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Antihypertensive effect of gomisin A from Schisandra
chinensis on angiotensin II-induced hypertension via
preservation of nitric oxide bioavailability

Ji Young Park1,3, Jung Wook Yun1,3, Young Whan Choi2, Jin Ung Bae1, Kyo Won Seo1, Seung Jin Lee1,
So Youn Park1, Ki Whan Hong1 and Chi Dae Kim1

Gomisin A (GA) is a small molecular weight lignan present in Schisandra chinensis, and has been demonstrated to have

vasodilatory activity. In the present study, we investigated the effect of GA on blood pressure (BP) in angiotensin II (Ang II)-

induced hypertensive mice. C57/BL6 mice infused subcutaneously with Ang II (1 and 2lg kg�1 per min for 2 weeks) showed

an increase in BP with a decrease in nitric oxide (NO) metabolites in plasma, and a negative correlation between these two

parameters was demonstrated. In the thoracic aorta from Ang II-induced hypertensive mice, a decrease in vascular NO that was

accompanied by a diminution of phosphorylated endothelial nitric oxide synthase (eNOS), as well as by increased reactive

oxygen species (ROS) production, was demonstrated. These alterations in BP, eNOS phosphorylation and ROS production in the

vasculature of Ang II-treated mice were markedly and dose-dependently reversed by simultaneous administration of GA (2 and

10 lg kg�1 per min). In addition, Ang II-induced ROS production in cultured vascular cells such as endothelial cells and

vascular smooth muscle cells was markedly attenuated by GA. These results suggested that GA attenuated the increase in BP

via preservation of vascular NO bioavailability not only by inhibiting ROS production but also by preventing the impairment of

eNOS function in the vasculature of Ang II-induced hypertensive mice.
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INTRODUCTION

An increase in arterial blood pressure (BP) is generally regarded as a
major risk factor for heart attack and stroke.1 Dysfunctional
endothelium, characterized by a reduced nitric oxide (NO)
production, is recognized as an independent factor for an increase
in arterial BP.2 It is well known that impairment in endothelial nitric
oxide synthase (eNOS) activity has an important role in the patho-
genesis of endothelial cell dysfunction. Previous studies indicate that
eNOS is upregulated by post-translational modifications, such as Akt-
induced phosphorylation.3–4 Thus, a decline in NO bioavailability
may be caused by alterations in cellular signaling involved in eNOS
phosphorylation as well as by an accelerated NO degradation by
reactive oxygen species (ROS).5

An increasing body of evidence suggests novel roles for angiotensin
II (Ang II) in regulating the balance between NO and ROS in the
vasculature.6–7 Ang II activates NAD(P)H oxidase and induces ROS
generation in vascular smooth muscle cells, endothelial cells and
intact arteries.8 An important source of ROS in endothelial and

vascular smooth muscle cells is NADPH oxidase.9–10 Moreover, the
strict cross talk between Ang II and NADPH oxidase was also
confirmed by in vivo studies.8 Indeed, many of the consequences of
Ang II exposure, including hypertension and vascular remodeling, are
reportedly related to the formation of ROS.11–12

In traditional Korean herbal medicine, Schisandra chinensis (SC)
has long been used for its antioxidant, tonic and sedative effects. It is
also known to have potent antioxidative and anti-inflammatory
effects.13–15 Recently, we demonstrated that gomisin A (GA)
isolated from SC induced vasorelaxation in isolated rat thoracic
aorta in endothelium-dependent and -independent manners,16–17

suggesting that GA might prevent the increase in arterial BP,
however, the effect of GA on BP in an animal model of
hypertension has not been clarified.
In the present study, we evaluated the effect of continuous infusion

of GA on the increase in arterial BP in Ang II-induced hypertensive
mice. In addition, as GA prevented the loss of NO in isolated blood
vessels from Ang II-induced hypertensive mice, we also investigated
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the possible mechanisms involved in GA-mediated preservation of
NO bioavailability in the vasculature of Ang II-treated mice.

