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Background: Emodin has been widely used in traditional Chinese medicine, but few studies have tried to understand the
mechanism of its anti-hypercholesterolemic effect.

Material/Methods: To delineate the underlying pathways, high-cholesterol diet (HCD)-fed Sprague-Dawley rats were orally admin-
istrated emodin or the lipid-lowering medicine simvastatin. Emodin was administered at 10, 30, or 100 mg/kg,
while simvastatin was administered at 10 mg/kg. Parameters measured included lipid profiles (serum total
cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol, aor-
ta endothelium-dependent vasorelaxation in response to acetylcholine, and nitric oxide (NO) production. RT-
gPCR and western blotting were performed to evaluate aortic endothelial nitric oxide synthase (eNOS), phos-
phorylated eNOS (p-eNOS), and hepatic LDL receptor (LDLR). Indices of liver and serum oxidation were also
measured.

Results: The atherogenic index was increased by the HCD but significantly reduced in all treatment groups. The HCD-
fed experimental group treated with emodin at 10 mg/kg had significantly lower serum total-C and LDL-C and
improved aorta vasorelaxation and enhanced NO production. Also, emodin significantly attenuated the lipid
profiles and restored endothelial function, as reflected by upregulated expression of hepatic LDLR and p-eNOS,
respectively. Furthermore, emodin at 10 mg/kg significantly enhanced superoxide dismutase activity, lowered
the malondialdehyde level in both liver and serum, and enhanced catalase activity in serum.

Conclusions: The ability of emodin to inhibit hypercholesterolemia in HCD-fed rats was associated with lower serum total-C
and LDL-C, restoration of aortic endothelial function, and improved antioxidant capacity. Low-dose emodin
showed better protection of aortic endothelium and better antioxidant activity than did higher doses.
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ANIMAL STUDY

Background

Cardiovascular disease is the leading cause of mortality world-
wide [1]. The frequent combination of an unhealthy high-fat
and high-salt diet and a sedentary lifestyle increases the prev-
alence of hypercholesterolemia (high total blood cholester-
ol), thereby raising the morbidity of cardiovascular disease.
Endothelial dysfunction [2] and hypercholesterolemia [3,4] are
considered to be the dominant risk factors for cardiovascu-
lar diseases, and treatment of hyperlipidemia through the re-
duction of total cholesterol (total-C) and low-density lipopro-
tein cholesterol (LDL-C) have been shown to be effective at
reducing cardiovascular disease in animal models and clinical
studies [3]. Protecting endothelial integrity with lipid-lower-
ing agents such as simvastatin has become standard therapy
for the treatment and prevention of cardiovascular disease [5].
Emodin, 1,3,8-trihydroxy-6-methylanthraquinone (C,.H, O,
mol wt. 270.23), is an active component of the root of Rheum
palmatum Linn. (Polygonaceae) that has been reported to pos-
sess several biological activities including antiinflammation [6],
antiviral [7], antibacterial [8], vasorelaxation [9], immunosup-
pression [10], hepatoprotection, [11] anticancer [12], antiox-
idation [13], and antiatherogenic [14]. However, no study of
emodin has addressed its lipid lowering effect, and the mech-
anisms underlying its anti-hypercholesterolemic activity re-
main unclear. We hypothesized that the ability of emodin to
inhibit hypercholesterolemia was likely associated with a re-
duction in serum cholesterol and the restoration of aortic en-
dothelial function.

To test our hypothesis, we administered emodin (10, 30, 100
mg/kg) by oral gavage to Sprague-Dawley rats fed a diet high
in cholesterol and compared these to rats fed a diet high in
cholesterol and administered simvastatin (10 mg/kg, per os
[p.0.]). The study also included a group of normally fed rats and
a group of control rats fed a diet of high cholesterol that re-
ceived no treatment. The 3 doses of emodin were chosen based
on reports that 30 mg/kg p.o. showed optimal hepatoprotec-
tive ability against acetaminophen-induced toxicity in rats [15].

