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Effect of berberine on PPARa-NO signalling pathway in vascular smooth muscle
cell proliferation induced by angiotensin IV
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ABSTRACT
Context: The available treatments for the abnormal proliferation of vascular smooth muscle cells (VSMCs)
are still dismal. Berberine has been demonstrated to possess extensive medicine activity, yet relatively
little is known about its effect on VSMCs proliferation. Many studies showed that PPARa and NO
participated in the process of VSMCs proliferation.
Objective: To evaluate the effect of berberine and its possible influence on PPARa-NO pathway in angio-
tensin IV-stimulated VSMCs.
Materials and methods: The primary VSMCs were cultured with the tissue explants method, and the pro-
liferation was characterized by MTT and protein content. Protein and mRNA expression were measured by
Western blot and real-time RT-PCR, respectively. NO synthase (NOS) activity was measured using a spec-
trophotometric assay, and NO concentration was measured using the Griess assay.
Results: Angiotensin IV (0.1 nmol/L)-induced VSMCs proliferation was evidenced by increasing the optical
density at A490 and total protein content (p< 0.01), which was inhibited by berberine (10, 30 and
100lmol/L) in a concentration-dependent manner (p< 0.05). Angiotensin IV decreased the expression of
PPARa at mRNA and protein level (p< 0.05), which occurred in parallel with declining eNOS mRNA expres-
sion, NOS activity and NO concentration (p< 0.01). Berberine at 30lmol/L reversed the effects of angio-
tensin IV in VSMCs (p< 0.05), which were abolished by MK 886 (0.3lmol/L) (p< 0.05).
Discussion and conclusion: The results support the therapeutic effects of berberine on angiotensin
IV-induced proliferation in cultured VSMCs at least partially through targeting the PPARa-NO signalling
pathway.
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Introduction

Cardiovascular disease, with high morbidity and mortality, is not
only one of the most prevalent physical disorders but also an
enormous economic burden on society. According to the esti-
mate of the World Health Organization, there will be over
23 million people losing their lives because of cardiovascular dis-
ease by 2030 (Lim 2013). Studies on the pathogenesis underlying
cardiovascular diseases, including hypertension, coronary heart
disease, and atherosclerosis and restenosis after angioplasty, sug-
gest that the abnormal proliferation of vascular smooth muscle
cells (VSMCs) is associated with the pathophysiology of these
diseases (Shi & Chen 2015). VSMCs, as an important type of
cells in vessel walls, play a key role in maintaining the blood ves-
sel elasticity. To date, treatment options of abnormal VSMCs
proliferation are still limited.

Berberine, one of the active components of Coptis chinensis
Franch., is an isoquinoline alkaloid endowed with multiple
pharmacological activities, including antimicrobial, glucose- and
cholesterol-lowering, antitumour and immunomodulatory prop-
erties (Pirillo & Catapano 2015), and has been widely used to
treat some diseases for many centuries in China. In the context
of the present work, some studies have demonstrated that

berberine can inhibit the proliferation of VSMCs (Liang et al.
2008; Wu et al. 2010; Liu et al. 2011), yet relatively little is
known about the potential mechanism of anti-proliferative effect
of berberine. Peroxisome proliferator-activated receptor (PPARs)
is one of the nuclear receptor superfamily members and contains
three subtypes (a, b/d and c). Studies in vitro and in vivo have
shown that PPARs, especially PPARa is involved in the abnormal
proliferation of VSMCs (Hamblin et al. 2009). PPARa is mainly
located in heart, VSMCs, vascular endothelial cell, liver, skeletal
muscle, haematopoietic cell and some other organs, the activation
of which displays the anti-inflammatory and anti-proliferative
effects by regulating some cytokines, e.g., nitric oxide (NO)
(Mueller et al. 2010). As well-known, NO is an important factor
in regulating blood pressure, dilating blood vessels, inhibiting
platelet aggregation and leukocyte adhesion, and is released by
catalysis of nitric oxide synthase (NOS). Some studies also
showed that NO was involved in the pathophysiology of VSMC
abnormal proliferation (Lei et al. 2013). Our previous studies
showed that berberine could activate PPARa-NO signalling path-
way to inhibit cardiomyocyte hypertrophy induced by high glu-
cose and insulin (Wang et al. 2013). Angiotensin IV (Ang IV),
C-terminal hexapeptide fragment of Ang II, has been reported to
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stimulate the proliferation of VSMCs (Ruiz-Ortega et al. 2007).
The goal of the present study was to determine whether berber-
ine could inhibit abnormal proliferation of VSMCs induced by
Ang IV through activation of the PPARa-NO signalling pathway.

