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Abstract
Atherosclerosis is an inflammatory disease. As an inflammatory molecule, C-reactive pro-

tein (CRP) plays a direct role in atherogenesis. It is known that the elevated plasma homo-

cysteine (Hcy) level is an independent risk factor for atherosclerosis. We previously

reported that Hcy produces a pro-inflammatory effect by inducing CRP expression in vascu-

lar smooth muscle cells (VSMCs). In the present study, we observed effect of emodin on

Hcy-induced CRP expression in rat VSMCs and molecular mechanisms. The in vitro results

showed that pretreatment of VSMCs with emodin inhibited Hcy-induced mRNA and protein

expression of CRP in a concentration-dependent manner. The in vivo experiments dis-

played that emodin not only inhibited CRP expression in the vessel walls in mRNA and pro-

tein levels, but also reduced the circulating CRP level in hyperhomocysteinemic rats.

Further study revealed that emodin diminished Hcy-stimulated generation of reactive oxy-

gen species (ROS), attenuated Hcy-activated phosphorylation of ERK1/2 and p38, and

upregulated Hcy-inhibited expression of peroxisome proliferator-activated receptor gamma

(PPARγ) in VSMCs. These demonstrate that emodin is able to inhibit Hcy-induced CRP

generation in VSMCs, which is related to interfering with ROS-ERK1/2/p38 signal pathway

and upregulating PPARγ expression. The present study provides new evidence for the anti-

inflammatory and anti-atherosclerotic effects of emodin.

Introduction
Cardiovascular diseases resulting from atherosclerosis are the leading cause of mortality and
morbidity all over the world. In traditional views, atherosclerosis is considered as a progressive
narrowing of the artery lumen due to hyperlipidemia. Nevertheless, epidemiological analysis
reveals that atherosclerosis still occurs in patients with normal or low cholesterol level [1]. In
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the recent years, a growing number of evidence from laboratory and clinical studies show that
inflammation plays a pivotal role in all phases of atherogenesis, and therefore support that ath-
erosclerosis is a chronic inflammatory disease [2,3].

Among the various inflammatory molecules, C-reactive protein (CRP) is a representative
inflammatory cytokine. CRP is not only considered as the most reproducible marker to predict
cardiovascular risk, but also accepted as an independent risk factor for cardiovascular events
[4]. Moreover, an increasing number of data suggest that CRP directly participates in the initia-
tion and progression of atherosclerosis through multiple activities in the inflammatory
response [5].

Elevated plasma homocysteine (Hcy) level is an independent risk factor for atherosclerosis
[6, 7], and hyperhomocysteinemia is estimated to account for 10% of cardiovascular events [8].
Data from cell culture, animal experiments and clinical investigations suggest that Hcy appears
to promote atherosclerosis formation by the pleiotropic effects including pro-inflammation
[9]. Our previous research confirmed that Hcy is able to stimulate CRP expression in rat vascu-
lar smooth muscle cells (VSMCs) via reactive oxygen species (ROS) and mitogen activated pro-
tein kinase (MAPK) signal pathway [10]. Moreover, the locally generated CRP is anticipated to
intensify the inflammatory process in the vessel wall and thus contribute to atherogenesis [11].

Emodin, 1, 3, 8-trihydroxy-6-methylanthraquinone, is a natural active ingredient found in
many Chinese herbs, such as Rheum officinale, Rheum palmatum and Polygonam cuspidatum.
In addition to its traditional usage as a laxative, emodin exhibits various biological activities
including anti-cancer, anti-bacterial, anti-oxidant, and anti-inflammatory effects [12]. Meng
et al. report that emodin inhibits TNF-α-induced expressions of MMP-2 and MMP-9 in
VSMCs to produce an anti-inflammatory effect [13]. Despite the report, there is no direct evi-
dence to prove that emodin exerts an anti-inflammatory effect through inhibition of CRP pro-
duction in vascular cells. Therefore, the present study observed the inhibitory effect of emodin
on Hcy-stimulated CRP expression in VSMCs, and probed the roles of ROS-MAPK signal
pathway and peroxisome proliferator-activated receptor gamma (PPARγ) in the effect so as to
provide a new evidence for its anti-inflammatory and anti-atherosclerotic effects.