Material and Methods

Chemicals

Emodin, as a fine red powder (>98% purity by the high-perfor-
mance liquid chromatography [HPLC] method), was purchased
from Nanjing Qingze (Nanjing, China), and simvastatin tablets
(20 mg, 10% purity by HPLC) were provided by Hangzhou MSD
(Hangzhou, China). Acetylcholine, indomethacin, neostigmine,
and phenylephrine were supplied by Sigma-Aldrich, and were
of analytical grade.
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Experimental Design and Tissue Collection

Forty-eight male Sprague-Dawley rats (170+10 g) were pur-
chased from the Guangdong Provincial Medical Laboratory
Animal Center (Guangzhou, China). Four animals were housed
in each cage at a temperature of 25+2°C with a 12-h light/
dark cycle. After a 7-day quarantine period, the rats were ran-
domly assigned to 1 of 6 groups (n = 8 per group): standard
diet and no treatment (control); high-cholesterol diet and no
treatment (HCD group); high-cholesterol diet and simvastatin
(10 mg/kg) treatment (SIM group); high-cholesterol diet and
low-dose emodin (10 mg/kg) treatment (EL group); high-cho-
lesterol diet and medium-dose emodin (30 mg/kg) treatment
(EM group); and high-cholesterol diet and high-dose emodin
(100 mg/kg) treatment (EH group). The control group was fed
with a standard rat chow diet containing protein (~14%), fat
(~10%), and carbohydrate (~76%), while the high-cholester-
ol groups were fed the standard diet supplemented with 1%
cholic acid, 2% pure cholesterol, and 5.5% edible peanut oil, as
described in our previous studies [16,17]. All rats could freely
consume water and their corresponding diet. The emodin was
dissolved in distilled water and mixed thoroughly to make a
uniform suspension before administration. The rats were ad-
ministered distilled water alone or their corresponding drug
by oral gavage (20 mL/kg body weight) between 9: 30 and 10:
00 AM daily for 38 consecutive days. At the end of the study,
the animals were fasted for 12 h and then euthanized by cer-
vical dislocation. Blood was immediately collected in 10-mL
tubes by cardiac puncture and then centrifuged at 800 g for
15 min at 4°C. The serum was stored at -80°C for subsequent
analysis. The aortas were then isolated rapidly and immersed
in ice-cold Tyrode’s buffer composed of NaCl, 118 mM; KCl|,
4.7 mM; KH,PO,, 1.2 mM; NaHCO,, 25 mM; glucose, 11 mM;
CaCl,, 2.5 mM; and MgSO,, 1.2 mM. After removing adhered
fat and connective tissue, the isolated aortas were dissected
into 3 sections. The thoracic aortic ring (~3 mm) was used for
measuring isometric tension, a second section (~15 mm) was
used to test for NO production in vitro and western blotting,
and the remainder was used for reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR) analysis. Two piec-
es of hepatic tissues were obtained: a fragment of ~100 mg
was used for RT-gPCR analysis and a larger fragment of ~1 g
was used for the antioxidant assay. The study was approved by
the Ethics Committee of the Hong Kong Polytechnic University
(approval No: 180905, approval date: December 10, 2018).

Measurement of Serum Lipid Profiles

Serum total-C and triglycerides were measured via the en-
zymatic-colorimetric method, and LDL-C and high-density li-
poprotein cholesterol (HDL-C) were measured via the direct
method [18,19]. The atherogenic index was calculated as [(to-
tal-C)-(HDL-C)})/(HDL-C). Total-C, triglycerides, LDL-C, and HDL-C
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were measured with a Beckman Coulter AU680 analyzer us-
ing a Beckman Kkit.

Evaluation of the Isometric Tension of the Thoracic Aorta

A segment of the thoracic aortic vessel (~3 mm) from each
animal was kept at a passive tension of 1.2 g for 60 min in a
tissue bath containing 5 mL Tyrode’s buffer at 37°C, injected
with a mixture of 95% oxygen and 5% carbon dioxide. After
the 60-min equilibration period, 2 doses of 60 mM KCl were
added. To measure the artery vasodilation in response to ace-
tylcholine, the Tyrode’s buffer was supplemented with 1 uM
neostigmine (an anticholinesterase) and 1 uM indomethacin (a
nonselective cyclo-oxygenase inhibitor), and then 1 uM phen-
ylephrine was added to allow the aortic ring to pre-contract
and establish a baseline contraction. After a steady-state con-
traction was established, increasing concentrations of acetyl-
choline ranging from 10 nM to 10 uM were added to the tis-
sue bath. The contractile response (isometric tension, in g) of
each aortic ring was measured and recorded.