Materials and methods

Chemicals and reagents

Berberine (C20H18NO4, MW: 384.43, purity: �98%) was pur-
chased from Division of Chinese Material Medical and Natural
Products, National Institute for the Control of Pharmaceutical
and Biological Products, Ministry of Public Health, Beijing,
China, and dissolved in 0.1% DMSO before use; all other chemi-
cals and reagents were purchased from Sigma (St. Louis, MO).

VSMC isolation of primary rats and culture

Thoracic aortas were isolated from 8 to 10 weeks-old Sprague-
Dawley rats (male or female, 160–180 g, provided by Animal
Laboratory Center of Chongqing Medical University, Chongqing,
China). Primary VSMCs culture was conducted using the explants
method. VSMCs were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% heat-inactivated foetal bovine
serum. Cells were serum-starved before stimulation or treatment
with reagents for 24 h. Ang IV (0.1 nmol/L) was used to stimulate
the proliferation of VSMCs. The anti-proliferative effects of berber-
ine (10, 30 and 100lmol/L) were studied. In addition, MK886
(0.3 lmol/L), a selective PPARa antagonist, was used for investigat-
ing the relationship between the anti-proliferative effects of berber-
ine and the PPARa-NO signalling pathway. The experimental
procedures were approved by the Animal Laboratory
Administration Center and Ethics Committee of Chongqing
Medical University [SYXK (Chongqing) 2007-0001], particularly
with respect to the ethical animal care.

MTT assay for VSMC proliferation

VSMCs proliferation was determined by adding MTT solution at
5 g/L, and then incubating at 37 �C for 4 h. After removing the
medium, 100ll DMSO was added followed by 10min vortex,
and the optical density (OD) was read at 490 nm with six times
repeating in each group.

Measurement of VSMCs protein content

VSMCs were collected and separated by trypsin, counted and
washed three times with ice-cold phosphate-buffered solution
(PBS), then homogenized with RIPA lysis buffer, and finally cen-
trifuged at 12,000 g for 15min at 4 �C. The protein concentration
in the supernatant was determined with a BCA protein assay kit
(Beyotime, Shanghai, China), and then the protein concentration
per 106 cells was calculated for a six times repeating.

Real time RT-PCR analysis of mRNA

Total RNA was isolated from VSMCs with a Trizol reagent kit
(Takara Biotech Co., Dalian, China), quantified by ultraviolet
spectrometric detection (Eppendorf, Hamburg, Germany) and
reverse transcribed into cDNA using a PrimeScriptTM RT reagent
kit (Takara Biotech Co., Dalian, China), according to the man-
ufacturer’s instructions. Real time RT-PCR was performed

according to the standard protocol of SYBRVR Premix Ex TaqTM

II (Takara Biotech Co., Dalian, China) on the IQ5 real time RT-
PCR system (Bio-Rad, Hercules, CA). The standard cycling con-
ditions were 95 �C for 15min, followed by 40 cycles of 95 �C for
10 s, annealing for 1min at different temperature (PPARa:
60.9 �C; eNOS: 59.1 �C; b-actin: 59.1 �C), and then 72 �C for 32 s.
The quantification of gene expression relative to b-actin was cal-
culated using the DCt (Ct¼ cycle threshold) method as
follows: the relative expression ¼2�DDCt, DCt¼Ct (target gene)
_Ct (b-actin). The sequences of the primer were designed and
synthesized as follows: 50-CCT CGT GGT AGC GTT GCT GA-30

(forward) and 50-AGC TGG TGA AGC CGG TGA C-30 (reverse)
for eNOS; 50-TTG CAG CTT CGA TCA CAC TTG C-30 (for-
ward) and 50-GAC AAG GCC TCA GGA TAC CAC TAT G-30

(reverse) for PPARa; 50-GGC CAA CCG TGA AAA GAT
GA-30 (forward) and 50-CAG CCT GGA TGG CTA CGT ACA-
30 (reverse) for b-actin. Results of four independent experiments
were used for statistical analysis.