Materials and Methods

Reagents
Emodin, isolated from the root of Rheum officinale Baill, was provided by Shaanxi Zhongxin
Biotechnology Co. Ltd (Xi’an, China) and dissolved in dimethyl sulfoxide (DMSO) for use.
DL-homocysteine and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were from Sigma–Aldrich (St. Louis, MO, USA). Polyclonal anti-rat CRP and anti-rat PPARγ
antibodies were from Abcam (Cambridge, UK). Antibodies against phospho-ERK1/2, ERK1/2,
phospho-p38, p38 and 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) were from
Beyotime (Jiangsu, China). ELISA kit for detecting CRP was fromWesttang (Shanghai,
China).

Culture of rat aortic smooth muscle cells
VSMCs derived from the thoracic aorta of male Sprague-Dawley (SD) rats according to Hadra-
va’s method[14] were cultured in DMEM supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin and 10% fetal bovine serum (FBS)in the condition of 5% CO2 and 95% air at
37°C. The cells between passages 3 and 8 were used in the experiments. Before the experiments,
the cells was starved for 24 h in DMEM containing 0.1% FBS. All the experimental procedures
were approved by the Institutional Animal Care Committee of Xi’an Jiaotong University.
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Assessment of the cell viability
The viability of VSMCs was examined by the MTT method [10]. VSMCs seeded in a 96-well
plate at a concentration of 104 cells/well were incubated for 24 h with 0.1, 1, 10, 100 μM emodin
or DMEM for control. Then, 20 μl MTT (5 mg/ml) was added to each well for 4 h’s further
incubation at 37°C. After that, the culture medium was removed and the formazan crystal was
completely dissolved by 150 μl DMSO. Finally, formazan absorbance was assessed at 490 nm
with an ELISA-reader (Thermo, NH, USA)

Reverse transcription polymerase chain reaction (RT-PCR)
The total cellular RNA from VSMCs was purified with an RNA purification kit (Fastagen,
Shanghai, China). Complementary DNA was synthesized using oligo (dT)18 primer and
M-MuLV reverse transcriptase (Fermentas, St. Leon-Rot, Germany). Primers for CRP (sense
primer: 5'-CATCTGTGCCACCTGGGAGTC-3', antisense primer: 5'-AAGCCACCGCCAT
ACGAGTC-3', yielding 153 bp fragment, GenBank Accession No. NM_017096) and GAPDH
(sense primer: 5'-GCAAGTTCAACGGCACAGTCAAG-3', antisense primer: 5'-ACATACTC
AGCACCAGCATCACC-3', yielding 124 bp fragment, GenBank Accession No. NM_017008)
were synthesized by Sangon (Shanghai, China). PCR amplification was performed through 35
cycles at 94°C for 30 s, 58°C for 30 s, 72°C for 45 s, and final extension of PCR products was
performed for 5 min at 72°C. PCR products were separated by electrophoresis on 2% agarose
gel with ethidium bromide. Expression of mRNA was quantified as relative to internal control
GAPDH.

Western blot analysis
The treated cells were lysed by 200 μl ice-cold RIPA lysis buffer supplemented with the prote-
ase inhibitor cocktail (Roche, Mannheim, Germany). Protein concentration was measured by
NanoDrop spectrophotometer (NanoDrop, Wilmington, USA). Equal amount of protein
extract (50 μg) was loaded, separated by 10% SDS-PAGE, and blotted onto nitrocellulose mem-
brane. Then, the membranes were incubated with anti-CRP (1:200 dilution), anti-PPARγ
(1:500), anti-p38 (1:500 dilution), anti-phospho-p38 (1:500 dilution), anti-ERK1/2 (1:500 dilu-
tion), anti-phospho-ERK1/2 (1:500 dilution) and anti-β-actin (1:1000 dilution) antibodies
overnight at 4°C. After washed, the membranes were incubated with appropriate IgG antibody
conjugated with horseradish peroxidase for 1.5 h at room temperature followed by the
enhanced chemiluminescence (Pierce, Rockford, USA). The light signals were detected by X-
ray film. Intensity of the specific band was analyzed by densitometry with ImageJ (NIH, MD,
USA). Beta-actin was used as loading control.