Nitric Oxide Production

To assess the damage to the vascular endothelium induced by
the HCD, nitric oxide (NO) production of the blood vessels was
measured in vitro, as described previously [16,20]. The isolated
aortic rings (~15 mm) were incubated in culture dishes con-
taining 37°C Tyrode’s solution in the presence of 1 uM neostig-
mine and 1 uM acetylcholine in a thermostatic incubator. After
2 h of incubation, each aortic ring was weighed, and the medi-
um was collected. The collected medium was vacuum freeze-
dried and the pellets re-dissolved with 300 L of distilled wa-
ter. Nitrate/nitrite concentrations were analyzed with a nitric
oxide kit (KeyGen, Nanjing, China), and absorbance was read
by spectrophotometry at 540 nm. The NO levels were calcu-
lated according to the kit instructions.

RT-qPCR Analysis

The aortas and hepatic tissues were homogenized, and RNA
was extracted with the TRIzol reagent kit, according to the
manufacturer’s instructions (Life Technologies). Samples were
used for cDNA synthesis with a cDNA synthesis kit (Fermentas)
as follows: 65°C for 5 min, 42°C for 60 min, and 70°C for 5
min. The levels of endothelial NO synthase (eNOS), LDL recep-
tor (LDLR), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were measured using a LightCycler 480 and SYBR
Green 1 Master Mix (Roche). Amplification was performed
in a reaction volume of 20 puL as follows: 5 min at 95°C; fol-
lowed by 42 cycles at 95°C for 10 s, 60°C for 30 s, and 72°C
for 20 s; with a final extension at 72°C for 10 min. Primer se-
quences are listed in Table 1. The housekeeping gene GAPDH
was used as an internal control to calibrate expression levels

ANIMAL STUDY

Table 1. Primer sequences.

Gene Orientation Sequence (5’ to 3’)

Forward GGATTCTGGCAAGACCGATTAC

T S
Reverse GGTGAGGACTTGTCCAAACACT
Forward TGGCTATGAGTGCCTATGTC

R
Reverse GGTGAAGAGCAGAAACCCTA
Forward TGCACCACCAACTGCTTAG

GAPDH o
Reverse AGTGGATGCAGGGATGATGT

eNOS - endothelial nitric oxide synthase; LDLR — low density
lipoprotein receptor; GAPDH — glyceraldehyde-3-phosphate
dehydrogenase.

across specimens. The expression levels of the mRNAs in the
experimental animals were calculated as a percentage of the
expression in the control group. The experiment was repeat-
ed 3 times independently.

Antioxidant Assay

To evaluate the activities of antioxidative enzymes in the liver,
hepatic tissues (~1 g) from each rat were weighed and stored
immediately at -80°C until assayed. The samples were homog-
enized in precooled saline (9 mL saline was added to 1 g tis-
sue) using an ultra-Turax T-25 homogenizer. The homogenates
were centrifuged at 10 000 g for 5 min (4°C), and antioxidant
indices were measured on the supernatant. Malondialdehyde
(MDA), superoxide dismutase (SOD), and catalase (CAT) were
measured using Nanjing KeyGen kits. The activities of SOD
and CAT were measured in U/mg protein, and the MDA level
was expressed as nmol/mg protein. The protein concentration
was measured with a bicinchoninic acid assay kit (Shenergy,
China). Serum SOD and CAT activities and MDA concentrations
were determined with the same assays.