Western blot analysis

The isolated protein (50lg) from VSMCs was separated by 10%
SDS-PAGE and then transferred onto polyvinylidene difluoride
membranes. The blots were blocked by 5% fat-free milk in PBST
for 1 h, and then probed with rabbit anti-rat PPARa (1:1000 dilu-
tion) (Santa Cruz, CA) or mouse anti-rat b-actin (1:1500 dilu-
tion) (Takara Biotech Co., Dalian, China) primary antibodies for
another 1 h followed by horseradish peroxidase-conjugated sec-
ondary antibodies (1:2000 dilution) (Beyotime, Shanghai, China)
for 1 h at room temperature. The blots were visualized using an
ECL reagent (Pierce Chemical, Rockford, IL). The optical den-
sities of the bands were quantified with a quantitative imaging
system (Bio-Rad, Hercules, CA). All Western blot experiments
were repeated four times.

Measurement of NOS activity and NO level

NOS activity in the conditioned medium of VSMCs was meas-
ured using a NOS detection kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the man-
ufacturer’s instructions, and the OD was detected at 530 nm with
a spectrophotometer (DU-640 Beckman, Fullerton, CA). In add-
ition, NO level was determined using a nitrite detection kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instructions, and the OD was detected at 540 nm using a micro-
plate reader (Tecan, Groedig, Austria). Results of six independent
experiments were used for statistical analysis.

Statistical analysis

Data were presented as mean ± SEM and analyzed by the one-
way ANOVA and SNK-q test using SPSS 17.0 statistical software.
Significance was defined as p< 0.05.

Results

Effect of berberine on VSMCs proliferation induced by
Ang IV

The stimulation of Ang IV at 0.1 nmol/L caused a significant
reaction of VSMCs proliferation, which was exhibited by elevat-
ing OD value (12.5%) at A490 and total protein content (23.5%)
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(p< 0.01) (Figure 1). Treatment with berberine (10, 30 and
100lmol/L) significantly inhibited the increasing of OD and total
protein induced by Ang IV in a concentration-dependent manner
(p< 0.05). MK 886 (0.3 lmol/L), a selective PPARa antagonist,
could completely abolish the effects of berberine at 30 lmol/L
(p< 0.05) (Figure 1).

Effect of berberine on PPARa mRNA and protein expression
in Ang IV-stimulated VSMCs

In Ang IV-induced VSMCs, the expression of PPARa decreased
by 53.5% at the mRNA level, and by 45.4% at the protein level,

respectively, compared with control (p< 0.05). Berberine treat-
ment markedly elevated PPARa mRNA and protein expression,
by 132.8 and 93.6%, respectively (p< 0.05), which were signifi-
cantly blocked by MK 886 (p< 0.05) (Figure 2).

Effects of berberine on eNOS mRNA expression, NOS activity
and NO level in Ang IV-stimulated VSMCs

In Ang IV-induced VSMCs, the expression of eNOS mRNA,
NOS activity and NO level were significantly decreased by 75.3,
30.4 and 29.4%, respectively, compared with control (p< 0.01).

Figure 1. Effect of berberine (BBR) on VSMCs proliferation induced by angiotensin IV (Ang IV). Ang IV (0.1 nmol/L) stimulation promoted significant VSMCs prolifer-
ation, which was displayed by increasing OD value at A490 and total protein content. Treatment with BBR (10, 30 and 100lmol/L) significantly inhibited VSMCs prolif-
eration induced by Ang IV in a concentration-dependent manner. MK 886 (0.3 lmol/L) could abolish the effects of BBR at 30lmol/L. Results are represented by
mean± SEM, n¼ 6. ��p< 0.01 vs control group; #p< 0.05, ##p< 0.01 vs Ang IV group; �p< 0.05 vs Ang IVþ BBR at 30lmol/L. ‘þ’ or ‘�’: treatment with or without
relevant reagent.