METHODS

Plant collection and extraction of GA
The fruits of SC were collected in September 2005 from Mungyeong, Korea. A

voucher specimen (accession number SC-PDRL-1) was deposited in the

Herbarium of Pusan National University. Pure GA was extracted from the

dried fruits of SC, and identified by HPLC on a Phenomenex Luna C18

column (Phenomenex, Torrance, CA, USA, 150� 4.6mm I.D.; 5mm particle

size). The chemical structure of GA was verified by liquid chromatography-

mass spectrometry (LC-MS, Bruker BioApex FT mass spectrometer, Bruker,

Billerica, MA, USA) and NMR analysis (Bruker DRX 400 spectrometer,

Bruker, Pullman, WA, USA). The solid form of GA (MW¼ 416.46) was

dissolved in DMSO, and subsequently diluted in media in all experiments.

Cell culture
The mouse aorta was dissected, cut into 1–2mm2 segments, and then placed as

explants in cell culture dishes containing DMEM (Gibco BRL, Grand Island,

NY, USA) with 10% fetal bovine serum. VSMC purity was determined by

staining with smooth muscle-specific actin monoclonal antibodies (Sigma-

Aldrich Co., St Louis, MO, USA).

Human coronary artery endothelial cells and human umbilical vein

endothelial cells were obtained from Lonza (Walkersville, MD, USA). Cells

were cultured in endothelial growth medium-2 (EGM-2 MV, Lonza). Cells

between passages 4 and 6 were used in the present study.

Animals and experimental design
All animal procedures were conducted in accordance with the Animal Care

Guidelines of Pusan National University Institutional Animal Care and Use

Committee. Male C57BL/6 mice (20–25 g) were implanted with a subcuta-

neous osmotic minipump (Alzet model 1002, Alza Corp., Vacaville, CA, USA)

filled with either Ang II (Sigma Chemical Co., St Louis, MO, USA) or NaCl

(sham-treated mice) for 14 days. The average Ang II infusion rate was 1 and

2mg kg�1 per min. To determine the effects of GA on Ang II-induced

hypertension, some animals were treated concomitantly with a subcutaneously

implanted osmotic minipump containing GA (2 or 10mg kg�1 per min) for 14

days. The systolic BP was measured by tail cuff plethysmography with the aid

of a computerized system (BP2000 Blood Pressure Analysis System, Visitech

Systems, Apex, NC, USA).

Measurement of NO metabolites in plasma
Accumulation of nitrate and nitrite, the end products of NO metabolism used

as indices of NOS activity, was measured in plasma as previously described.18

In brief, plasma samples were deproteinized by ultrafiltration using centrifugal

concentrators (Nanosep, Pall Filtron, Northborough, MA, USA). The

supernatant was reacted with Griess solution (Promega, Madison, WI, USA)

for 15min. The absorbance of samples was measured at 540nm on Emax

ELISA microplate reader using SoftMax Pro Software (Bio-Tek Instruments

Inc., Winooski, VT, USA).

Measurement of vascular concentration of NO
At the end of the study period, the mice were anesthetized with chloral hydrate

(450mg kg�1, i.p.). The thoracic aorta was rapidly excised, and dissected from

adhering connective and adipose tissue. For the fluorometric experiments, the

aortic rings (3mm in width) were incubated for 2 h in the dark in Krebs’ buffer

containing 10mM DAF-FM DA (Molecular Probes, Karlsruhe, Germany), a

fluorescent NO-sensitive dye. The aortic rings were rapidly removed and

frozen at �20 1C. Aortic rings were cut into 10mm-thick sections in a

microtome (HM550, MICROM GmbH, Walldorf, Germany) and placed onto

microscope slides without any mounting medium or coverslip. Fluorescence

was detected using an Axiovert 200 fluorescence microscope (Carl Zeiss,

Oberkochem, Germany).