Western Blotting

Aortic total eNOS (T-eNOS), phosphorylated eNOS (p-eNOS),
and hepatic LDLR protein expression levels were quantified by
western blotting using the housekeeping protein GAPDH as
an internal standard. Protein extracts (20 pg) were separat-
ed by 12% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoride mem-
brane (Life Sciences). Blots were incubated overnight at 4°C
with the appropriate antibodies: anti-eNOS (diluted at 1: 500);
anti-phospho-eNOS*¢177 (p-eNOS, diluted at 1: 500); anti-LD-
LR (diluted at 1: 200); and anti-GAPDH (diluted at 1: 1000).
Subsequently, the membrane was probed with a secondary
goat anti-rabbit IgG conjugated horseradish peroxidase (dilu-
tion at 1: 10,000). Anti-p-eNOS antibody was purchased from
Upstate, and the other antibodies were purchased from Abcam.
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Table 2. Serum lipid profiles of rats in each group.

Group Control HCD o a o EL
(10 mg/kg) (100 mg/kg) (30 mg/kg) (10 mg/kg)
Total-Cholesterol 2.36%0.13 5.73+0.89*## 3.77+0.98%***  4.42+0.87%H* 4.63+0.92##* 4.53+0.56%##*
Tgyceride 0704004 0731009 068008 0713019 054010%  0531009%
e 035:013  100:009%  0775025%*  095:014" 0831018 05950224
WL 063014 1345015  1413015%  134:035%  140:017% 14330317
Aherogenicindex 2213030 3.54:066" 2381047  2641068° 2771085 2591023

The values represent the average of 6 to 8 separate experiments standard deviation and expressed in mmol/L. HCD — high-cholesterol
diet group; SIM — simvastatin group; EH — high-dose emodin group; EM — medium-dose emodin group; EL — low-dose emodin group;
LDL-C - low-density lipoprotein cholesterol; HDL-C — high-density lipoprotein cholesterol.

Atherogenic index=[(total-C)-(HDL-C)]/(HDL-C). * P<0.05, # P<0.01, ##* P<0.001 vs control group. * P<0.05, ** P<0.01, *** P<0.001 vs

HCD group.

Immunoreactive bands were visualized using the Pierce ECL
detection system and documented with the Bio-Rad Chemi
DOC XRS. All images were analyzed by Bio-Rad Quantity One
software for Windows. Specific protein expression levels were
normalized to the respective GAPDH bands and expressed as a
percentage of the control group. This experiment was repeat-
ed independently 3 times.

Statistical Analysis

The data are represented as meansstandard deviation (SD)
and n represents the number of animals used. Maximal relax-
ation is denoted as E__ . pEC, values are defined as the neg-
ative logarithm of the concentration of acetylcholine produc-
ing 50% of E__ . Differences between groups were assessed
with one-way analysis of variance followed by the LSD post
hoc test using SPSS version 23.0. Statistical significance was
defined as P<0.05.

Results

Determination of Lipid Profiles

The serum lipid profiles including total-C, triglycerides, LDL-C,
HDL-C, and the atherogenic index are shown in Table 2. Total-C
was significantly decreased in all treated groups (SIM, EH, EM,
and EL) compared with that of the untreated HCD rats (P<0.05),
but only the lowest dose of emodin (10 mg/kg) significant-
ly reduced LDL-C, with an effect close to that of simvastatin.
Emodin at 10 and 30 mg/kg also significantly reduced serum
triglycerides by 27.40% and 26.03%, respectively, compared
to that of the untreated HCD control group.

An elevated atherogenic index is a sign of coronary heart dis-
ease. Although it was increased in all groups fed the HCD, all
treatment groups (SIM, EH, EM, and EL) showed an atherogen-
ic index that was significantly lower than that of the untreat-
ed HCD group (Table 2), and not significantly different from
the control group on the standard diet.

Comparison of Acetylcholine-Induced Aortic Relaxation, In
Vitro

To test endothelial relaxation, we allowed phenylephrine (1 pM)-
induced contraction to reach a steady-state in Tyrode’s solu-
tion, and then added acetylcholine with 1 pM neostigmine
and 1 pM indomethacin. This resulted in an acetylcholine con-
centration-dependent (10 nM to 10 pM) vasorelaxation in all
HCD groups, with ~50% to 90% E__ at 10 pM (Figure 1). As
shown in Table 3, the £ and pEC,  in the HCD group were
49.83+15.60% and 6.55+0.31, respectively (P<0.05 vs control).
Compared to the HCD group, the E__ was significantly higher
in the groups administered simvastatin or the lower doses of
emodin (30 and 10 mg/kg) (P<0.01), and simvastatin and the
lowest dose of emodin (10 mg/kg) produced the highest va-
sorelaxation with pEC_ of 7.03+0.21 and 7.03+0.33, respec-
tively (P<0.01 vs HCD).