Figure 2. Effect of berberine (BBR) on the expression of PPARa at the mRNA and protein level in angiotensin IV (Ang IV)-stimulated VSMCs. In Ang IV-treated VSMCs,
the expression of PPARa decreased at the mRNA and protein levels. BBR (30lmol/L) treatment markedly elevated PPARa mRNA and protein expression, which were
significantly blocked by MK 886 (0.3lmol/L). Results are represented by mean± SEM, n¼ 4. �p< 0.05, ��p< 0.01 vs control group; #p< 0.05, ##p< 0.01 vs Ang IV
group; Dp< 0.05, DDp< 0.01 vs Ang IVþ BBR group. ‘þ’ or ‘�’: treatment with or without relevant reagent.
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Berberine treatment counteracted the effects caused by Ang IV
and made eNOS mRNA, NOS activity and NO level increase by
195.2, 37.8 and 34.2%, respectively (p< 0.05). The rescue effects
of berberine on eNOS mRNA expression, NOS activity and NO
concentration were abolished by MK 886 at 0.3 lmol/L (p< 0.05)
(Figures 3 and 4).

Discussion

The renin-angiotensin system (RAS) has been demonstrated to
play a critical role in the initiation and progression of VSMCs
proliferation (Sata & Fukuda 2010). Ang II, a major substrate in
RAS, maintains the circulating blood volume, regulates blood
pressure, and mediates chronic inflammation and other various
responses including VSMC proliferation and migration. Many
studies reported that Ang II stimulated the abnormal prolifer-
ation of VSMCs through multiple signalling pathways such as
Akt, ERK 1/2 Smad, Ras/MAPK kinase 1 and NF-jB pathway
(Rodr�ıguez-Vita et al. 2005; Ma et al. 2006; Xu et al. 2015). Ang
IV is an active shorter peptide fragment of Ang II, but the action
of Ang IV remains controversial in different cells or tissues.
Dominska et al. (2013) found that Ang IV could modulate
tumour cell proliferation in the early stage of androgen-depend-
ent prostate cancer. The study by Yang et al. (2011) also showed
that Ang IV could inhibit Ang II-induced proliferation and colla-
gen synthesis of cardiac fibroblasts. In contrast, some researchers
reported that Ang IV could stimulate the proliferation of various
cells such as lung endothelial cell, anterior pituitary cell and
adrenocortical cell (Pawlikowski et al. 2001; Ptasinska-Wnuk
et al. 2003; Lu et al. 2005). These results suggested that Ang IV
is also involved in a variety of cell proliferation through auto-
crine and paracrine. In the present study, Ang IV significantly
increased the OD value at A490 and protein synthesis of VSMCs,
which indicated that Ang IV could stimulate the proliferation in
cultured VSMCs in rat.

Berberine has been widely used in the traditional Chinese
medicine as an antimicrobial agent in the treatment of dysentery
and infectious diarrhoea. Recent studies have suggested that ber-
berine has pharmacological activities that could potentially be
used in cardiovascular diseases management such as hyperlipid-
aemia, hypertension and atherosclerosis (Derosa et al. 2012). The
anti-atherosclerosis mechanism of berberine might be related to
regulating lipids, anti-inflammation, decompression, reducing
blood sugar and inhibiting VSMCs proliferation (Wu et al.
2010). In this regard, berberine significantly inhibited the
increase of OD value at the A490 and protein synthesis caused by
Ang IV in VSMCs in a concentration-dependent manner, sug-
gesting that berberine could effectively inhibit Ang IV-induced
VSMCs proliferation. Some studies showed that the anti-
proliferative effect of berberine was through inhibiting MMP-2/9,
u-PA, AP-1 and NF-jB expression in human aortic smooth
muscle cells (Liu et al. 2014), or by increasing the activity of
PI3K/Akt/eNOS signalling pathway in endothelial progenitor cells
(Xiao et al. 2014). But the mechanism of berberine effect on Ang
IV-stimulated VSMC proliferation is still unclear.

Extensive research has revealed that the activation of PPARs
protects the vascular complications from diabetes, hypertension,
atherosclerosis, myocardial infarction and stroke, through exert-
ing anti-inflammatory, anti-atherogenic and antioxidant effects
(Cheang et al. 2015). PPARa is also involved in diverse processes
such as energy metabolism, oxidative stress, inflammation, circa-
dian rhythm, immune response and cell differentiation (Moran &
Ma 2015). PPARa activators showed improving effects on the
VSMCs proliferation through negatively regulating the NF-jB
signalling pathway, decreasing the cyclooxygenase-2 expression
and repressing and delaying the cell cycle from G1 phase to
S phase (Hu et al. 2002; Gizard et al. 2008; Ji et al. 2009).
Similarly, our investigation indicated that PPARa expression, at
both the mRNA and protein level, was suppressed by Ang IV
stimulation in VSMCs. It was noteworthy that berberine could
not only reverse Ang IV-induced VSMCs proliferation, but also

