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ABSTRACT: Phytoestrogens have been implicated as promising therapeutic agents to treat the vascular impairment seen in
menopausal women. The present study investigated the long-term effects of phytoestrogens from Curcuma comosa Roxb. on
vascular relaxation of isolated thoracic aorta from ovariectomized (OVX) rats. Treatment of OVX rats for 12 weeks with C.
comosa powder, hexane extract, and a novel phytoestrogen, diarylheptanoid-D3, [(3R)-1,7-diphenyl-(4E,6E)-4,6-heptadien-3-ol]
prevented impairment of the endothelium-dependent relaxation response to acetylcholine in OVX, but not the endothelium-
denude aortic ring relaxation in response to sodium nitroprusside. These data suggest that the vascular relaxation effect of C.
comosa is mediated via endothelial cells. Treatment with D3 also increased endothelial nitric oxide synthase (eNOS) and
estrogen receptor-a (ER@) protein expression in the aorta of OVX rats and suppressed elevated tumor necrosis factor-a (TNF-
@) expression in OVX aortic rings. These results indicate that C. comosa treatment prevents impairment of vascular relaxation in
estrogen-deficient animals via the ER-eNOS pathway as well as through its ability to promote an anti-inflammatory response.
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B INTRODUCTION

Alterations in vascular function, especially a reduced response
to relaxation stimuli, appear to be related to the onset of
menopause.’ Estrogen is thought to play a key role as a
modulator of vasoprotection through its vasodilating, anti-
oxidant, and anti-inflammation activities.” The protective effect
of estrogen is mediated by binding to estrogen receptors (ERs)
on blood vessel walls.® Both ERa and ERf have been identified
in various components of the vascular wall of experimental
animals and humans; however, estrogen modulates vascular
function mainly through ERa in both nongenomic and
genomic pathways. Estrogen directly regulates the expression
of endothelial nitric oxide synthase (eNOS) in cerebral
microvessels* and the aorta’® In addition, estrogen can
indirectly regulate eNOS expression through inhibition of the
pro-inflammatory cytokine tumor necrosis factor-a (TNF-a),
which down -regulates expression of eNOS by destabilizing its
mRNA. The role of estrogen in regulating eNOS production is
also supported by the observation of elevated TNF-a serum
levels in postmenopausal women and ovariectomized (OVX)
rats.” The anti-inflammatory and vasoprotective effects of
estrogen are ER-dependent and are not observed in the
presence of the ER antagonist ICI 182,780 or in ER knockout
mice.®*”'" Although estrogen has been proven to effectively
prevent vascular impairment in postmenopausal women, its
potential carcinogenic and feminizing effects on reproductive
organs limit its therapeutic use. Thus, intensive investigations of
alternatives to estrogen have been undertaken.

Currently, there is increasing interest in the use of
phytoestrogens as an alternative approach to alleviate
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menopausal symptoms.'” Phytoestrogens are naturally occur-
ring, nonsteroidal compounds derived from plants that have
biological activities similar to those of estrogen. Recently, a
novel phytoestrogen, diaryltheptanoid-D3 or (3R)-1,7-diphen-
yl-(4E,6E)-4,6-heptadien-3-ol (hereafter referred to as D3), was
isolated and identified from Curcuma comosa, a member of the
Zingiberaceae family.">'* C. comosa is extensively used by
menopausal women in many forms, including dried rhizome
powder and crude extracts,"®'” and it is possible that D3 or
other phytoestrogens may be the active compound in these
preparations. D3 has the capacity to increase the endothelium-
dependent relaxation of rat aortic rings, and its nongenomic
mechanism is associated with enhanced phosphorylation of
eNOS and Akt proteins.'> The effect of D3 on eNOS and Akt
proteins appears to be mediated by the same pathway as
estrogen as the response to D3 is inhibited by the presence of
an ER antagonist.””> Due to the beneficial effects of D3 on
vascular function, we hypothesized that D3 will restore
endothelial function in OVX rats. The present study
investigated the long-term effects of C. comosa treatment on
the relaxation of isolated rat aortic rings and the underlying
mechanisms that lead to relaxation. Our results provide
mechanistic insight into the beneficial properties of C. comosa
and its estrogenic effect, supporting a role for its further clinical
use in vascular disorders.
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B MATERIALS AND METHODS