NO Production

HCD-induced damage of aortic endothelial cells was mea-
sured as decreased NO production in the aortic rings after 2 h
of pre-incubation. As shown in Figure 2A, NO production was
attenuated in the HCD group compared to the non-HCD con-
trols, but it was significantly restored in all treatment groups,
except the EH group (100 mg/kg). As measured by RT-gPCR
(Figure 2B), the expression level of eNOS mRNA in the HCD
group was significantly lower than that of the standard diet
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Figure 1. The acetylcholine concentration-response curves of the thoracic aortic rings are presented as decreases in the percentage
of the steady-state precontraction tension obtained with 1 uM phenylephrine in (A) control, HCD, and SIM groups and
(B) HCD, EH, EM, and EL groups. Data shown are the mean+SD, n=6-8. HCD — high-cholesterol diet group; SIM — simvastatin
(10 mg/kg) treatment group; EH — high-dose emodin (100 mg/kg) treatment group; EM — medium-dose emodin (30 mg/kg)
treatment group; EL — low-dose emodin (10 mg/kg) treatment group. #* P<0.01 vs control group; ** P<0.01 vs HCD group;

NS - not significant.

Table 3. The maximum relaxation (%) and pEC, values of each group. Data are expressed as meantstandard deviation. £

max

represents the maximal relaxation (%) with 10 uM of acetylcholine; the pEC, (the negative logarithm of the concentration
of acetylcholine giving 50% relaxation) values were obtained directly from individual log concentration-response curves; n

represents the number of animals.

Group E .. (%)
Control 88.91+21.14
HCD 49.83+15.60%*

EH (100 mg/kg) 71.26+19.14
EM (30 mg/kg) 88.25+14.20**
EL (10 mg/kg) 88.02+20.84**

pEC,, (M) n

6.89+0.13 6
"""""""" 655¢031 &
"""""""" 703021 8
"""""""" 667:036 7
"""""""" 687t020 &
"""""""" 703033 &

HCD - high-cholesterol diet group; SIM — simvastatin group; EH — high-dose emodin group; EM — medium-dose emodin group;
EL — low-dose emodin group. # P<0.05, # P<0.01 vs control group. ** P<0.01 vs untreated HCD group.

group (P<0.01), but was restored in the SIM and EL (10 mg/kg)
treatment groups to 85.06+20.68% and 82.40+11.90% respec-
tively, of the levels in the standard diet controls. Notably, the
eNOS mRNA levels of animals treated with the higher doses
of emodin (30 and 100 mg/kg) were not significantly higher
than those in the untreated HCD group.

Measurement of Aortic T-eNOS and p-eNOS Expression

We next investigated the protein expression levels of T-eNOS
and p-eNOS*¢"'77 (p-eNOS, the phosphorylated/activated form
of eNOS) by western blotting (Figure 2C). Consistent with the
RT-gPCR results, the levels of phosphorylated eNOS were lower
in HCD groups compared to that in the standard diet control
group, but were dramatically increased in the SIM and the EL
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(10 mg/kg) groups, but not with the higher doses in the EM
and EH (30 and 100 mg/kg) groups.