Figure 3. Effect of berberine (BBR) on eNOS mRNA expression in angiotensin IV
(Ang IV)-stimulated VSMCs. The expression of eNOS mRNA was significantly
decreased in Ang IV-induced VSMCs, which was counteracted by BBR at 30lmol/
L. MK 886 (0.3lmol/L) could abolish the effect of BBR. Results are represented
by mean± SEM, n¼ 4. ��p< 0.01 vs control group; ##p< 0.01 vs Ang IV group;
�p< 0.05 vs Ang IVþ BBR group. ‘þ’ or ‘�’: treatment with or without relevant
reagent.

Figure 4. Effects of berberine (BBR) on NOS activity and NO content in angioten-
sin IV (Ang IV)-stimulated VSMCs. NOS activity and NO level were significantly
decreased from the culture medium of the VSMCs treated with Ang IV, which
were counteracted by BBR at 30lmol/L. The rescue effects of BBR were abol-
ished by MK 886 (0.3lmol/L). Results are represented by mean± SEM, n¼ 6.��p< 0.01 vs control group; #p< 0.05, ##p< 0.01 vs Ang IV group; �p< 0.05 vs
Ang IVþ BBR group. ‘þ’ or ‘�’: treatment with or without relevant reagent.
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markedly up-regulated PPARa expression. Meanwhile, MK
886 abolished these effects of berberine. The observations
confirmed the hypothesis that PPARa is a major intermediate in
facilitating the beneficial effects of berberine; however, the down-
stream molecular mechanisms of PPARa signalling pathway are
unclear.

NO is an important signal molecule and participates in mul-
tiple functions of body, especially in cardiovascular system. As an
indispensable factor, NO shows cardiovascular protection by reg-
ulating blood pressure and blood flow, inhibiting platelet aggre-
gation and leukocyte adhesion, and preventing VSMCs
proliferation. NO is synthesized from L-arginine by the catalytic
reaction of NOS, including neuronal NOS, inducible NOS and
eNOS; among which, eNOS is constitutively expressed in
VSMCs. Then, NO activates soluble guanylate cyclase by binding
its prosthetic haem group, thereby catalyzing cyclic guanosine
monophosphate (cGMP) synthesis. cGMP causes vasodilation
and may inhibit smooth muscle cell proliferation and platelet
aggregation (Dasgupta et al. 2015). Recently, Yousefipour and
Newaz (2014) found that clofibrate-mediated reduction in blood
pressure and proteinuria was probably associated with the
up-regulation of PPARa expression and the increase of NO pro-
duction in spontaneously hypertensive rats. Similarly, Yakubu
et al. (2010) also demonstrated that the activation of PPARa
could increase eNOS expression at the transcriptional and trans-
lational levels and further enhance NO production in cerebral
microvascular endothelial cells. Collectively, these studies indi-
cated that NO may be an important downstream effector of
PPARa-related signal pathway. In the present study, with PPARa
deactivation in Ang IV-induced proliferative VSMCs, eNOS
mRNA expression level, as well as culture medium NOS activity
and NO concentration were also decreased, which suggested that
the negative regulation of PPARa-NOS-NO signalling pathway
was involved in the VSMCs proliferation induced by Ang IV.
However, this deterioration could be restored by berberine treat-
ment, which was correlated with decreased measures of VSMCs
proliferation and evidence of PPARa activation. Moreover, co-
administration of MK 886 abolished the improved effects of ber-
berine. We interpret these results to suggest that NO plays
an important role in the anti-proliferative effect of berberine-
modulated PPARa activation.

Conclusions

These results demonstrated that the down-regulation of PPARa-
NO signalling pathway was involved in Ang IV-induced VSMCs
proliferation; and the anti-proliferative effects of berberine in
Ang IV-treated VSMCs might be, at least partially, associated
with the activation of PPARa, promotion of eNOS and finally
led to a beneficial increase of NO production.

Disclosure statement

The authors report no declarations of interest.

Funding

This research was supported by the grant from the Natural Science
Foundation of China, 10.13039/501100001809 [NO. 81100905].