Measurement of ROS
Vascular superoxide anion production was measured using lucigenin-enhanced

chemiluminescence method. The aortic ring segments were cryocut into 3mm
thick sections and mounted on gelatin chromalumin-coated slides. The

sections were incubated for 30min with 5mM DHE. After the sections were

washed two times with PBS, fluorescence of DHE was detected using an

Axiovert 200 fluorescence microscope (Carl Zeiss).

Intracellular ROS was measured using DCFH-DA (Molecular Probes), which

can then react with ROS to form highly fluorescent DCF.19 The vascular

smooth muscle cells and endothelial cells grown in 12-well plates were

incubated with 10mM DCFH-DA for 30min. After incubation, the cells were

washed with PBS, and then the fluorescence of DCFH-DA was detected using

an Axiovert 200 fluorescence microscope (Carl Zeiss).

Western blot analysis for eNOS and phosphorylated-eNOS
Mouse aortic tissue was homogenized and equal amounts (20mg) of protein
per sample were separated on 8% SDS-PAGE gels and subsequently transferred

to polyvinylidene fluoride membrane. After blocking with 5% skim milk, the

membranes were incubated with purified mouse anti-eNOS (1:1000, BD

Biosciences) and purified mouse anti-phospho Ser1177 eNOS (1:1000, BD

Biosciences) at 41C overnight. The membranes were then washed and further

incubated with secondary antibody, and the bands were visualized by the

addition of enhanced chemiluminescence detection reagents.

Statistics
The results were expressed as mean±s.e.m. Statistical significance of difference

between groups was analyzed by one-way analysis of variance (ANOVA)

followed by Tukey’s multiple comparison test using statistical software (Prism,

version 3.03; GraphPad Software Inc., San Diego, CA, USA). Po0.05 was

regarded as significant.

RESULTS

Characterization of Ang II-induced hypertension
At the beginning of the experiment, BP of control and Ang II (1 and
2mg kg per min)-treated mice were 93.5±4.1, 98.1±3.0 and
91.6±4.1mmHg, respectively. While the BP of control mice
remained constant throughout the period of investigation, the BP
of Ang II (1 and 2mg kg�1 per min)-treated mice started to increase
at day 4 and peaked at day 6 of the experimental period
(139.9±5.7mmHg), and then the elevated BP was sustained at a
high level for 14 days. The effects of Ang II at 2mg kg�1 per min on
BP were more prominent and stable than those at 1mg kg�1 per min
(Figure 1). However, there were no significant differences between
groups with regard to heart rates (517±20 beats per min in control
group, 544±59 and 546±29 beats per min in Ang II 1 and 2mg kg�1

per min-treated groups, respectively).

Role of Ang II on vascular NO production
In good agreement with previous reports in which Ang II inhibited
eNOS activity,20–21 NO concentration was diminished in aortic tissues
from Ang II-treated mice compared with those from control mice
(Figure 2a). Likewise, the concentration of nitrate/nitrite, metabolites
of NO, was also diminished in the plasma of Ang II-treated mice in a
dose-dependent manner (Figure 2b). When the relationship between
systolic BP and plasma concentration of nitrites was examined in each
mouse, systolic BP was found to be negatively correlated with plasma
concentration of NO metabolites (Figure 2c). This suggests that the
elevation in BP in Ang II-treated mice may be a consequence of
reduction in the bioavailability of NO.

Antihypertensive effect of GA on Ang II-induced hypertension
As the effects of Ang II at 2mg kg�1 per min on BP were more
prominent and stable than those at 1mg kg�1 per min, the following
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experiments were performed in mice treated with Ang II at 2mg kg�1

per min. As shown in Figure 3, concomitant treatment with GA
(2 and 10mg kg�1 per min) in Ang II-treated mice significantly
attenuated the increase in BP in a dose-dependent manner. However,
there were no significant differences between groups with regard to
heart rates (546±29 beats per min in control group; 532±47 and
542±67 beats per min in GA 2 and 10mg kg�1 per min-treated
groups, respectively).

