LD formation,
was up-regulated by HFD compared to ND. In the PY

group, the ADRP expression was markedly reduced
compared to that in the HFD group.

Discussion

Chronic HFD feeding induces obesity, which is a grow-
ing problem and is associated with metabolic complica-
tions [18, 19]. Anthraquinones are present in many
medicinal and nutritional plants and PY is member of
the anthraquinone family [20]. In this study, we eluci-
dated the efficacy of PY on obesity via lipid metabolism
in mice.

Effect of PY supplementation on the regulation of lipid
metabolism in the liver, plasma, and feces
Accumulation of TGs in the liver induces hepatic steato-
sis, which is a feature of NAFLD. Hepatic steatosis is
also associated with an increased risk of dyslipidemia.
HFD induces hepatic steatosis through multiple path-
ways, including increased dietary and released adipocyte
FAs, excess hepatic FA synthesis, and reduced hepatic
FA oxidation [21]. Hepatic de novo lipogenesis is regu-
lated by the activity of lipogenic enzymes (ACC, FASN,
SCD1), and transcription factor expression levels
(SREBPs and PPARs) [22].

PPARy is required for lipid synthesis, transport, and
storage, and its expression is markedly increased in
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high-fat diet (20% fat, 1% cholesterol, w/w); PY, HFD + 0.002% physcion (w/w); ME, malic enzyme; FASN, fatty acid synthase; PPAR y, peroxisome
proliferator-activated receptor gamma; SREBP-1a and 1c, sterol regulatory element binding protein 1a and 1¢; ACC1, acetyl-CoA carboxylase 1;
SCD1, stearoyl-CoA desaturase 1; PGC-1q, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; CPT1, carnitine palmitoyl-CoA
transferase 1. Hematoxylin and Eosin (H&E) stained transverse-section of liver. Representative photomicrographs of liver are shown at 200x

hepatic steatosis [23]. In our study, the expression levels
of SREBP-1a, SREBP-1c, ACC1, SCD1, and PPARy were
significantly decreased by PY supplementation, ME activ-
ity was decreased compared to that in the HFD group,
and hepatic lipid droplet size and number were reduced,
presumably owing to its anti-lipogenic effects. Liver
weight was significantly reduced in the PY group com-
pared to that in the HFD group; similarly, hepatic TG,
cholesterol, and FA levels decreased.

Liver mitochondria are the primary site for energy
production in the liver through -oxidation of FAs. Lipid
oxidation-related genes were associated with the tran-
scriptional control of PGC-1a [24].

Furthermore, regulation of p-oxidation depends on the
delivery rate of FAs into the mitochondrial matrix, which is
dependent on CPT1 activity [22]. The FA oxidation-related
genes (PGC-1a, CPT1) were up-regulated by PY supple-
mentation. Similar to results of gene expression, activity of
[-oxidation was increased by the PY group. These results
indicate that the PY supplementation ameliorates hepatic
steatosis by increasing lipid oxidation resulting in a reduc-
tion of lipid accumulation.

Obesity is often associated with impaired lipolysis and
increased plasma FFA concentrations. Abnormally high
FFA levels stimulate the production of VLDL-TG in the
liver; increased plasma lipids cause dyslipidemia [25]. Dys-
lipidemia in obesity is generally characterized by de-
creased HDL-C and increased LDL-C levels [26]. In the
present study, plasma lipid profiles showed dramatic
changes in the HFD group compared to ND, with PY sup-
plementation leading to suppressed levels of FFA, Total-C,
nonHDL-C, and Apo B compared to HFD. Our results
were in agreement with a previous report on
PY-containing herb extracts, which lowered cholesterol
and LDL-C levels [7]. Additionally, PY supplementation
increased the excretions of fecal TG compared to the
HFD group. Therefore, the PY group decreased the ab-
sorption of dietary fat.