References

Cheang WS, Tian XY, Wong WT, Huang Y. 2015. The peroxisome prolifer-
ator-activated receptors in cardiovascular diseases: experimental benefits
and clinical challenges. Br J Pharmacol. 172:5512–5522.

Dasgupta A, Bowman L, D'Arsigny CL, Archer SL. 2015. Soluble guanylate
cyclase: a new therapeutic target for pulmonary arterial hypertension and
chronic thromboembolic pulmonary hypertension. Clin Pharmacol Ther.
97:88–102.

Derosa G, Maffioli P, Cicero AF. 2012. Berberine on metabolic and cardiovas-
cular risk factors: an analysis from preclinical evidences to clinical trials.
Expert Opin Biol Ther. 12:1113–1124.

Dominska K, Piastowska-Ciesielska AW, Pluciennik E, Lachowicz-Ochedalska
A, Ochedalski T. 2013. A comparison of the effects of angiotensin IV on
androgen-dependent and androgen-independent prostate cancer cell lines.
J Renin Angiotensin Aldosterone Syst. 14:74–81.

Gizard F, Nomiyama T, Zhao Y, Findeisen HM, Heywood EB, Jones KL,
Staels B, Bruemmer D. 2008. The PPARalpha/p16 INK4a pathway inhibits
vascular smooth muscle cell proliferation by repressing cell cycle-depend-
ent telomerase activation. Circ Res. 103:1155–1163.

Hamblin M, Chang L, Fan Y, Zhang J, Chen YE. 2009. PPARs and the car-
diovascular system. Antioxid Redox Signal. 11:1415–1452.

Hu ZW, Kerb R, Shi XY, Wei-Lavery T, Hoffman BB. 2002. Angiotensin II
increases expression of cyclooxygenase-2: implications for the function of
vascular smooth muscle cells. J Pharmacol Exp Ther. 303:563–573.

Ji YY, Liu JT, Liu N, Wang ZD, Liu CH. 2009. PPARalpha activator fenofi-
brate modulates angiotensin II-induced inflammatory responses in vascu-
lar smooth muscle cells via the TLR4-dependent signaling pathway.
Biochem Pharmacol. 78:1186–1197.

Lei J, Vodovotz Y, Tzeng E, Billiar TR. 2013. Nitric oxide, a protective mol-
ecule in the cardiovascular system. Nitric Oxide. 35:175–185.

Liang KW, Yin SC, Ting CT, Lin SJ, Hsueh CM, Chen CY, Hsu SL. 2008.
Berberine inhibits platelet-derived growth factor-induced growth and
migration partly through an AMPK-dependent pathway in vascular
smooth muscle cells. Eur J Pharmacol. 590:343–354.

Lim GB. 2013. Global burden of cardiovascular disease. Nat Rev Cardiol. doi:
10.1038/nrcardio.2012.194.

Liu J, Xiu J, Cao J, Gao Q, Ma D, Fu L. 2011. Berberine cooperates with
adrenal androgen dehydroepiandrosterone sulfate to attenuate PDGF-
induced proliferation of vascular smooth muscle cell A7r5 through Skp2
signaling pathway. Mol Cell Biochem. 355:127–134.

Liu SJ, Yin CX, Ding MC, Xia SY, Shen QM, Wu JD. 2014. Berberine sup-
presses in vitro migration of human aortic smooth muscle cells through
the inhibitions of MMP-2/9, u-PA, AP-1, and NF-jB. BMB Rep.
47:388–392.

Lu J, Zhang J, Block ER, Patel JM. 2005. Angiotensin IV enhances phosphor-
ylation of 4EBP1 by multiple signaling events in lung endothelial cells.
Mol Cell Biochem. 275:181–188.

Ma Y, Zhang L, Peng T, Cheng J, Taneja S, Zhang J, Delafontaine P, Du J.
2006. Angiotensin II stimulates transcription of insulin-like growth factor
I receptor in vascular smooth muscle cells: role of nuclear factor-kappaB.
Endocrinology. 147:1256–1263.

Moran EP, Ma JX. 2015. Therapeutic effects of PPAR a on neuronal death
and microvascular impairment. PPAR Res. 2015:595426.

Mueller M, Hobiger S, Jungbauer A. 2010. Red clover extract: a source for
substances that activate peroxisome proliferator-activated receptor alpha
and ameliorate the cytokine secretion profile of lipopolysaccharide-stimu-
lated macrophages. Menopause. 17:379–387.