Effect of GA on impaired NO production in Ang II-treated mice
Vascular NO production as assayed with DAF-FM DA was markedly
reduced in Ang II-infused animals compared with controls. With
simultaneous chronic administration of GA (2 and 10mg kg�1 per
min) in Ang II-induced hypertensive mice, the diminished NO
concentration in isolated aorta from Ang II-treated mice was restored
in a dose-dependent manner (Figure 4a). In line with vascular
production of NO, the decreased plasma concentration of NO

Figure 1 Effect of Ang II infusion on systolic blood pressure. Time course of
systolic blood pressure in C57BL/6 mice treated with a subcutaneous

osmotic minipump filled with Ang II (1 and 2mg kg�1 per min) for 14 days.

Data were expressed as mean±s.e.m. from 5–7 independent experiments.
*Po0.05, **Po0.01 vs. corresponding value in control.

Figure 2 Effect of Ang II infusion on NO production. (a) Vascular NO production in aortic segments from control and Ang II-treated mice were measured by

DAF2-FM staining. Photographs are representative of five independent experiments. (b) Plasma concentration of NO metabolites as an index for plasma NO

concentration from control and Ang II-treated mice was measured by Griess reagent. Data are expressed as mean±s.em. from 4–7 independent

experiments. **Po0.01 vs. control. (c) Interaction between blood pressure and plasma nitrate/nitrite concentration in each mouse shows a negative

correlation. A full color version of this figure is available at the Hypertension Research journal online.

Figure 3 Preventive effect of GA on Ang II-induced hypertension. Time

course of systolic blood pressure in Ang II-induced hypertensive mice
treated with various concentrations of GA. Data are expressed as

mean±s.e.m. from 7–13 independent experiments. **Po0.01 vs.

corresponding value in control. #Po0.05; ##Po0.01 vs. corresponding

value in vehicle group.
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metabolites in Ang II-treated mice was also significantly preserved by
GA treatment (2 and 10mg kg�1 per min) (Figure 4b).

Effect of GA on impaired eNOS activity in Ang II-treated mice
Phosphorylation of eNOS at Ser1177 enhances eNOS activity.22 Thus,
to assess the involvement of Ang II in the regulation of eNOS activity,
we studied the effects of Ang II on the level of eNOS and
phosphorylated-eNOS protein expression in aortic tissues from
control and Ang II-treated mice. As shown in Figures 5a and b, the
expression level of phosphorylated-eNOS at Ser1177, but not eNOS
expression, was markedly diminished in aortic tissue from Ang II-
treated mice as compared with those from control mice. This
attenuation in eNOS phosphorylation was inhibited by simultaneous
treatment with GA in a dose-dependent manner.

Effects of GA on Ang II-enhanced ROS production
Ang II is known as a regulatory factor in vascular oxidation–reduction
signaling to enhance superoxide production.9 Likewise, ROS
production as measured by DHE was significantly increased in
isolated aorta from Ang II-treated mice. The increased ROS
production by Ang II was markedly attenuated in the aortic tissues
from Ang II-treated mice with simultaneous treatment of GA
(Figure 6a). Likewise, when vascular cells such as vascular smooth
muscle cell and endothelial cells were exposed to Ang II (1–10mM)
for 24h, ROS production in cells was gradually increased in a
concentration-dependent manner (data not shown). The Ang II
(10mM)-induced increase in ROS production in cultured vascular
cells was also markedly attenuated by pretreatment with GA
(1–10mM) in a dose-dependent manner (Figure 6b).

DISCUSSION

The present study provides evidence that increased arterial BP in mice
infused subcutaneously with Ang II was markedly attenuated by
chronic administration of GA. The beneficial effects of GA on Ang II-
induced hypertension were associated with preservation of NO
bioavailability in the vasculature. Moreover, GA treatment in this
study was started at the prehypertensive stage, suggesting that GA had
a prophylactic effect against the development of hypertension induced
by Ang II.
Disruption of the NO pathway by L-NAME was demonstrated by

reduced plasma nitrate/nitrite levels.23 Similarly, long-term treatment
with Ang II also resulted in a significant reduction in the
acetylcholine-induced increase in plasma NO concentration in
rabbits.24 In the Ang II-infused rat model by Mollnau et al.25

showed that NO in the aortic segments was markedly reduced. In
line with these previous studies, in mice infused subcutaneously with
Ang II, we also found an increase in arterial BP with a decrease in NO

Figure 4 Effect of GA on impaired NO production in Ang II-treated mice.