Effect of PY supplementation on the regulation of fat
mass, WAT lipid metabolism, and plasma adipokines
Increased fat mass is a main symptom of obesity, and is
related to various obesity-related metabolic syndromes
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Fig. 4 Effect of 16-week PY treatment on lipid profiles in epididymal WAT. Lipid-regulating enzyme activities (a). Lipid-metabolism related genes
(b). Morphology (c). Data are mean = SE. Significant differences between HFD and ND are indicated; p <005, "p <001, "'p < 0.001. Significant
differences between HFD versus PY are indicated; °p < 0.05, **p < 0.01 ND, normal diet (AIN-76, 5% fat, w/w); HFD, high-fat diet (20% fat, 1%
cholesterol, w/w); PY, HFD + 0.002% physcion (w/w); ME, malic enzyme; FASN, fatty acid synthase; PAP, phosphatidate phosphohydrolase; PPARq,
peroxisome proliferator activated receptor a; PGC-1a and 1(3, peroxisome proliferator-activated receptor gamma coactivator 1-alpha and beta;
UCP1, uncoupling protein 1; ADRB3, beta-3 adrenergic receptor; PNPLA2, patatin-like phospholipase domain containing 2; LIPE, lipase E; ADRP,
adipose differentiation-related protein. Hematoxylin and Eosin (H&E) stained transverse-section of adipose tissue. Representative
photomicrographs of liver are shown at 200x

[27]. The several lipogenic enzymes, including FASN
and ME, newly synthesize FAs that are used as sub-
strates in TG synthesis [28]. In our results, FASN and
ME activities were markedly suppressed in the PY
group. Moreover, PAP activity, a rate-limiting enzyme
in TG synthesis, was significantly attenuated by PY
supplementation.

Increasing TG lipolysis and FA utilization might be
useful approaches to improve or prevent obesity [29].
The stimulation of ADRB3 enhances lipolysis through
lipid oxidation and thermogenesis [30]. In adipose tissue,
TG hydrolysis requires lipases including HSL and ATGL
(PNPLA2), and B-adrenergic stimulation activates HSL
(LIPE). HSL translocates to lipid droplets and cooper-
ates with ATGL to accelerate lipolysis. In general,
beta-adrenergic receptor-stimulated lipolysis is impaired

in obese patients and mice lacking ATGL have increased
amounts of fat [31, 32]. Additionally, ATGL-deficient ani-
mals have decreased PPAR« signaling [33]. PPAR« is es-
sential for activating lipid oxidation-related genes and
interacts with PGC-1a to produce brite (brown in white)
adipocytes. These pathways enhance UCP1 expression,
which regulates EE and thermogenesis, and its expression
is increased during FA oxidation [30, 34]. In our study, the
FA oxidation-related genes (ADRB3, PGC-1f3, UCP1) and
lipolysis-related genes (PNPLA2, LIPE) were up-regulated
by PY. ADRP, which stimulates lipid droplet formation,
was down-regulated with a corresponding reduction in
adipocyte size.

The PY supplement also increased EE, which is the
amount of energy used, due to up-regulation of UCPI.
Muscle weight also increased in the PY group.
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Meanwhile, visceral fat accumulation is highly linked
with excess body fat, dyslipidemia, and hepatic steatosis.
Our results show PY supplementation reduced visceral
WAT, total WAT, and BW. It also reduced adipocyte
size as observed via examination of WAT morphology
compared to HFD. These results indicate PY supplemen-
tation enhances lipolysis, suppresses lipid accumulation,
and ameliorates adiposity by regulating gene expression
and EE.

Additionally, the excessive fat in obesity, especially vis-
ceral fat, produces cytokines including MCP-1, IL-6, and
TNEF-a, and adipokines such as leptin, which regulate
pro-inflammatory cytokines [3, 35]. In this study, WAT
reduction subsequently reduced plasma leptin levels,
which we speculate could decrease plasma levels of
MCP-1, IL-6, and TNF-a.

Taken together, the current evidence indicates that PY
supplementation suppressed adiposity by reducing lipid
droplet synthesis and increasing ADRB3-related lipolysis
and EE via FA oxidation. In addition, it alleviates plasma
levels of inflammatory cytokines and adipokines.