Chemicals and Plant Extract. Acetylcholine (ACh), L-phenyl-
ephrine (Phe), sodium nitroprusside (SNP), and 17f-estradiol (E2)
were purchased from Sigma Chemical Co. (St. Louis, MO), and all
other chemicals were of analytical grade. Preparations of plant extracts
and isolation of diarylheptanoid from C. comosa rhizomes were
conducted as previously described.’* Rhizomes of C. comosa were
purchased from Kampaengsaen district, Nakhon Pathom province,
Thailand, and subjected to taxonomic identification'® with voucher
herbarium specimen (SCMU No. 300) deposited at the Department
of Plant Science, Faculty of Science, Mahidol University, Bangkok. The
rhizomes of C. comosa were cut into small pieces, dried, and ground to
powder. The rhizome powder was extracted with n-hexane in a Soxhlet
extractor, and after removal of the solvent in vacuo, a pale brownish
viscous oil was obtained. The hexane extract was dissolved in corn oil
(Mazola corn oil, ACH Food Companies Inc, Cordova, TN) for
animal treatment. Characterization and standardization of the extract
used in this study were performed by reversed-phase HPLC (column,
Prodigy ODS-3, 250 mm X 4.6 mm, S um, 100 A; mobile phase,
water/acetonitrile; detection at 260 nm), revealing one major
diarylheptanoid (23.9%), (3R)-1,7-diphenyl-(4E,6E)-4,6-heptadien-3-
ol (D3), as shown in Figure 1. Compound D3 was isolated from the

OH

Figure 1. Structure of diarylheptanoids; (3R)-1,7-diphenyl-(4E,6E)-
4,6-heptadien-3-ol (D3) isolated from the rhizome of C. comosa.

hexane extract as a major component by repeated silica gel column
chromatography eluting with hexane/dichloromethane; each step
utilized an increasing quantity of the more polar solvent. The structure
of D3 was confirmed from the spectroscopic data (NMR and mass
spectra), and the absolute stereochemistry at the 3-position was
determined to be R. The isolated compound D3 was assessed by TLC
and NMR spectroscopy and was found to be approximately 99% pure.
The dried rhizome powder for animal treatment was sieved through
sieve no. 60.

Animals and Aortic Ring Preparation. Female Sprague—Dawley
rats at 8 weeks of age were supplied by the National Animal Center of
Thailand, Mahidol University, Salaya Campus, Nakornpathom. All
experimental animal protocols received approval from the Ethics
Committee for Animal Care and Use, Faculty of Science, Mahidol
University. Rats were subjected to ovariectomy and sham-operated
animals served as controls, as previously described.'* Animals were
assigned into 10 groups with 6 rats each as follows: (1) sham-operated
control; (2) ovariectomized (OVX); (3) OVX treated with estradiol,
2.5 pg/kg BW via subcutaneous injection; and (4) OVX treated with
C. comosa dried powder, 1000 mg/kg BW via oral gavage. Groups S, 6,
and 7 were OVX treated with C. comosa hexane extract at doses of 125,
250, and 500 mg/kg BW, respectively, via intraperitoneal injection.
Groups 8, 9, and 10 were OVX treated with D3 at doses of 25, 50, and
100 mg/kg BW, respectively, via intraperitoneal injection. Animals
were treated 6 days/week for 12 weeks. The dose of powder (1000
mg/kg/day) used in the present study was based on our preliminary
observation that it can protect against other adverse effects observed in
OVX animals including bone loss. In addition, in a subacute toxicity
study of dried powder in adult rats for 3 months, the low observed
adverse effect level (LOAEL) was approximately 4000 mg/kg BW
(unpublished data). After treatment on the day of the experiment, the
animals were euthanized by intraperitoneal injection of pentobarbital
sodium (50 mg/kg BW). The thoracic aorta was carefully excised and
immediately placed in iced-cold Krebs—Henseleit solution with all
connective tissue removed. The aorta was cut transversely into 3 mm
wide strips for the relaxation response study and ~1 cm wide strips for
Western blot analysis.