Measurement of ROS
H2DCF-DA fluorescent probes were used to detect the intracellular ROS in VSMCs [15].
VSMCs incubated with the different concentrations of emodin (0.1, 1, 10 μM) for 24 h were
exposed to Hcy (100 μM) for 40 min after preloaded with H2DCF-DA (10 μM) for 30 min at
37°C. The fluorescence was detected by a fluorescence microscope (Olympus BX51, Japan) at
the excitation wavelength of 488 nm and the emission wavelength of 525 nm.

Methionine diet-induced hyperhomocysteinemic model
Male SD rats aged 8 weeks from Experimental Animal Center of Xi’an Jiaotong University
School of Medicine were divided into control group, hyperhomocysteinemic model group and
two emodin-treated groups. Rats in control groups were maintained with normal diet, while
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rats in the model group and emodin-treated groups were fed with diet contained 2% methio-
nine for 4 weeks [16]. Meanwhile, emodin was orally administrated to rats in emodin-treated
groups at the dose of 40 or 80 mg/kg per day for 4 weeks. At the end of the experiment, blood
samples were collected via the abdominal aorta, and serum was separated for detecting Hcy
and CRP levels. Then, the thoracic aorta of rats was removed for analyzing mRNA expression
of CRP with RT-PCR, and detecting protein expressions of CRP, PPARγ, ERK1/2, p38, p-
ERK1/2 and p-p38 by Western blot. Hcy concentration was examined by a commercial avail-
able kit based on the enzyme cycling method (Beijing Strong Biotechnologies, Beijing, China),
and CRP levels were assayed by ELISA.

Statistical analysis
All values were shown as mean ± S.E.M. Statistical significance between groups was assessed by
one-way ANOVA followed by Tukey’s test. P< 0.05 was considered statistically significant.

Results

Effect of emodin on the viability of VSMCs
In order to choose the proper concentrations of emodin used for the in vitro study, effect of
emodin on the viability of VSMCs was observed. Fig 1 displays that incubation of the cells for
24 h with emodin at 0.1 μM to 10 μM hardly affected the viability of VSMCs. But, 100 μM emo-
din significantly decreased the cell viability by 53.5% (P< 0.05 vs. DMSO). Therefore, 0.1, 1,
10 μM of emodin were used for the in vitro study.

Effect of emodin on Hcy-induced CRP expression in VSMCs
Fig 2A and 2B show that CRP mRNA and protein expression was increased after the exposure
of VSMCs to 100 μMHcy for 12 h. (P< 0.05 vs. control). However, pretreatment of the cells
with the different concentrations of emodin (0.1, 1, 10 μM) prior to Hcy stimulation markedly

Fig 1. Effect of emodin on the viability of VSMCs. The cells were incubated with the different
concentrations of emodin for 24 h. Then, the cell viability was assayed by the MTT method. DMSO (0.1%)
was used as solvent control. Results from three independent experiments were expressed as mean ± S.E.M.
*P < 0.05 vs. DMSO.

doi:10.1371/journal.pone.0131295.g001
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inhibited Hcy-induced mRNA and protein accumulation of CRP in VSMCs in a concentra-
tion-dependent manner (P< 0.05 vs. Hcy alone). Inhibition of CRP was 34.9%, 53.3%, 70.7%
for mRNA expression, and 11.9%, 38.5%, 71.8% for protein expression, respectively. In addi-
tion, emodin or DMSO (solvent control) alone did not significantly change the basal CRP
expression in VSMCs.

Effect of emodin on Hcy-stimulated intracellular ROS generation in
VSMCs
As shown in Fig 2C and 2D, there was a basal DCF fluorescence in control VSMCs, which rep-
resented ROS generation. Exposure of the cells to 100 μMHcy for 40 min resulted in a signifi-
cant raise of DCF fluorescence with 8.8 times over control (P< 0.05 vs. control). After
preincubation of the cells with emodin at 0.1, 1 and 10 μM, Hcy-stimulated ROS generation
was markedly diminished (P< 0.05 vs. Hcy alone), and inhibitory rate was 28.9%, 81.4% and
60.9% respectively.