Pawlikowski M, Gruszka A, Mucha S, Melen-Mucha G. 2001. Angiotensins II
and IV stimulate the rat adrenocortical cell proliferation acting via differ-
ent receptors. Endocr Regul. 35:139–142.

Pirillo A, Catapano AL. 2015. Berberine, a plant alkaloid with lipid- and glu-
cose-lowering properties: from in vitro evidence to clinical studies.
Atherosclerosis. 243:449–461.

Ptasinska-Wnuk D, Kunert-Radek J, Pawlikowski M. 2003. Angiotensins II
and IV stimulate the rat anterior pituitary cell proliferation independently
of the AT1 receptor subtype. Neuro Endocrinol Lett. 24:397–400.

Rodr�ıguez-Vita J, S�anchez-L�opez E, Esteban V, Rup�erez M, Egido J, Ruiz-
Ortega M. 2005. Angiotensin II activates the Smad pathway in vascular
smooth muscle cells by a transforming growth factor-beta-independent
mechanism. Circulation. 111:2509–2517.

Ruiz-Ortega M, Esteban V, Egido J. 2007. The regulation of the inflammatory
response through nuclear factor-kappa B pathway by angiotensin IV
extends the role of the renin angiotensin system in cardiovascular diseases.
Trends Cardiovasc Med. 17:19–25.

Sata M, Fukuda D. 2010. Crucial role of renin-angiotensin system in the
pathogenesis of atherosclerosis. J Med Invest. 57:12–25.

PHARMACEUTICAL BIOLOGY 231



Shi N, Chen SY. 2015. Smooth muscle cell differentiation: model systems,
regulatory mechanisms, and vascular diseases. J Cell Physiol. 231:777–787.

Wang M, Wang J, Tan R, Wu Q, Qiu H, Yang J, Jiang Q. 2013. Effect of ber-
berine on PPAR a /NO activation in high glucose- and insulin-induced
cardiomyocyte hypertrophy. Evid Based Complement Alternat Med.
2013:285489.

Wu M, Wang J, Liu LT. 2010. Advance of studies on anti-atherosclerosis
mechanism of berberine. Chin J Integr Med. 16:188–192.

Xiao M, Men LN, Xu MG, Wang GB, Lv HT, Liu C. 2014. Berberine protects
endothelial progenitor cell from damage of TNF-a via the PI3K/AKT/
eNOS signaling pathway. Eur J Pharmacol. 743:11–16.

Xu T, Zhu H, Li D, Lang Y, Cao L, Liu Y, Wu W, Chen D. 2015. Luteolin
inhibits angiotensin II-stimulated VSMC proliferation and migration

through downregulation of Akt phosphorylation. Evid Based Complement
Alternat Med. 2015:931782.

Yakubu MA, Nsaif RH, Oyekan AO. 2010. Regulation of
cerebrovascular endothelial peroxisome proliferator activator receptor
alpha expression and nitric oxide production by clofibrate. Bratisl Lek
Listy. 111:258–264.

Yang H, Zeng XJ, Wang HX, Zhang LK, Dong XL, Guo S, Du J,
Li HH, Tang CS. 2011. Angiotensin IV protects against angioten-
sin II-induced cardiac injury via AT4 receptor. Peptides.
32:2108–2115.

Yousefipour Z, Newaz M. 2014. PPARa ligand clofibrate ameliorates blood
pressure and vascular reactivity in spontaneously hypertensive rats. Acta
Pharmacol Sin. 35:476–482.

232 H. QIU ET AL.


	Effect of berberine on PPARα-NO signalling pathway in vascular smooth muscle cell proliferation induced by angiotensin IV
	Introduction
	Materials and methods
	Chemicals and reagents
	VSMC isolation of primary rats and culture
	MTT assay for VSMC proliferation
	Measurement of VSMCs protein content
	Real time RT-PCR analysis of mRNA
	Western blot analysis
	Measurement of NOS activity and NO level
	Statistical analysis

	Results
	Effect of berberine on VSMCs proliferation induced by AngIV
	Effect of berberine on PPAR mRNA and protein expression in Ang IV-stimulated VSMCs
	Effects of berberine on eNOS mRNA expression, NOS activity and NO level in Ang IV-stimulated VSMCs

