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The traditional Chinese medicine, Tokishakuyakusan (TS; Dang-Gui-Shao-Yao-San in Chinese), is frequently ap-
plied in obstetrics and gynecology departments in Japanese hospitals. The novel neuropeptide, pituitary adenylate
cyclase-activating polypeptide (PACAP) that is transiently induced by the gonadotropin surge, plays an important role
in the synthesis of estradiol and progesterone in ovarian granuloesa cells. Here, we investigated the effect of TS on
PACAP in hypophysectomized (HPX) or ovariectomized (OVX) female rats. The weight of the hypothalamus frem
HPX rats administered with oral TS for one week did net appreciably change. In contrast, TS decreased the weight of
the hypothalamus that was increased by ovariectomy. Moreover, TS promoted the expression of PACAP and PACAP
type I receptor (PAC1) mRNA and protein in the hypothalamus of HPX and OVX rats. However, bone metabolism that
was increased by removing the pituitary or ovaries was not suppressed. These findings suggest that TS promotes the
secretion of gonadotropic hormone through the expression of hypothalamic PACAP, PAC: mRNA and PAC: protein.
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Introduction

Tokishakuyakusan (TS; Dang-Gui-Shao-Yao-San in
Chinese) is a traditional Chinese medicine that is frequently
applied in the obstetrics and gynecology departments of
Japanese hospitals as it improves ovarian dysfunction such
as luteal insufficiency”? and amenorrhea, promotes the
luteotropic release of estrogen and progesterone in the
ovary, and stimulates cAMP accumulation.”® The overall
effects of TS reportedly supersede those of the individual
herbs.1?

Pituitary adenylate cyclase-activating polypeptide
(PACAP) was originally isolated from the ovine hypothala-
mus based on its effect on pituitary adenylate cyclase. It be-
longs to the secretin/glucagon/vasoactive intestinal peptide
(VIP) family, and interacts with known hypothalamic re-
leasing factors to modulate pituitary hormone secretion.!!"!9
PACAP functions as a hypophysiotropic factor, regulates
the synthesis and secretion of gonadotropin through the
hypothalamo-hypophysial portal system® and plays an im-
portant role in estradiol and progesterone synthests in ovar-
ian granulosa cells by binding to PAC; protein and
activating intracellular cAMP production.'” Moreover,
PACAP and luteinizing hormone-releasing hormone syner-
gistically affect the release of luteinizing hormone and folli-
cle stimulating hormone in static rat pituitary cell
culture.?? Two biologically active C-terminal amidated
forms, PACAP-38 and PACAP-27, comprise PACAP!!1)

and exert their actions by binding to cognate receptors;
Type I sites (PAC:1) that prefer PACAP-38 and PACAP-27
over VIP and Types II and III sites that have almost equally
high affinity for PACAP-38, PACAP-27 and VIP.!"

The effects of TS on hypothalamic PACAP and PAC,
expression in vivo have not yet been clarified. Here, we de-
scribe changes in PACAP and PAC: mRNA, and PAC, pro-
tein expression in the hypothalamus of HPX or OVX female
rats after oral TS administration.

Since particular illness restricted to females, such as
menopausal disorders, is caused by the collapse of the bal-
ance of the hypothalamus-pituitary-ovary system, the HPX
or OVX female rat model demonstrated to be useful for
clarifying the effects of TS.

Materials and Methods

Animals. Nine-week-old female Wistar rats (Japan SLC
Inc., Shizuoka, Japan) were hypophysectomized (HPX),
bilaterally ovariectomized (OVX), or sham-operated (Sham)
at 8 weeks of age. The rats were maintained in a light, tem-
perature and humidity controlled environment (lights on,
07:00-19:00 h; 22 * 2°C and 50 * 5%, respectively) with
access to food and water ad libitum. The animals were han-
dled in accordance with the Guide for Animal Experiments
of the University of Toyama. Sham rats (control group, n =
4) were given water (10 ml/kg, p.o.) once each day for 7
days and HPX or OVX rats were divided into 3 groups of 3
animals each and administered with drugs once per day for
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7 days as follows (1) water (10 ml/kg p.o.); (2) TS dissolved
in water (1000 mg/kg p.o.) and (3) 17B-estradiol dissolved
in 0.9% sodium chloride containing 1% Tween 20 (10
ng/kg, s.c.).

On day 7, urine samples were collected from metabolic
cages to measure the bone resorption maker deoxypyridi-
noline (DPD).??

Reagents and Drugs. Six medicinal plants (Uchida
Wakanyaku Co., Ltd., Tokyo, Japan) comprise TS (Table
1). A mixture of these plants TS (72 g) was extracted with
1000 ml of distilled-water at 100°C for 1 h. The decoction
was filtered, concentrated under reduced pressure, and ly-
ophilized. The powdered extract was dissolved in water im-
mediately before oral administration. We purchased 17p-
estradiol (Sigma-Aldrich Japan Co., Tokyo, Japan) and
ISOGEN (Nippon Gene, Toyama, Japan), and the PCR
primers were synthesized at Nippon EGT Co., Ltd.
(Toyama, Japan).