Fig 2. Effects of emodin on Hcy-stimulated CRP expression and ROS generation in VSMCs. The cells were preincubated with the different
concentrations of emodin for 24 h before stimulation with 100 μM homocysteine (Hcy) for 12 h. mRNA (A) and protein (B) expression of CRP was identified by
RT-PCR andWestern blot, respectively. In another experiment, the cells were incubated with the different concentrations of emodin for 24 h and then,
exposed to 100 μMHcy for 40 min after preloaded with H2DCF-DA (10 μM) for 30 min. The fluorescent intensity was measured by a fluorescence
microscope. (C) Representative fluorescence images: (a) control, (b) Hcy alone, (c) Hcy + 0.1 μM emodin, (d) Hcy + 1 μM emodin, (e) Hcy + 10 μM emodin,
(f) 10 μM emodin, (g) 0.1% DMSO. (D) Relative fluorescence intensity quantified from the fluorescence images. Emodin alone was used as drug control and
DMSO (0.1%) was used as solvent control. Results from three independent experiments were expressed as means ± S.E.M. *P < 0.05 vs. control, #P < 0.05
vs. Hcy alone.

doi:10.1371/journal.pone.0131295.g002
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Effects of emodin on Hcy-regulated MAPK phosphorylation and PPARγ
expression in VSMCs
Our previous study found that Hcy is capable of activating ERK1/2 and p38, which mediate
Hcy-induced CRP expression in VSMCs [10]. In the present study, effect of emodin on Hcy-
induced activation of ERK1/2 and p38 was assessed by Western blot analysis. The results in
Fig 3A and 3B illustrated that Hcy facilitated phosphorylation of ERK1/2 and p38 in VSMCs
(P< 0.05 vs. control), while emodin ameliorated Hcy-activated phosphorylation of ERK1/2
and p38 (P< 0.05 vs. Hcy alone).

The result in Fig 3C revealed that incubation of the cells with 100 μMHcy for 12 h
reduced PPARγ expression (P< 0.05 vs. control). Compared with Hcy alone, pretreatment
of the cells with emodin for 24 h antagonized the inhibition of PPARγ expression by Hcy in a
concentration-dependent manner (P< 0.05 vs. Hcy alone).

Effects of emodin on serum Hcy and CRP in hyperhomocysteinemic rats
As seen from Fig 4A and 4B, serum Hcy and CRP levels were significantly increased after feed-
ing of the high methionine diet to rats for 4 weeks (P< 0.05 vs. control), whereas simultaneous
administration of emodin to hyperhomocysteinemic rats decreased serum CRP concentration
(P<0.05 vs. model) and but, did not change serum Hcy level.

Effect of emodin on CRP expression in the thoracic aorta of
hyperhomocysteinemic rats
Administration of the high methionine diet to rats for 4 weeks caused an obvious increase of
mRNA and protein expression of CRP in the thoracic aorta (P< 0.05 vs. control). However,
CRP expression was downregulated in the aortic walls of emodin-treated rats as compared
with model rats (Fig 4C and 4D, P< 0.05 vs. model group).

Fig 3. Effects of emodin on Hcy-activated ERK1/2 and p38 phosphorylation and Hcy-restrained PPARγ expression in VSMCs. After pretreatment
with the different concentrations of emodin for 24 h, the cells were stimulated with 100 μM homocysteine (Hcy) for 1 h for ERK1/2 and p38 phosphorylation,
and for 12 h for PPARγ expression. Then, ERK1/2 (A) and p38 (B) phosphorylation and PPARγ protein expression (C) were detected byWestern blot.
Emodin alone was used as drug control and DMSO (0.1%) was used as solvent control. Results from three independent experiments were expressed as
means ± S.E.M. *P < 0.05 vs. control, #P < 0.05 vs. Hcy alone.