Vasodilator Responsiveness of Preconstricted Aortic Rings.
Each aortic ring was placed between two parallel stainless steel hooks
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in an organ bath (20 mL). One hook was fixed, and the other was
connected to a force transducer (model MLT1030, ADI Instrument,
Australia) for the measurement of isometric tension. The transducers
were connected to a PowerLab (ADI Instrument, Australia) to provide
a continuous record of contractile tension. The organ bath contained a
Krebs—Henseleit solution (pH 7.4) of the following composition
(mM): NaCl (119.0), NaHCO; (25.0), glucose (11.1), CaCl,-2H,0
(1.6), KCI (4.7), KH,PO, (1.2), MgSO,7H,0O (1.2), aerated with
95% O,—5% CO, and maintained at 37 °C. Aortic ring functions were
investigated either with the endothelium intact (Endo+) or denuded
(Endo—), which was accomplished by mechanical de-endothelializa-
tion using a fine wire rubbed inside the lumen of the aortic ring. After
the thoracic aortic ring was connected to an isometric tension
transducer system, passive tension was gradually increased to 1.5 g.
The vascular ring was allowed to equilibrate for at least 30 min, and
the preparation was refreshed with Krebs—Henseleit solution every 15
min. Passive tension was adjusted to maintain 1.5 g throughout the
equilibration and experimental periods. At the basal tension of 1.5 g,
the rings were found to develop maximal active tension in response to
stimulation with a contraction-inducing agent. After equilibration for
30 min, the maximal contractile response to a high concentration of
potassium (80 mM) in Krebs solution (potassium exchanged with
sodium on a molar basis) was determined. Then, rings were washed
three times with fresh Krebs solution and allowed to equilibrate for 30
min before further evaluation of the relaxation response to either ACh
10 to 1075 M (Endo+) or SNP 10°° to 10> M (Endo—) in vessels
precontracted with L-phenylephrine (Phe 1077 M). The vasodilator
effect of increasing concentrations of ACh and SNP was expressed as
percent decrease of the peak Phe concentration.

Western Immunoblotting Analysis. Western blot analyses of
ERa, ERf, eNOS, TNFq, and f-actin were conducted as previously
described" with modifications. Frozen aortic tissue was homogenized
in a lysis buffer of (in mM) 150 NaCl, 50 Tris-HCl, S EDTA-2Na, and
1 MgCl, containing 1% Triton X-100 and 0.5% SDS plus protease
inhibitor cocktail and 1 mM sodium orthovanadate. Protein
concentrations were determined according to the method of
bicinchoninic acid protein assay (BCA). Proteins in the homogenates
were separated on 7% polyacrylamide gels and transferred electro-
phoretically onto PVDF membrane (Bio-Rad, Hercules, CA). After
blocking with 5% nonfat dry milk in TBS plus 0.1% Tween 20 for 2 h,
protein blots were incubated with the appropriate dilution of
antibodies against eNOS (Cell Signaling Technology, Beverly, MA),
ERa (Santa Cruz Biotechnology, Santa Cruz, CA), ERf (BD
Transduction Laboratories, San Jose, CA), or TNFa (Santa Cruz
Biotechnology) at 4 °C overnight. Subsequently, all blots were
incubated with secondary anti-rabbit antibody at room temperature for
2 h. The immunocomplexes were detected by chemiluminescence
(SuperSignal West Pico, Pierce, Rockford, IL) followed by
densitometric analyses with Image] software. After detection, the
membranes were stripped, blocked, and reprobed with mouse
polyclonal anti-B-Actin (Santa Cruz). Results for ERa, ERf, TNFa,
and eNOS proteins were expressed as percent of the S-actin protein
levels in each sample.