Measurement of LDLR Expression

To explore the molecular pathway involved in the cholesterol-
lowering action of emodin, LDL consumption was assessed by
measuring hepatic LDLR gene and protein expression. Changes
in LDL-C concentration for each group are shown in Figure 3A.
The mRNA levels of LDLR in the HCD control group were re-
duced compared with the standard diet controls, but increased
in all treatment groups, although the difference was statisti-
cally significant only in the SIM and EL groups (Figure 3B).
Similarly, protein levels of LDLR, as measured by western blot-
ting, were also higher in all treatment groups than in HCD
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Figure 2. Emodin increased nitrate/nitrite production and upregulated aortic eNOS. (A) In vitro nitrate/nitrite production from isolated
aortas challenged with acetylcholine (1 uM). (B) Emodin upregulated aortic eNOS mRNA expression and (C) p-eNOS protein
expression. Aortic eNOS mRNA and p-eNOS protein levels were determined by RT-qPCR and western blotting, respectively.
Data are expressed as means+SD, n=6-8. HCD — high-cholesterol diet group; SIM — simvastatin (10 mg/kg) treatment group;
EH — high-dose emodin (100 mg/kg) treatment group; EM — medium-dose emodin (30 mg/kg) treatment group; EL — low-
dose emodin (10 mg/kg) treatment group; T-eNOS - total endothelial nitric oxide synthase; p-eNOS — phosphorylated/
activated form of eNOS. # P<0.05, ¥ P<0.01, ## P<0.001 vs standard diet control group; * P<0.05, ** P<0.01, *** P<0.001 vs

untreated HCD group.

controls, but the increase was significant only in the SIM and
EL groups (Figure 3C).

Measurement of SOD, CAT, and MDA in Liver and Serum

To identify the antioxidant mechanism of emodin, we deter-
mined the oxidation-related indices of SOD, CAT, and MDA in
liver and serum. Compared to the standard diet group, the
HCD groups had a dramatic reduction in liver SOD (-26.86%)
and CAT (-20.39%) activities as well as a significant increase in
MDA (43.46%). Only low-dose emodin (EL,10 mg/kg) preserved
the activities of SOD (84.50% of levels in standard diet con-
trol group) (Table 4). In addition, compared to the HCD control
group, the increase in liver MDA was significantly attenuated in
all groups given simvastatin or emodin (100, 30, 10 mg/kg), with
levels that were just slightly above (SIM, 14.75%; EH, 3.75%)
or even below (EM, -16.36%; EL,-13.55%) the MDA levels in
the standard diet control group. The liver CAT levels were de-
creased in the HCD group and not significantly restored in any
of the treatment groups, but were significantly lower in the

EH and EM groups. In the serum, compared with controls on
a standard diet, the HCD also reduced SOD (-17.12%) and CAT
(-43.97%) activities and showed a significant increase in MDA
(92.21%) production. Only the lower doses of emodin (30 and
10 mg/kg) preserved the serum levels of SOD (EM, 99.46% and
EL, 102.93% of standard diet controls), while these 2 groups
also showed more CAT activity (EM, 83.30% and EL, 95.18%
of standard diet controls). The increase in serum MDA produc-
tion was also significantly attenuated with simvastatin and all
doses of emodin (SIM, -33.12%; EH, 28.72%; EM,-3.54%; EL,
-39.65% of standard diet controls).

Discussion

In this study, we demonstrated that the oral administration
of emodin effectively improved the serum lipid profiles in an-
imals given a diet consisting of high cholesterol, including re-
ductions in the serum total-C, LDL-C, and the atherogenic index.
The HCD, enriched in cholic acid, cholesterol, and oil, was used
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Figure 3. (A) Emodin reduced LDL-C concentration in serum and upregulated (B) hepatic LDLR mRNA expression and (C) LDLR protein
expression. Hepatic LDLR mRNA and protein levels were determined by RT-qPCR and western blotting, respectively. Data are
expressed as mean+SD, n=6-8. HCD — high-cholesterol diet group; SIM — simvastatin (10 mg/kg) treatment group; EH — high-
dose emodin (100 mg/kg) treatment group; EM — medium-dose emodin (30 mg/kg) treatment group; EL — low-dose emodin
(10 mg/kg) treatment group. * P<0.05, #* P<0.01, #**# P<0.001 vs standard diet control group; * P<0.05, ** P<0.01, *** P<0.001
vs untreated HCD group.