doi:10.1371/journal.pone.0131295.g003
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Effects of emodin on MAPK phosphorylation and PPARγ expression in
the thoracic aorta of hyperhomocysteinemic rats
The results from the in vivo experiment showed that ERK1/2 and p38 phosphorylation was
increased, and PPARγ protein expression was decreased in the thoracic aorta of hyperhomo-
cysteinemic rats (P< 0.05 vs. control). Compared with model rats, p38 phosphorylation, but
not ERK1/2, was decreased, and PPARγ expression was increased in the thoracic aorta of emo-
din-treated rats (Fig 5, P< 0.05 vs. model group).

Fig 4. Effects of emodin on the serumHcy and CRP levels and CRP expression in the thoracic aorta in hyperhomocysteinemic rats.Rats were fed
with the high methionine diet for 4 weeks, and simultaneously treated with two doses of emodin. In the end of the experiment, the blood was collected for
detecting serum Hcy level (A) with the enzyme cycling method and CRP concentration (B) with ELISA. Then, the thoracic aorta was removed for examining
mRNA (C) and protein (D) expression of CRP by RT-PCR andWestern blot, respectively. Data were expressed as mean ± S.E.M. (n = 8). *P < 0.05 vs.
control, #P < 0.05 vs. model group.

doi:10.1371/journal.pone.0131295.g004
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Discussion
It has been widely accepted that atherosclerosis is a chronic inflammatory disease in the vessel
wall, and anti-inflammatory therapy is a new strategy for prevention and treatment of athero-
sclerosis [17]. As one of the common risk factors for cardiovascular diseases, hyperhomocystei-
nemia is associated with formation of atherosclerosis. We previously reported that Hcy
produces a pro-inflammatory effect on VSMCs by inducing CRP expression [10]. It is known
that CRP participates in initiation and progression of atherosclerosis through modulating the
activities and expressions of multiple factors implicated in atherogenesis [5]. In the present
study, we observed the effect of emodin on Hcy-induced CRP production in protein and
mRNA levels in VSMCs. The results showed that pretreatment of the cells with emodin inhib-
ited Hcy-induced mRNA and protein expression of CRP in a concentration-dependent manner
in vitro. The results from the in vivo experiment revealed that emodin not only inhibited CRP
expression in the vessel wall, but also reduced the circulating CRP level in hyperhomocysteine-
mic rats. These confirm that emodin is able to inhibit CRP production in VSMCs and may
thus alleviate the vascular inflammation. The in vivo experiment also exhibited that emodin
did not significantly decrease serum Hcy level of hyperhomocysteinemic rats, suggesting that
the inhibitory effect of emodin on Hcy-induced CRP expression is not resulted from interfering
with Hcy metabolism.

It is reported that ROS mediate Hcy-induced CRP expression in VSMCs [10], and emodin
exerts an anti-oxidant property [18, 19]. The further study displayed that emodin diminished
Hcy-stimulated ROS generation in VSMCs. This implicates that emodin reduces Hcy-induced
CRP production possibly via inhibition of ROS generation elicited by Hcy in VSMCs.

MAPK signaling plays a pivotal role in the inflammatory process of atherosclerosis. Hcy is
capable of activating MAPK [20], which is crucial for Hcy-induced CRP production in VSMCs
[10]. The present results showed that emodin attenuated Hcy-activated phosphorylation of
ERK1/2 and p38 in VSMCs in vitro, which is consistent with Zhu’s study conducted in TGF-
β1-stimulated NRK-49F cells [21]. However, emodin only inhibited p38 phosphorylation, and
did not significantly affect ERK phosphorylation in the thoracic aorta of hyperhomocysteinemic

Fig 5. Effects of emodin on ERK1/2 and p38 phosphorylation and PPARγ expression in the thoracic aorta of hyperhomocysteinemic rats.Rats
were fed with the high methionine diet for 4 weeks, and simultaneously treated with two doses of emodin. In the end of the experiment, the thoracic aorta was
removed for detecting ERK1/2 and p38 phosphorylation as well as PPARγ protein expression with Western blot. Data were expressed as mean ± S.E.M.
(n = 8). *P < 0.05 vs. control, #P < 0.05 vs. model group.