Statistics. The concentrations indicated in the text or in the figures
represent the final organ bath concentrations of respective agonists.
Data were expressed as the mean + the standard error of the mean
(SEM) and were analyzed using the statistical software package
GraphPad Prism 4. Two-way ANOVA with Bonferroni multiple-
comparisons post-test was used to compare concentration—response
curves obtained in aortic rings. Western blotting results among
different groups were analyzed by using one-way analysis of variance
(one-way ANOVA), and the differences in pairs of means were
determined by Newman—Keuls test. Statistical significance of the
difference was accepted at P values of <0.05 or exceeding the 95%
critical value (P < 0.05).

B RESULTS

Effect on Vascular Endothelium-Dependent Relaxa-
tion. Figure 2 shows the relaxation of aortic rings with intact
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Figure 2. Effect of long-term treatment with (A) estradiol 2.5 ug/kg
BW/day, (B) C. comosa powder 1 g/kg BW/day and compound D3
100 mg/kg BW/day, and (C) C. comosa hexane extract 125, 250, S00
mg/kg BW/day for 12 weeks on the endothelium-dependent
relaxation in OVX rats. The OVX control received a similar treatment
with olive oil. Data are the mean + SEM (n = 6). (#) P < 0.01 and
(##) P < 0.001, significant difference from sham control. () P < 0.01
and (#%) P < 0.001, significant difference from OVX.
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endothelial cells in response to ACh in OVX rats receiving
various treatments. The maximum vasodilation in the OVX rats
after 12 weeks was significantly lower than that of sham control
(P < 0.05). Treatment with 17/-estradiol at a dose of 2.5 pg/kg
BW prevented impairment of relaxation in the OVX rats
(Figure 2A). Treatment with C. comosa dried powder at a dose
of 1 g/kg/day and isolated compound D3 at a dose of 100 mg/
kg/day (Figure 2B) as well as the C. comosa hexane extract at a
dose of 500 mg/kg effectively prevented impairment of
endothelium-dependent relaxation in the OVX rats (P <
0.05). Their levels were similar to that observed in the
estrogen-treated group. In Figure 2C, hexane extract at dose of
500 mg/kg BW/day prevented the impairment of relaxation
induced by OVX. However, treatment with hexane extract at
lower doses of 125 and 250 mg/kg BW/day was not sufficient
to prevent the reduction of endothelium-dependent relaxation
induced by OVX. ECs, values of ACh in inducing relaxation
among different experimental groups were not significantly
different from each other. These results indicate that the
sensitivity of relaxation responses to ACh was not altered after
12 weeks of estrogen deficiency.

Effect on Vascular Endothelium-Independent Relaxa-
tion. Treatment of OVX rats with 17f-estradiol, C. comosa
powder, compound D3, and C. comosa hexane extract for 12
weeks did not significantly alter the relaxation of aortic ring
without endothelium (denuded) in response to SNP (Figure
3). ECq, values of the SNP-induced vascular relaxation in all
experimental groups were comparable, suggesting that both the
maximum relaxation and the sensitivity of the relaxation
response to SNP in denuded vascular were not affected.
These findings indicate that the site of action of estrogen, as
well as C. comosa, in preventing impairment of vascular
relaxation is at the endothelial lining cells and not smooth
muscle cells.

Effect on the Expression Levels of ERs, eNOS, and
TNF-a. To further investigate the involvement of the estrogenic
activity of C. comosa on vascular dysfunction induced by OVX,
we determined the expression level of ERs in blood vessels. As
seen in Figure 4A, the expression of ERar in OVX groups was
significantly reduced compared to the sham control. Treatment
with C. comosa powder and compound D3 at 100 mg/kg BW/
day significantly increased ERa expression (P < 0.05). In
contrast, the ERf expression level was not significantly altered
by these treatments (Figure 4B).

Our analysis demonstrated that both E, and C. comosa
treatments prevented impairment of the vascular relaxation
response to ACh in OVX rats. To investigate the underlying
mechanism, we examined the expression level of eNOS protein
in aortic rings. Before determination of the protein levels by
Western blotting, the semiquantitative RT-PCR analysis of
gene expression for eNOS was examined. The results for both
RT-PCR and Western blotting were similar, and we reported
the data from the analysis of protein levels. Protein expression
of eNOS was slightly lower in the OVX group compared to the
sham group (Figure S), but the difference did not reach
statistical significance. Treatment with E, induced a significant
increase in eNOS protein expression; however, C. comosa
powder did not significantly alter eNOS expression. Treatment
with a high dose of compound D3 was required to significantly
increase eNOS expression compared to untreated OVX
samples (P < 0.05).