Table 4. Effect of emodin on parameters of oxidative stress.

o sim EH EM EL
(10 mg/kg) (100 mg/kg) (30 mg/kg) (10 mg/kg)
SOD-liver o ren X% HHE* % it %
s el 38.98+2.45 28514204 30.49£2.40%*  22.1243.70%%** 22844548  32.9446.36%
CAT-liver 1 4+ S xx $HHE % $H
s ) 22.27+2.24 17.73+1.94 18.08+0.86"  12.608%3.55"#** 14.7643.63"**  16.165.38
MDAliver 2.14+0.35 3.07+0.23### 2.37+0.25** 2226073 179£0.24**  1.8520.34***
(nmol/mg protein)
?L?/?n'i)e“‘m 163.37+4.43  1354144.92%%  1355547.52#% 113.26412.58"#** 162.48+5.47***  168.16+4.39***
CAT-serum * *x
Urm) 5.39+1.42 3.02+0.81* 3.82+1.93% 3.37+0.92 4.49+1.21 5.131.63
MDA-serum o S S kk Kk k it Xk K
il 1271#176  24.43+4.04 8.50+1.67#**  16.36+2.94%" 12.26+2.47 7.67+0.98%#

The values represent the average of 6 to 8 separate experiments+standard deviation. HCD — high-cholesterol diet group;

SIM — simvastatin group; EH — high-dose emodin group; EM — medium-dose emodin group; EL — low-dose emodin group;
SOD-liver — superoxide dismutase activity in liver tissue; CAT-liver — catalase activity in liver tissue; MDA-liver — concentration of
malondialdehyde in liver tissue; SOD-serum — superoxide dismutase activity in serum; CAT-serum — catalase activity in serum;
MDA-serum — concentration of malondialdehyde in serum. # P<0.05, # P<0.01, ## P<0.001 vs control group. * P<0.05, ** P<0.01,
*** P<0.001 vs untreated HCD group.
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because supplementation of these components in a standard
diet has been successfully used to induce aortic atherosclerot-
ic lesions in rats and mice [21,22]. The addition of cholic acid
to a cholesterol-containing diet has been shown to increase
plasma total-C levels [23]. In our study, the rats fed with HCD
had abnormal lipid profiles with significantly increased total-
C, LDL-C, and HDL-C levels, and emodin produced no signifi-
cant change in HDL-C when compared with the HCD group.
Therefore, the observed that the beneficial activity of emodin
on the atherogenic index is mainly due to decreased total-C,
which together with LDL-C, plays an important role in the de-
velopment of coronary heart disease [24]. The improved lipid
profiles suggest that emodin has anti-hypercholesterolemic ac-
tivity similar to that of simvastatin, which served as the pos-
itive control in this study and is often used in the efficacious
treatment of hyperlipidemia [25,26].

According to Jin et al, during hypercholesterolemia and ear-
ly stages of atherosclerosis, the most common vascular dys-
function is a reduction of endothelium-dependent vasorelax-
ation [27]. We found that aortic ring relaxation in response
to acetylcholine, an endothelium-dependent vasodilator, was
markedly blunted in untreated animals given the HCD. We
found that the lowest dose of emodin (EL, 10 mg/kg) showed
an increase in vasorelaxation similar to that seen with simvas-
tatin, including significantly elevated values for £__ and pEC, .
EM (30 mg/kg) significantly increased E__ but had no effect on
pEC,,. EH (100 mg/kg) had no effect on either £__ or pEC . To
explore the discrepancy between the effects of the low dose
of emodin compared to the higher doses, we measured gene
expression of aortic eNOS and hepatic LDLR as well as the ox-
idation related indices.

Kawashima et al showed that the atherosclerotic impairment
of endothelium-dependent vasodilation is related to the re-
duced bioavailability of NO produced from eNOS [28]. The low
dose of emodin (10 mg/kg) significantly increased the aor-
tic eNOS mRNA, protein levels of p-eNOS**177  and activated
form of eNOS and it also upregulated the phosphorylation of
eNOS, which is essential for maintaining adequate NO pro-
duction in the endothelium. Like simvastatin, EL significantly
improved acetylcholine-induced aortic relaxation, thus dem-
onstrating a protective effect on the endothelium [29]. The
molecular mechanism of p-eNOS upregulation in the treat-
ment groups is unknown, but the promising ability of emodin
to beneficially affect the eNOS signaling pathways is current-
ly under investigation in our laboratory.