doi:10.1371/journal.pone.0131295.g005
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rats in vivo. The mechanism underlying the difference is unclear and merits further investiga-
tion. Existing evidence indicates that ROS serve as an upstream event of MAPK signaling,
and Hcy activates ERK1/2 and p38 through stimulated ROS production in VSMCs [10]. In
combination of the present results with known reports, it is inferred that emodin inhibits Hcy-
activated phosphorylation of ERK1/2 and p38 via reducing ROS generation in VSMCs.

Activation of NF-κB is responsible for the expression of many inflammatory cytokines
including CRP. We previously demonstrated that NF-κB plays a pivotal role in Hcy-induced
CRP expression in VSMCs [10]. Furthermore, it has been demonstrated that emodin is able to
inhibit the activation of NF-κB [22, 23]. Therefore, it is concluded that emodin may decrease
CRP expression via inhibiting Hcy-stimulated NF-κB activation in combination of our previ-
ous results with reports from others.

PPARγ is a nuclear hormone receptor, and plays a beneficial role in the regulation of vascu-
lar inflammation [24, 25]. PPARγ agonists have been demonstrated to exert the protective
effects against Hcy-mediated atherogenesis [26]. Zhou et al. report that emodin induces
PPARγ expression in atherosclerotic plaque and promotes the plaque stability in fat-fed apoli-
poprotein E-deficient mice [27]. However, whether emodin regulates PPARγ expression in
VSMCs remains unknown. Therefore, we observed the effect of emodin on PPARγ expression
in VSMCs. The results found that emodin upregulated Hcy-inhibited PPARγ expression in
VSMCs in vivo and in vitro, implicating that emodin also exerts an anti-inflammatory effect by
PPARγ. However, more experiments are needed to clarify how emodin upregulates PPARγ
expression and the crosstalk between PPARγ and ROS-MAPK signal pathway.

Conclusion
The present study demonstrates that emodin is able to inhibit Hcy-induced CRP generation in
VSMCs, which is related to interfering with ROS-ERK1/2/p38 signal pathway and upregulating
PPARγ expression. These provide new evidence for the anti-inflammatory and anti-atheroscle-
rotic effects of emodin.

Author Contributions
Conceived and designed the experiments: JL XP. Performed the experiments: XP YL JZ XZ.
Analyzed the data: XP YL JZ XZ. Contributed reagents/materials/analysis tools: JZ XZ. Wrote
the paper: XP JL.

References
1. Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-reactive protein and low-density

lipoprotein cholesterol levels in the prediction of first cardiovascular events. N Engl J Med. 2002;
347:1557–1565. PMID: 12432042

2. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med. 1999; 340:115–126. PMID:
9887164

3. Libby P, Okamoto Y, Rocha VZ, Folco E. Inflammation in atherosclerosis: transition from theory to prac-
tice. Circ J. 2010; 74:213–220. PMID: 20065609

4. Sung KC, Suh JY, Kim BS, Kang JH, Kim H, Lee MH, et al. High sensitivity c-reactive protein as an
independent risk factor for essential hypertension. Am J Hypertens. 2003; 16:429–433. PMID:
12799089

5. Devaraj S, Singh U, Jialal I. The evolving role of C-reactive protein in atherothrombosis. Clin Chem.
2009; 5:229–238.

6. Bautista LE, Arenas IA, Penuela A, Martínez LX. Total plasma homocysteine level and risk of cardio-
vascular disease: a meta-analysis of prospective cohort studies. J Clin Epidemiol. 2002; 55:882–887.
PMID: 12393075

Emodin Inhibits Homocysteine-Induced C-Reactive Protein Generation

PLOS ONE | DOI:10.1371/journal.pone.0131295 July 1, 2015 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/12432042
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://www.ncbi.nlm.nih.gov/pubmed/20065609
http://www.ncbi.nlm.nih.gov/pubmed/12799089
http://www.ncbi.nlm.nih.gov/pubmed/12393075


7. Graham IM, Daly LE, Refsum HM, Robinson K, Brattström LE, Ueland PM, et al. Plasma homocysteine
as a risk factor for vascular disease. The European Concerted Action Project. JAMA. 1997; 277:
1775–1781. PMID: 9178790

8. Boushey CJ, Beresford SA, Omenn GS, Motulsky AG. A quantitative assessment of plasma homocys-
teine as a risk factor for vascular disease: probable benefits of increasing folic acid intakes. JAMA.
1996; 274:1049–1057.