(a) Representative photographs of the preservation of NO production by GA

in aortic tissues from Ang II-treated mice (n¼4). (b) The decreased plasma
concentration of NO metabolites in Ang II-treated mice was significantly

preserved by simultaneous chronic administration of GA (2 and 10mg kg�1

per min). Data were expressed as mean±s.e.m. from 4–7 independent

experiments. **Po0.01 vs. control. ##Po0.01 vs. vehicle. A full color

version of this figure is available at the Hypertension Research journal

online.

Figure 5 Effect of GA on impaired eNOS phosphorylation at Ser1177 in

Ang II-treated mice. (a) Levels of phosphorylated eNOS (p-eNOS) at

Ser1177, eNOS and b-actin protein were determined by western blot

analysis. One representative blot out of six independent experiments is
shown. (b) Each bar represents mean±s.e.m. from 4–6 independent

experiments. **Po0.01 vs. control. ##Po0.01 vs. vehicle.
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metabolites in plasma, and a negative correlation between these two
parameters. Thus, the dysfunctional endothelium, characterized by
less production of NO as well as a decrease in NO bioavailability,
appeared to lead to an increase in arterial BP in Ang II-infused mice.
A decline in NO bioavailability may be caused by alterations in

cellular signaling involved in eNOS activation or by accelerated NO
degradation by ROS.26 Our study showed that the decreased plasma
concentration of NO metabolites in Ang II-treated mice was
accompanied by diminished NO concentration in the aortic
segments, suggesting a potential relationship between these two
parameters. Moreover, the decreased level of NO in the vasculature
might result from a decrease in NO synthesis by inhibition of eNOS
activity or an increase in NO inactivation by enhanced vascular
production of ROS.

To determine the involvement of Ang II in the regulation of eNOS
activity, we studied the effects of Ang II on the level of eNOS and
phosphorylated-eNOS protein expression in aortic tissues from
control and Ang II-treated mice. In the segments of aorta isolated
from mice treated with Ang II, a clear impairment in endothelial
function was observed; however, eNOS expression was unaltered by
Ang II treatment.27 In line with this report, our present results
showed that expression level of phosphorylated-eNOS at Ser1177, but
not eNOS expression, was markedly diminished in the aortic tissue
from Ang II-treated mice compared with those from control mice.
Thus, it was suggested that the impaired vascular production of
NO might be partially involved in the decrease in NO bioavailability
in Ang II-treated mice, subsequently leading to an increase in
arterial BP.

Figure 6 Effects of GA on Ang II-enhanced ROS production. (a) Representative photographs of ROS production as measured by DHE in aortic tissues from

control, Ang II-treated mice without or with simultaneous treatment of GA (n¼5). (b) Vascular smooth muscle cells (VSMC), human coronary artery

endothelial cell (HCAEC) and umbilical vein endothelial cell (HUVEC) were exposed to Ang II (10mM) for 24 h, and then ROS production in cells was

determined using DCF fluorescence. Photographs are representative of 5–6 experiments. A full color version of this figure is available at the Hypertension

Research journal online.
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Many of the consequences of Ang II exposure, including hyperten-
sion and vascular remodeling, are reportedly related to ROS forma-
tion as a consequence of the activation of NADPH oxidases.11,28