Conclusions

The present study evaluated the effects of PY supplemen-
tation on diet-induced obesity and obesity-related meta-
bolic disorders. Our data indicated that PY ameliorates
hepatic steatosis by modulating lipid metabolism. Hepatic
lipids and liver weight decreased with control of
lipogenic-related gene (PPARy, SREBP-la, SREBP-Ic,

ACC1, SCD1) expression and enzyme activity (ME). In
addition, PY enhanced FA oxidation-associated gene
(PGC-1a, CPT1) expression and B-oxidation activity. Its
effects on lipid metabolism in adipocytes included enhan-
cing the expression of lipolysis-related genes (PNPLAZ2,
LIPE) and thermogenesis-related genes (PPARa, PGC-1f,
UCP1). Furthermore, night and day EE increased with
higher muscle weight.

PY supplementation led to decreased lipogenic enzyme
(ME, FASN, PAP) activity and ADRP expression, which
suppressed lipid droplet formation. This culminated in
reduced adipocyte size and body and fat weights. This
treatment also reduced plasma lipids (FFA, Total-C,
nonHDL-C, Apo B) and fecal lipids (TG, cholesterol)
thereby improving the inflammatory response by reduc-
tion of plasma cytokines.

Taken together, PY supplementation suppressed lipid ac-
cumulation and prevented a variety of obesity-related
metabolic disorders including dyslipidemia, fatty liver, and
inflammation. The proposed anti-obesity mechanisms of
PY are shown in Fig. 5. Therefore, PY is a very potent bio-
active compound that is a promising anti-obesity agent.

Abbreviations

ACCI1: Acetyl-CoA carboxylase 1; ADRB3: Beta-3 adrenergic receptor;

ADRP: Adipose differentiation-related protein; Apo B: Apolipoprotein B;

BW: Body weight; CPT1: Carnitine palmitoyl-CoA transferase 1; FASN: Fatty acid
synthase; FER: Food efficiency ratio; FFA: Free fatty acid;

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; H&E: Hematoxylin and
eosin; HDL-C: high-density lipoprotein-cholesterol; IL-6: Interleukin-6;

L:A: leptin:adiponectin; LIPE: Lipase E; MCP-1: Monocyte chemotactic protein-1;



Lee et al. Nutrition & Metabolism (2019) 16:31

ME: Malic enzyme; nonHDL-C: nonHDL-cholesterol; PAP: Phosphatidate
phosphohydrolase; PGC-1a: Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PGC-10: Peroxisome proliferator-activated receptor gamma
coactivator 1-beta; PNPLA2: Patatin-like phospholipase domain containing 2;
PPAR y: Peroxisome proliferator-activated receptor gamma; PPARa: Peroxisome
proliferator activated receptor a; PTP1B: protein tyrosine phosphatase 1B;
SCD1: Stearoyl-CoA desaturase 1; SEM: Standard error of the mean; SREBP-

Ta: Sterol regulatory element binding protein 1a; SREBP-1c: Sterol regulatory
element binding protein 1¢; TNF-a: Tumor necrosis factor-alpha; Total-C: Total
cholesterol; UCP1: Uncoupling protein 1

Acknowledgements
Not applicable.

Funding
This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korean government (MSIP) (2016R1C1B1014846).

Availability of data and materials
The datasets used and/or analyzed in this study are available from the
corresponding author upon reasonable request.

Author’s contribution

S-JL, S-J.C and MS.-C collected data, contributed to the discussion, and
wrote, reviewed, and edited the manuscript. E-Y.K. contributed to the
discussion and reviewed and edited the manuscript. M.-S.C. is the
guarantor of this work and, as such, had full access to all study data
and takes responsibility for the integrity of the data and accuracy of the
data analysis. All authors read and approved the final manuscript.

Ethics approval
All procedures were approved by the animal ethics committee of
Kyungpook National University (Approval No. 2016-0129).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 19 October 2018 Accepted: 6 May 2019
Published online: 15 May 2019

References

1. The GBD 2015 Obesity Collaborators. Health effects of overweight and
obesity in 195 countries over 25 years. N Engl J Med. 2017,377:13-27.

2. Jang M, Berry D. Overweight, obesity, and metabolic syndrome in
adults and children in South Korea: a review of the literature. Clin Nurs
Res. 2011;20:276-91.

3. Jung UJ, Choi MS. Obesity and its metabolic complications: the role of
adipokines and the relationship between obesity, inflammation, insulin
resistance, dyslipidemia and nonalcoholic fatty liver disease. Int J Mol Sci.
2014,15:6184-223.