Reverse transcription-polymerase chain reaction (RT-
PCR). After 8 days, the rats were anesthetized with sodium
pentobarbital (50 mg/kg, ip.), decapitated and then
hypothalami were excised, immediately frozen in liquid ni-
trogen and stored at -80°C. Total RNA was extracted from
hypothalami using ISOGEN and dissolved in DEPC-water.
The RNA concentration was measured by spectrophotometry
at 260 nm, and quality was verified using a water-length
scan. First standard cDNA was synthesized using 200 units
of Super Script™III reverse trancriptase (Invitrogen) from
2.0 pg of total RNA and 5.0 uM oligo (dT) primer in a
20 pl mixture. Polymerase chain reactions proceeded in
10 pl volumes containing 1.0 pl first standard cDNA, 0.5 uM
of sense and antisense primers (Table 2), 250 uM dNTPs
and 2 units of Taq DNA polymerase (Promega, Madison,
WI, USA) in reaction buffer containing 2.5 mM MgCl..
Reactions proceeded in a thermal cycler (Astec, Fukuoka,
Japan). The PCR products were resolved by electrophoresis

Table 1. Component of Tokishakuyakusan

Herbal Name Amount (g) Lot Number
Angelicac Radix 9.0 271003
Paeoniac Radix 18.0 011203
Atractylodis Rhizoma 12.0 031203
Alismatis Rhizoma 12.0 101103
Hoelen 12.0 101003
Cnidii Rhizoma 9.0 181103

These 6 herbs were mixed and extracted with 1000 ml distillated-water
at 100°C. The decoction was freeze-dried to obtain an extract in powder
form.
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on 6% polyacrylamide gels, stained with ethidium bromide,
and quantified using ATTO densitograph 4.0 software.”?9

Immunohistochemistry. In another set of experiments,
rats were perfused transcardially with 0.9% saline and 4%
paraformaldehyde, then the brains were cryoprotected in
30% sucrose in 4% paraformaldehyde and frozen sections
(10 um) were cut using a microtome (Leica, Wetzlar,
Germany). The sections were dipped in 0.3% hydrogen per-
oxide/phosphate buffer (PB) for 15 min, rinsed in PB three
times, incubated in blocking solution (3% goat serum and
0.3% TritonX-100/PB) for 1 h at room temperature, and
then incubated overnight at 4°C with a polyclonal antibody
against PAC; (1:200, Gene Tex, Inc., TX, USA). On the fol-
lowing day, the sections were rinsed in PB three times, an-
tigen was visualized after a 2 h incubation at room
temperature using secondary goat anti-rabbit I1gG (Alexa
Fluor 594, Molecular Probes, OR, USA) and then the sec-
tions were rinsed three times in PB. Stained sections were
mounted, stained with 4',6-diamidino-2-phenylindole (DAPI)
and coverslipped with Vectashield (Vector Laboratories,
CA, USA). Double immunolabelling was detected in the an-
terior periventricular nucleus of the hypothalamus using a
fluorescence microscope (AX-70; Olympus, Tokyo, Japan).

Statistics. All values are represented as means = S.EM.
Significant differences between Sham and HPX/OVX wa-
ter-treated groups were analyzed by Student's ¢-test.
Statistical significance between the HPX/OVX water-treated
group, and the TS and 17pB-estradiol-treated groups were
evaluated by one-way ANOVA, followed by Dunnett's test
(Prism; GraphPad, San Diego, CA, USA).

Results

Effects of TS on hypothalamus weight of HPX and
OVX rats. One week after hypophysectomy, the ratio (%)
of the weight of the hypothalamus to the body weight of the
HPX group was significantly decreased compared with the
sham group and the administration of TS and E2 did not
change this ratio (Fig. 1A). One week after ovariectomy,
this ratio was significantly increased compared with the
sham group (Fig. 1B). The administration of both TS and E2
significantly decreased this ratio compared with the sham
group (Fig. 2B). However, the appreciable effects of TS on
hypothalamus weight of normal rats were not observed (data
not shown).

Effects of TS on PACAP and PAC; mRNA expression
in the hypothalamus of HPX rats. The expression of
PACAP mRNA was slightly reduced one week after HPX
group compared with the sham group (Fig. 2A). However,

Table 2. Details of primers employed and expected size of the PCR amplified cDNA

Molecule Sense primer(5'-3") Anti-sense primer(5'-3') Sﬁ;gd(lig) Accession No.
PACAP  CTTTGCCCGCCGTCCTATTTA GTGAAGATGCCGTCCGAGTGG 453 NM_001009776
PAC: TTTCATCGGCATCATCATCATCCTT ~ CCTTCCAGCTCCTCCATTTCCTCTT 374 NM_007407
p-actn  AACGGTCTCACGTCAGTGTA GTGACAGCATTGCTTCTGTG 222 V1217
NI | -El ectronic Library Service
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Fig. 1. Effects of TS on weight of hypothalamus from HPX and OVX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan; E2, 17B-estradiol. Statistical significance was examined by Student's #-test:
***, p <0.001 compared with sham; one-way ANOVA followed by Dunnett's test: tt, p <0.01 compared with HPX rats treated

with water.
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Fig. 2. Effects of TS on PACAP and PACi mRNA expression in hypothalamus of HPX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan; E2, 17B-estradiol. Statistical significance was examined by one-way
ANOVA followed by Dunnett’s test: 1, p <0.05; t1, p <0.01 compared with HPX rats treated with water.