Plasma LDL enters cells via endocytosis mediated by cell-sur-
face LDLRs that remove cholesterol-rich lipoprotein particles
from the circulation, to be metabolized principally by the liv-
er [30,31]. Accordingly, the activity of the LDLR in the liver is
a major determinant of plasma LDL-C levels [32]. We found
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that animals fed the HCD had a significant decrease in hepat-
ic LDLR mRNA and protein, along with an increase in serum
LDL-C. A successful strategy to reduce circulating LDL would
be through the upregulation of LDLR on the surface of he-
patocytes [33]. Consistent with previous reports [17,34], we
found that hepatic LDLR mRNA and protein were significant-
ly increased with simvastatin but were also significantly in-
creased with low-dose emodin (10 mg/kg). All 4 treatment
groups showed lower total-C and had significantly reduced
atherogenic indices, but only the SIM and EL groups showed
increases in hepatic LDLR mRNA and protein. Although these
results need to be confirmed, the apparent contradiction may
indicate that emodin lowers cholesterol by acting through
more than a single pathway.

Vascular risk factors such as dyslipidemia and atherosclero-
sis are associated with a marked increase in the production
of vascular reactive oxygen species (ROS) [35]. When the pro-
duction of free oxygen radicals exceeds the threshold of the
antioxidant defense systems, there is successive oxidation of
macromolecules such as DNA, protein, and lipids [36]. MDA is a
product of lipid peroxidation and is one of the most frequent-
ly measured biomarkers of oxidative stress [37]. SOD and CAT
are important antioxidant enzymes, which can scavenge ROS
and protect cells against ROS-induced toxicity. In our present
study, the HCD animals had lower SOD and CAT activities and
higher MDA levels in the liver. All 4 treatment groups had sig-
nificantly reduced MDA levels compared with the HCD group,
but only low-dose emodin (10 mg/kg) significantly increased
hepatic SOD activity, while treatment with the higher doses
of emodin (30 and 100 mg/kg) significantly inhibited hepat-
ic SOD and CAT activity.

In the serum, the 2 lower doses of emodin (10 and 30 mg/kg)
significantly increased SOD and CAT activity, while high-dose
emodin (100 mg/kg) decreased SOD activity and showed only
a slight increase in CAT activity. Although in vitro [38] and in
vivo [11] studies have demonstrated the hepatoprotective ef-
fect of emodin, an increasing number of studies have described
its hepatotoxicity [39], and most of these studies were in vi-
tro. Our in vivo study showed that the hepatoxicity of emo-
din may be related to the oxidative hepatic damage due to a
reduction in the activity of SOD and CAT enzymes, as we ob-
served in animals given the high dose of emodin. The molecu-
lar mechanism for the upregulation of SOD and CAT enzyme ac-
tivity induced by low doses of emodin (10 mg/kg) is unknown,
but warrants further study to minimize its potential toxicity.

Interestingly, recent studies have found that emodin has the
ability to directly scavenge hydroxyl [40] and superoxide radi-
cals [13]. Our results suggest that low-dose emodin (10 mg/kg)
can increase serum and hepatic SOD and CAT activities and
decrease the levels of hepatic and serum MDA in rats given
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the HCD. Taken together, we believe that emodin could be a
strong non-enzymatic antioxidant that can scavenge free rad-
icals, lower MDA levels in the liver and serum, and improve
the activities of enzymatic antioxidants such as SOD (in liver
and serum) and CAT (in serum).

Conclusions

Oral administration of emodin ameliorated serum lipid profiles
and protected endothelium function in HCD-fed hypercholester-
olemic rats by enhancing antioxidant systems and upregulating
the expression of aortic p-eNOS and hepatic LDLR, leading to
increased NO production and lower serum total-C and LDL-C
concentrations. Low-dose emodin (10 mg/kg) showed better
protection of aortic endothelium and a greater antioxidant ef-
fect than did higher doses (30 and 100 mg/kg). Although the
precise mechanism through which emodin exerts its anti-hy-
percholesterolemic and antioxidant effects is currently unclear,
our results suggest that emodin may be a promising candidate
to aid in the management of hypercholesterolemia in people
consuming a diet consisting of high cholesterol.
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