4. Mishra SK, Tiwari S, Shrivastava A, Srivastava S, Boudh GK, Chourasia SK,
Chaturvedi U, Mir SS, Saxena AK, Bhatia G, Lakshmi V. Antidyslipidemic
effect and antioxidant activity of anthraquinone derivatives from Rheum
emodi rhizomes in dyslipidemic rats. J Nat Med. 2014,68:363-71.

5. Aichner D, Ganzera M. Analysis of anthraquinones in rhubarb (Rheum
palmatum and Rheum officinale) by supercritical fluid chromatography.
Talanta. 2015;144:1239-44.

6. Guo S, Feng B, Zhu R, Ma J, Wang W. Preparative isolation of three
anthraguinones from Rumex japonicus by high-speed counter-current
chromatography. Molecules. 2011;16:1201-10.

7. Lee W, Yoon G, Hwang YR, Kim YK, Kim SN. Anti-obesity and
hypolipidemic effects of Rheum undulatum in high-fat diet-fed C57BL/6
mice through protein tyrosine phosphatase 1B inhibition. BMB Rep.
2012;45:141-6.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 10 of 11

Zhang WL, Zhu L, Jiang JG. Active ingredients from natural botanicals in the
treatment of obesity. Obes Rev. 2014;15:957-67.

Folch J, Ascoli I, Lees M, Meath JA, Le BN. Preparation of lipide extracts from
brain tissue. J Biol Chem. 1951;191:833-41.

Hulcher FH, Oleson WH. Simplified spectrophotometric assay for
microsomal 3-hydroxy-3-methylglutaryl CoA reductase by measurement of
coenzyme A. J Lipid Res. 1973;14:625-31.

Nepokroeff CM, Lakshmanan MR, Porter JW. Fatty-acid synthase from rat
liver. Methods Enzymol. 1975;35:37-44.

Walton PA, Possmayer F. Mg2+—dependent phosphatidate phosphohydrolase
of rat lung: development of an assay employing a defined chemical substrate
which reflects the phosphohydrolase activity measured using membrane-
bound substrate. Anal Biochem. 1985;151:479-86.

Ochoa S. [123] malic dehydrogenase from pig heart: I-malate+ DPN+<
Oxalacetate+ DPNH+ H+. Methods Enzymol. 1955;1:735-9.

Lazarow PB. [19] assay of peroxisomal -oxidation of fatty acids. In: Methods
in enzymology, vol. 72: Academic Press; 1981. p. 315-9. https://www.
sciencedirect.com/science/article/pii/S0076687981720214.

Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem. 1976;72:248-54.

Shin SK, Ha TY, McGregor RA, Choi MS. Long-term curcumin administration
protects against atherosclerosis via hepatic regulation of lipoprotein
cholesterol metabolism. Mol Nutr Food Res. 2011;55:1829-40.

American College of Cardiology/American Heart Association Task Force on
Practice Guidelines OEP: Executive summary: Guidelines (2013) for the
management of overweight and obesity in adults: a report of the American
College of Cardiology/American Heart Association Task Force on Practice
Guidelines and the Obesity Society published by the Obesity Society and
American College of Cardiology/American Heart Association Task Force on
Practice Guidelines. Based on a systematic review from the The Obesity
Expert Panel, 2013. Obesity 2014, 22 Suppl 2:55-39.

Cho SJ, Jung UJ, Choi MS. Differential effects of low-dose resveratrol on
adiposity and hepatic steatosis in diet-induced obese mice. Br J Nutr.
2012;108:2166-75.

Gesta S, Tseng YH, Kahn CR. Developmental origin of fat: tracking obesity to
its source. Cell. 2007;131:242-56.

Wu W, Hu N, Zhang Q, Li Y, Li P, Yan R, Wang VY. In vitro glucuronidation of
five rhubarb anthraquinones by intestinal and liver microsomes from
humans and rats. Chem Biol Interact. 2014;219:18-27.

Kwon EY, Jung UJ, Park T, Yun JW, Choi MS. Luteolin attenuates hepatic
steatosis and insulin resistance through the interplay between the liver and
adipose tissue in mice with diet-induced obesity. Diabetes. 2015;64:1658-69.
Fabbrini E, Magkos F. Hepatic Steatosis as a Marker of Metabolic
Dysfunction. Nutrients. 2015;7:4995-5019.