	Discussion
	Conclusions
	mkchap1257642__ack
	Disclosure statement
	References



<<
	/PreserveCopyPage true
	/MonoImageDownsampleType /Bicubic
	/MonoImageDict <<
		/K -1
	>>
	/ParseICCProfilesInComments true
	/PreserveHalftoneInfo false
	/TransferFunctionInfo /Preserve
	/GrayImageMinResolution 150
	/EncodeColorImages true
	/AutoFilterGrayImages true
	/ImageMemory 1048576
	/PDFXRegistryName ()
	/EmbedJobOptions true
	/MonoImageFilter /CCITTFaxEncode
	/PDFXNoTrimBoxError true
	/ASCII85EncodePages false
	/DefaultRenderingIntent /Default
	/GrayImageAutoFilterStrategy /JPEG
	/PDFXCompliantPDFOnly false
	/GrayImageFilter /DCTEncode
	/ColorImageResolution 150
	/DownsampleMonoImages true
	/EncodeGrayImages true
	/ColorImageFilter /DCTEncode
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/ParseDSCComments true
	/ColorImageAutoFilterStrategy /JPEG
	/EmbedOpenType false
	/AntiAliasMonoImages false
	/JPEG2000ColorImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/CreateJDFFile false
	/PreserveEPSInfo false
	/PDFXSetBleedBoxToMediaBox true
	/DSCReportingLevel 0
	/NeverEmbed [
	]
	/Optimize true
	/Description <<
		/DEU <>
		/NOR <>
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/ESP <>
		/FRA <>
		/SUO <>
		/JPN <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/DAN <>
		/PTB <>
		/SVE <>
	>>
	/CreateJobTicket false
	/EndPage -1
	/MonoImageDepth -1
	/GrayImageResolution 150
	/AutoFilterColorImages true
	/AlwaysEmbed [
	]
	/ColorImageMinResolution 150
	/ParseDSCCommentsForDocInfo true
	/sRGBProfile (sRGB IEC61966-2.1)
	/AutoRotatePages /All
	/MonoImageResolution 600
	/AllowTransparency false
	/GrayACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DoThumbnails false
	/GrayImageDepth -1
	/AntiAliasGrayImages false
	/ColorImageDownsampleThreshold 1.5
	/CompressObjects /Tags
	/AntiAliasColorImages false
	/EmbedAllFonts true
	/ColorImageMinResolutionPolicy /OK
	/PDFXOutputConditionIdentifier ()
	/PreserveFlatness true
	/DownsampleColorImages true
	/MonoImageDownsampleThreshold 1.5
	/PDFXOutputIntentProfile ()
	/GrayImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/UsePrologue false
	/ColorACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/JPEG2000GrayACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorConversionStrategy /sRGB
	/EmitDSCWarnings false
	/MonoImageMinResolutionPolicy /OK
	/UCRandBGInfo /Remove
	/DetectCurves 0.1
	/ColorSettingsFile (None)
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/GrayImageDownsampleThreshold 1.5
	/CropColorImages true
	/MonoImageMinResolution 600
	/JPEG2000ColorACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/CalRGBProfile (sRGB IEC61966-2.1)
	/CompressPages true
	/Binding /Left
	/PDFXTrapped /False
	/PDFX3Check false
	/DetectBlends true
	/JPEG2000GrayImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/GrayImageDownsampleType /Bicubic
	/CompatibilityLevel 1.6
	/PassThroughJPEGImages false
	/PDFXOutputCondition ()
	/CannotEmbedFontPolicy /Warning
	/AllowPSXObjects true
	/LockDistillerParams true
	/ConvertImagesToIndexed true
	/GrayImageMinResolutionPolicy /OK
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoPositionEPSFiles true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/DownsampleGrayImages true
	/PDFX1aCheck false
	/CropGrayImages true
	/CalGrayProfile (Gray Gamma 2.2)
	/CropMonoImages true
	/SubsetFonts true
	/ColorImageDownsampleType /Bicubic
	/CheckCompliance [
		/None
	]
	/PreserveOPIComments false
	/PreserveOverprintSettings true
	/EncodeMonoImages true
	/MaxSubsetPct 100
	/ColorImageMinDownsampleDepth 1
	/ColorImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/OPM 1
	/StartPage 1
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