9. Papatheodorou L, Weiss N. Vascular oxidant stress and inflammation in hyperhomocysteinemia. Anti-
oxid Redox Signal. 2007; 9:1941–1958. PMID: 17822365

10. Pang X, Liu J, Zhao J, Mao J, Zhang X, Feng L, et al. Homocysteine induces the expression of C-
reactive protein via NMDAr-ROS-MAPK-NF-kappaB signal pathway in rat vascular smooth muscle
cells. Atherosclerosis. 2014; 236: 73–81. doi: 10.1016/j.atherosclerosis.2014.06.021 PMID: 25016361

11. Peng N, Liu JT, Gao DF, Lin R, Li R. Angiotensin II-induced C-reactive protein generation: inflammatory
role of vascular smooth muscle cells in atherosclerosis. Atherosclerosis.2007; 193:292–298. PMID:
17055513

12. Srinivas G, Babykutty S, Sathiadevan PP, Srinivas P. Molecular mechanism of emodin action: transi-
tion from laxative ingredient to an antitumor agent. Med Res Rev. 2007; 27:591–608. PMID: 17019678

13. Meng L, Yan D, XuW, Ma J, Chen B, Feng H. Emodin inhibits tumor necrosis factor-alpha-induced
migration and inflammatory responses in rat aortic smooth muscle cells. Int J Mol Med. 2012; 29:
999–1006. doi: 10.3892/ijmm.2012.940 PMID: 22426603

14. Hadrava V, Tremblay J, Hamet P. Abnormalities in growth characteristics of aortic smooth muscle cells
in spontaneously hypertensive rats. Hypertension. 1989; 13:589–597. PMID: 2786847

15. Han C, Liu J, Liu X, Li M. Angiotensin II induces C-reactive protein expression through ERK1/2 and
JNK signaling in human aortic endothelial cells. Atherosclerosis. 2010; 212:206–212. doi: 10.1016/j.
atherosclerosis.2010.05.020 PMID: 20538278

16. Morita H, Kurihara H, Yoshida S, Saito Y, Shindo T, Oh-Hashi Y, et al. Diet-induced hyperhomocystei-
nemia exacerbates neointima formation in rat carotid arteries after balloon injury. Circulation.2001;
103:133–139. PMID: 11136698

17. Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic options. Nat Med. 2011;
17:1410–1422. doi: 10.1038/nm.2538 PMID: 22064431

18. Heo SK, Yun HJ, Noh EK, Park SD. Emodin and rhein inhibit LIGHT-induced monocytes migration by
blocking of ROS production. Vascul Pharmacol. 2010; 53:28–37. doi: 10.1016/j.vph.2010.03.002
PMID: 20298810

19. Choi JS, Chung HY, Jung HA, Park HJ, Yokozawa T. Comparative evaluation of antioxidant potential of
alaternin (2-hydroxyemodin) and emodin. J Agric Food Chem. 2000; 48:6347–6351. PMID: 11312806

20. Doronzo G, Russo I, Del Mese P, Viretto M, Mattiello L, Trovati M, et al. Role of NMDA receptor in
homocysteine-induced activation of mitogen-activated protein kinase and phosphatidyl inositol 3-
kinase pathways in cultured human vascular smooth muscle cells. Thromb Res. 2010; 125:e23–32.
doi: 10.1016/j.thromres.2009.08.015 PMID: 19766294

21. Zhu B, Lin Y, Zhu CF, Zhu XL, Huang CZ, Lu Y, et al. Emodin inhibits extracellular matrix synthesis by
suppressing p38 and ERK1/2 pathways in TGF-beta1-stimulated NRK-49F cells. Mol Med Rep. 2011;
4:505–509. doi: 10.3892/mmr.2011.444 PMID: 21468599