Browning JD, Horton JD. Molecular mediators of hepatic steatosis and liver
injury. J Clin Investig. 2004;114:147-52.

Canto C, Auwerx J. PGC-1alpha, SIRTT and AMPK, an energy sensing network
that controls energy expenditure. Curr Opin Lipidol. 2009,20:98-105.

Ebbert JO, Jensen MD. Fat depots, free fatty acids, and dyslipidemia.
Nutrients. 2013;5:498-508.

Klop B, Elte JW, Cabezas MC. Dyslipidemia in obesity: mechanisms and
potential targets. Nutrients. 2013;5:1218-40.

Banerji MA, Buckley MC, Chaiken RL, Gordon D, Lebovitz HE, Kral JG. Liver
fat, serum triglycerides and visceral adipose tissue in insulin-sensitive and
insulin-resistant black men with NIDDM. Int J Obes Relat Metab Disord.
1995;19:846-50.

Vazquez-Vela ME, Torres N, Tovar AR. White adipose tissue as endocrine
organ and its role in obesity. Arch Med Res. 2008;39:715-28.

Marcelin G, Chua S Jr. Contributions of adipocyte lipid metabolism to body
fat content and implications for the treatment of obesity. Curr Opin
Pharmacol. 2010;10:588-93.

Bargut TCL, Souza-Mello V, Aguila MB, Mandarim-de-Lacerda CA. Browning
of white adipose tissue: lessons from experimental models. Horm Mol Biol
Clin Invest. 2017;31. https//www.degruyter.com/view/j/hmbci.2017.31.issue-
1/hmbci-2016-0051/hmbci-2016-0051.xml.

Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, Sul HS. Regulation of
lipolysis in adipocytes. Annu Rev Nutr. 2007;,27:79-101.

Zechner R, Zimmermann R, Eichmann TO, Kohlwein SD, Haemmerle G, Lass
A, Madeo F. FAT SIGNALS--lipases and lipolysis in lipid metabolism and
signaling. Cell Metab. 2012;15:279-91.


https://www.sciencedirect.com/science/article/pii/S0076687981720214
https://www.sciencedirect.com/science/article/pii/S0076687981720214
https://www.degruyter.com/view/j/hmbci.2017.31.issue-1/hmbci-2016-0051/hmbci-2016-0051.xml
https://www.degruyter.com/view/j/hmbci.2017.31.issue-1/hmbci-2016-0051/hmbci-2016-0051.xml

Lee et al. Nutrition & Metabolism

33.

34.

35.

(2019) 16:31

Bolsoni-Lopes A, Alonso-Vale MI. Lipolysis and lipases in white adipose
tissue - an update. Arch Endocrinol Metab. 2015;59:335-42.

Nedergaard J, Golozoubova V, Matthias A, Asadi A, Jacobsson A, Cannon B.

UCP1: the only protein able to mediate adaptive non-shivering
thermogenesis and metabolic inefficiency. Biochim Biophys Acta.
Bioenergetics. 2001;1504:82-106.

Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a
link between obesity, metabolic syndrome and type 2 diabetes. Diabetes
Res Clin Pract. 2014;105:141-50.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and diets
	Sampling
	Energy expenditure (EE) measurement
	Plasma, hepatic and fecal lipids profile analysis
	Plasma adipokine and cytokine analysis
	Lipid-regulating enzyme activities
	RNA extraction and real-time quantitative PCR analysis
	Hepatic and adipose tissue morphology
	Statistical analysis

	Results
	BW and organ weight
	EE
	Plasma and fecal lipid profiles
	Plasma adipokine and cytokine levels
	Hepatic lipid profiles, lipid-regulating enzyme activities, gene expression and morphology
	Lipid-regulating enzyme activities, gene expression and morphology in epididymal WAT

	Discussion
	Effect of PY supplementation on the regulation of lipid metabolism in the liver, plasma, and feces
	Effect of PY supplementation on the regulation of fat mass, WAT lipid metabolism, and plasma adipokines

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Author’s contribution
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References