TNFa has recently been reported to play an important role
in the pathogenesis of vascular diseases during aging and
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Figure 3. Effect of long-term treatment with (A) estradiol 2.5 ug/kg
BW/day, (B) C. comosa powder 1 g/kg BW/day and compound D3
100 mg/kg BW/day, and (C) C. comosa hexane extract 125, 250, 500
mg/kg BW/day on the endothelium-independent relaxation in OVX
rats for 12 weeks. The OVX control received a similar treatment with
olive oil. Data are the mean + SEM (n = 6).
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Figure 4. Effect of long-term treatment with estradiol 2.5 pg/kg BW/
day and C. comosa powder 1 g/kgBW/day and compound D3 25, 50,
100 mg/kg BW/day on the expression levels of ERa (A) and ERf (B).
Data are the mean + SEM (n = 4). () P < 0.05, significant difference
from OVX.
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Figure 5. Effect of long-term treatment with estradiol 2.5 ug/kg BW/
day and C. comosa powder 1 g/kg BW/day and compound D3 25, 50,
100 mg/kg BW/day on the expression levels of eNOS. Data are the
mean + SEM (n = 4). (%) P < 0.05, significant difference from OVX.

estrogen deficiency. We observed increased TNFa expression
in aortic ring homogenate of the OVX rats compared to that of
the sham group (Figure 6). Interestingly, C. comosa and
compound D3 treatment significantly decreased TNFa protein
expression to levels similar to those seen with E, treatment,
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Figure 6. Effect of long-term treatment with estradiol 2.5 pg/kg BW/
day and C. comosa powder 1 g/kg BW/day and compound D3 25, 50,
100 mg/kg BW/day on the expression levels of TNF-a. Data are the
mean + SEM (n = 4). (#) P < 0.05, significant difference from sham
group. (##x) P < 0.001, significant difference from OVX group, by
one-way ANOVA.

suggesting that C. comosa is also acting through an anti-
inflammatory mechanism. These results suggest that the
potential mechanism of C. comosa in preventing impairment
of vascular relaxation is mediated through alterations in ERaq,
eNOS, and TNFa protein expression during estrogen
deficiency.

B DISCUSSION

Our present study demonstrates that long-term treatment with
C. comosa extracts is capable of preventing altered endothelium-
dependent relaxation in the vasculature of OVX rats. This
prevention was associated with the preservation of key signaling
molecules for estrogenic action in vascular tissues including
eNOS, ERa, and TNF-a during estrogen deficiency. The
underlying mechanism for the effect of C. comosa appears to be
mediated by the estrogenic activity of C. comosa compounds
binding to ER as well as through anti-inflammatory activities.

OVX animals have been used to mimic the endothelial
dysfunction developed in postmenopausal women.””?!
Although endothelial cells produce and release many relaxing
factors, endothelium-dependent vasodilatation relies almost
entirely on the endothelial release of NO. OVX animals
exhibited a reduced relaxant response to ACh, an endothelium-
and NO-dependent vasodilator, but the response to SNP, an
NO donor, was unchanged. Endothelial dysfunction induced by
OVX is characterized by reduced NO bioactivity.*”**?
Likewise, long-term C. comosa supplementations were found
in the present study to clearly improve the endothelium-
dependent vasodilator response to ACh in OVX rats without
affecting the response to SNP. These results suggest that C.
comosa may improve endothelial function in OVX by increasing
NO bioactivity.