22. Kumar A, Dhawan S, Aggarwal BB. Emodin (3-methyl-1,6,8-trihydroxyanthraquinone) inhibits TNF-
induced NF-kappaB activation, IkappaB degradation, and expression of cell surface adhesion proteins
in human vascular endothelial cells. Oncogene. 1998; 17:913–918. PMID: 9780008

23. Li HL, Chen HL, Li H, Zhang KL, Chen XY,Wang XW, et al. Regulatory effects of emodin on NF-kappaB
activation and inflammatory cytokine expression in RAW 264.7 macrophages. Int J Mol Med. 2005;
16:41–47. PMID: 15942676

24. Ji Y, Liu J, Wang Z, Liu N, GouW. PPARγ agonist, rosiglitazone, regulates angiotensin II-induced vas-
cular inflammation through the TLR4-dependent signaling pathway. Lab Invest. 2009; 89:887–902. doi:
10.1038/labinvest.2009.45 PMID: 19451898

25. Martin H. Role of PPAR-gamma in inflammation. Prospects for therapeutic intervention by food compo-
nents. Mutat Res. 2010; 690:57–63. PMID: 20973164

26. Li L, Gao PJ, Xi R, Wu CF, Zhu DL, Yan J, et al. Pioglitazone inhibits homocysteine-induced migration
of vascular smooth muscle cells through a peroxisome proliferator-activated receptor γ-independent
mechanism. Clin Exp Pharmacol Physiol. 2008; 35:1471–1476. doi: 10.1111/j.1440-1681.2008.05025.
x PMID: 18759864

27. Zhou M, Xu H, Pan L, Wen J, Guo Y, Chen K. Emodin promotes atherosclerotic plaque stability in fat-
fed apolipoprotein E-deficient mice. Tohoku J Exp Med. 2008; 215:61–69. PMID: 18509236

Emodin Inhibits Homocysteine-Induced C-Reactive Protein Generation

PLOS ONE | DOI:10.1371/journal.pone.0131295 July 1, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/9178790
http://www.ncbi.nlm.nih.gov/pubmed/17822365
http://dx.doi.org/10.1016/j.atherosclerosis.2014.06.021
http://www.ncbi.nlm.nih.gov/pubmed/25016361
http://www.ncbi.nlm.nih.gov/pubmed/17055513
http://www.ncbi.nlm.nih.gov/pubmed/17019678
http://dx.doi.org/10.3892/ijmm.2012.940
http://www.ncbi.nlm.nih.gov/pubmed/22426603
http://www.ncbi.nlm.nih.gov/pubmed/2786847
http://dx.doi.org/10.1016/j.atherosclerosis.2010.05.020
http://dx.doi.org/10.1016/j.atherosclerosis.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20538278
http://www.ncbi.nlm.nih.gov/pubmed/11136698
http://dx.doi.org/10.1038/nm.2538
http://www.ncbi.nlm.nih.gov/pubmed/22064431
http://dx.doi.org/10.1016/j.vph.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20298810
http://www.ncbi.nlm.nih.gov/pubmed/11312806
http://dx.doi.org/10.1016/j.thromres.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19766294
http://dx.doi.org/10.3892/mmr.2011.444
http://www.ncbi.nlm.nih.gov/pubmed/21468599
http://www.ncbi.nlm.nih.gov/pubmed/9780008
http://www.ncbi.nlm.nih.gov/pubmed/15942676
http://dx.doi.org/10.1038/labinvest.2009.45
http://www.ncbi.nlm.nih.gov/pubmed/19451898
http://www.ncbi.nlm.nih.gov/pubmed/20973164
http://dx.doi.org/10.1111/j.1440-1681.2008.05025.x
http://dx.doi.org/10.1111/j.1440-1681.2008.05025.x
http://www.ncbi.nlm.nih.gov/pubmed/18759864
http://www.ncbi.nlm.nih.gov/pubmed/18509236