Sachse and Wolf29 also provide evidence that Ang II stimulates
intracellular formation of superoxide by upregulating subunits of the
membrane-bound NAD(P)H oxidase and by facilitating assembly of
subunits. In endothelial cells, Ang II activates mainly the Nox2
(gp91phox) and Nox4 subunits, and genetic disruption of Nox2
prevents the endothelial dysfunction observed in a high-renin model
of hypertension.30 We therefore assessed ROS production in the
vasculature isolated from Ang II-infused mice. Our present study
clearly showed that ROS production in the aortic tissue from Ang II-
treated mice was markedly increased. Moreover, in an in vitro study
using VSMC and endothelial cells to determine the cellular source for
Ang II-induced ROS generation, Ang II enhanced ROS generation in
endothelial cells as well as in VSMC. Thus, it was suggested that
hypertension caused by Ang II was mediated in part via a decrease in
NO bioavailability by an increased production of ROS in the
vasculature.
Traditionally, SC has been used as a Korean herbal medicine for its

antioxidant, antitussive, tonic and sedative effects. SC fruits contain a
variety of pharmacologically active lignans. GA and the major
bioactive compounds are lignans with a dibenzocyclooctadiene
skeleton.15,31–32 We recently showed that GA induced vasorelaxation
in isolated rat thoracic aorta in an endothelium-dependent and
-independent manner.16 Moreover, GA enhanced NO production by
activation of eNOS in human coronary endothelial cells.17 Our
previous reports describing a pivotal role of GA in vascular
relaxation16-17 suggest that GA might have a potential role in the
prevention of hypertension induced by various causes.
In the present study, chronic administration of Ang II into mice

caused an increase in arterial BP with a diminished plasma
concentration of NO metabolites, which was prevented by continuous
infusion of GA. The effect of GA on NO bioavailability in Ang II-
infused mice might result from its preventive roles on impaired NO
synthesis or increased NO inactivation by ROS. To determine the role
of GA in NO synthesis, the effect of GA on the regulation of eNOS
activity was investigated. The present study showed that GA attenu-
ated the decrease in phosphorylated-eNOS (Ser1177) expression,
leading to restoration of diminished plasma nitrate/nitrite levels. In
our previous study, GA rapidly stimulated NO production and eNOS
activation via enhanced eNOS translocation with little effect on the
expression of both total eNOS and phosphorylated-eNOS protein.17

Likewise, the level of eNOS expression in the endothelial layer of the
thoracic aorta from Ang II-treated mice was neither decreased
compared with that in control nor affected by GA treatment.
Interestingly, although GA did not enhance eNOS phosphorylation
in endothelial cells in our previous study,17 our present study showed
that the diminished level of phosphorylated-eNOS in Ang II-treated
mice was instead markedly preserved in mice treated with GA. This
indicates that GA might have a preventive role in Ang II-induced
impairment of eNOS phosphorylation without affecting eNOS
phosphorylation in the resting state. However, further experiments
are necessary to determine the effect of GA on the cross-talk between
Ang II and eNOS function.
Moreover, the increased ROS production in isolated aorta from

Ang II-treated mice was markedly attenuated in the aortic tissues
from Ang II-treated mice co-treated with GA. In addition, in
agreement with previous studies in which Ang II enhanced ROS
production in endothelial cells and vascular smooth muscle cells,33–34

this study also showed that Ang II increased ROS in vascular cells.

In line with the results from the in vivo study, Ang II-induced ROS
production in cultured vascular cells was also markedly attenuated by
pretreatment with GA. Recently, it was reported that treatment with
antioxidants blunted the increase in BP caused by Ang II.23,35

Likewise, the results of our present study suggested that the
antioxidative property-related protection against ROS-mediated
degradation of NO in the vasculature may contribute at least partly
to the antihypertensive effect of GA.
In conclusion, chronic administration of GA had an antihyperten-

sive effect in Ang II-induced hypertensive mice. Its beneficial effects
on NO bioavailability, which are mediated by preservation of vascular
NO, seem to be related to the antihypertensive activity. Based on these
results, it was suggested that GA attenuated the increase in arterial BP
via preservation of vascular NO bioavailability not only by inhibiting
ROS production but also by preventing the impairment of eNOS
function in the vasculature of Ang II-induced hypertensive mice.
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