Several mechanisms could account for modulation of NO
bioactivity, including changes in expression of eNOS,
posttranslational modification of the eNOS enzyme (e.g,
phosphorylation), and changes in the sensitivity of the NO-
cGMP pathway in vascular smooth muscle cells. As the
response to nitroprusside was not modified by ovariectomy,
impairment in OVX rats is likely to be independent of the NO-
c¢GMP pathway in vascular smooth muscle cells. However, the
expression of eNOS protein in aorta was increased by D3
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treatment, suggesting increased NO bioactivity. Increased
eNOS expression by C. comosa may be the major modulating
factor that contributes to the protection of endothelium-
dependent relaxation of OVX rat aorta. In addition, increased
eNOS phosphorylation has been observed during acute
exposure to C. comosa" and may also contribute to improve
vascular function observed in the present study.

The estrogen receptor is the key molecule linking estrogen
status to the function and health of the vascular endothelium.
ERa is highly expressed in endothelial cells and is suggested to
play a role in mediating the effects of estrogen in the vascular
endothelium and the regulation of eNOS function. Decreased
ERa expression is seen in several vascular beds of
ovariectomized animals and postmenopausal women.**** In
the ERa knockout mouse model, the basal level of NO was not
affected;*® however, up-regulation of eNOS protein expression
in estrogen—supzplemented OVX animals is abolished in ERa
knockout mice.”’” In the present study we also found decreased
protein expression of ERar but not ERf in thoracic aorta of
OVX rats. Treatment with C. comosa prevented the decrease in
ERa protein levels and resulted in ERa levels similar to that
seen by treatment with estrogen. The protective effect of C.
comosa treatment on vascular relaxation we observed appears to
be strongly correlated to ER and eNOS expression, as these two
proteins were increased in a dose-dependent manner by D3
treatment. The positive relationship between circulating
estrogen and ERa expression in endothelial cells has been
reported in peripheral veins of the premenopausal woman in
different ghases of their menstrual cycle and in postmenopausal
women.”® A number of studies in animals and in vitro cell
culture also support the expression of ERa in vascular cells and
its regulation by estrogenic-like activity.”*** The increase in
ERa by C. comosa in this study is consistent with previous
studies that indicate D3 induces transactivation of the ERa—
ERE-driven pathway.'#** Although the circulating level of D3
was not determined in our analysis, a pharmacokinetic
investigation recently reported that high D3 levels were
detected in the glasma and tissues of rats given the C. comosa
hexane extract.®® Hence, the increased ERa expression in rat
aorta following C. comosa treatment we observed may be due to
circulating D3. Both nongenomic and genomic estrogenic
activity may contribute to the protective effect of C. comosa and
D3 found in the present study, and long-term treatment may
affect the clinical use of C. comosa due to the possible genomic
influence.

Estrogen has multiple sites of action, and estrogen deficiency
can influence both the short- and long-term regulation of
vascular dilating factors. In addition, estrogen itself provides an
anti-inflammatory action to vascular cells. Elevation of serum
pro-inflammatory cytokines has been reported in postmeno-
pausal women and in OVX rats.” TNF-a is a key pro-
inflammatory cytokine involved in the pathogenesis of vascular
disorder, and its formation is regulated by estrogen. Therefore,
the change in the expression of TNF-a in OVX rat aorta in the
present study is consistent with previous observations in which
the decline of ovarian function in postmenopausal women is
associated with an elevation of TNF-a.” TNF-a inhibition was
also found to enhance agonist-mediated vasorelaxation and
increase eNOS expression in the vasculature of female rats.*'
Moreover, the increase in TNF-a reduced NO availability in
endothelial cells either by decreasing eNOS expression® or by
increasing NO inactivation via enhanced superoxide anion
production from NADPH oxidases.>> Another possible reason
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for the increase in vasorelaxation by C. comosa may be related
to the decrease in TNF-a levels, leading to an increase in NO
availability and eNOS expression.

In conclusion, the present study is the first to demonstrate
the long-term protective effects of various components of C.
comosa on the relaxation of OVX rat aortic rings. The potential
mechanisms may be due to both the direct nongenomic and
genomic estrogenic actions of C. comosa on the signaling
proteins ERa, eNOS, and TNF-a. These data indicate that
diarylheptanoid D3, a novel phytoestrogen, is, at least, an active
compound responsible for the observed effect on vasorelaxation
and may have therapeutic potential for the treatment of
vascular diseases in postmenopausal women.
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