TS significantly increased PACAP mRNA expression when
compared with the HPX group that was given water. The
administration of E2 also increased PACAP mRNA expres-
sion, but not significantly. In addition, 1 week after
hypophysectomy, PAC1 mRNA expression did not change
compared with the sham group (Fig. 2B). However, the ad-
ministration of TS obviously increased PAC: mRNA ex-
pression compared with the HPX group given water, and
that of E2 tended to increase PAC; mRNA expression, but
not significantly.

Effects of TS on PACAP and PAC; mRNA expression
in the hypothalamus of OVX rats. One week after
ovariectomy, PACAP mRNA expression was significantly
reduced for the OVX group given water compared with the

sham group (Fig. 3A). However, TS administration signifi-
cantly recovered PACAP mRNA expression compared with
the OVX group given water. The administration of E2 also
increased PACAP mRNA expression, but not significantly.
Additionally, 1 week after ovariectomy, PAC: mRNA ex-
pression in the OVX group given water was appreciably
reduced compared with that in the sham group (Fig. 3B).
However, TS administration significantly recovered PAC;
mRNA expression compared with the OVX group given
water, and E2 administration hardly affected PAC; mRNA
expression.

Effect of TS on PAC; protein expression in the ante-
rior periventricular nucleus of HPX rat hypothalami.
One week after hypophysectomy, PAC, protein expression
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RNA expression in hypothalamus of OVX rats.

Sham, sham-operated rats: TS, Tokishakuyakusan: E2, 17B-estradiol. Statistical significance was examined by Student's r-test:

*, p <0.05 compared with sham; one-way ANOVA followed by Dunnett's test:

f, p <0.05 compared with HPX rats given water.

Fig. 4. Effect of TS on PAC) protein expression in hypothalamus of HPX
rats.

Double-label immunofluorescence expression of PAC protein (Red,
arrows) and nucleus (Blue, arrowheads) in hypothalamus sections from
sham-operated (A). HPX water- (B}, HPX TS- (C) and HPX E2- (D)
treated rats. Scale bar, 50pm.

in the anterior periventricular nucleus (PVa) of the hypo-
thalamus was decreased in the HPX group compared with
the sham group (Fig. 4A and B). However, TS administra-
tion significantly recovered PAC, protein expression in the
PVa compared with that of the HPX group given water (Fig.
4B and C). The administration of E2 also recovered PAC
protein expression in the PVa, but to a lesser extent than TS
(Fig. 4C and D).

Effect of TS on PAC, protein expression in the ante-
rior periventricular nucleus of OVX rat hypothalami.
One week after ovariectomy, PAC, protein expression in

Fig. 5. Effect of TS on PAC! protein expression in hypothalamus of OVX
rats.

Double-label immunofluorescence expression of PAC) protein (Red,
arrows) and nucleus (Blue, arrowheads) in hypothalamus sections from
sham-operated (A), OVX water- (B), OVX TS- (C), and OVX [E2- (D)
treated rats. Scale bar, S0pm.

the PVa of the OVX group was decreased compared with
the sham group (Fig. 5A and B). The administration of TS
significantly recovered PAC protein expression in the PVa
of the OVX group compared with the OVX group given
water (Fig. 5B and ). The administration of E2 did not re-
cover PAC, protein expression in the PVa and the expres-
sion level was lower than that after TS administration (Fig.
5C and D).

Effects of TS on deoxypyridinoline (DPD) in HPX and
OVX rat urine. One week after hypophysectomy, urinary
DPD was obviously increased (Fig. 6A) and neither TS nor
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Fig. 6. Effects of TS on deoxypyridinoline (DPD) in urine of HPX and OVX rats.
Sham, sham- rats; TS, Tokishakuyakusan; E2, 17B-estradiol. CRE, creatinine. Statistical significance was examined by Student's

t-test: ** p<0.01 compared with sham operated rats.

E2 affected the level (Fig. 6A). One week after
ovariectomy, urinary DPD in the OVX group was not sig-
nificantly changed (Fig. 6B) and likewise, neither TS nor E2
appreciably affected the level.

Discussion

We investigated the effects of TS on pituitary
adenylate cyclase-activating polypeptide (PACAP) using
hypophysectomized (HPX) or ovariectomized (OVX) fe-
male rats. We initially examined the effect of TS on the ex-
pression of hypothalamic PACAP and PACAP type 1
receptor (PAC1) in the HPX or OVX rats. Shuto ef al. meas-
ured hypothalamic PACAP mRNA levels 1 or 2 after HPX
in male rats.>> They found that one week after surgery, the
hypothalamic PACAP mRNA level had decreased 70.3 *
10.5% compared with controls. Our results were similar in
that one week after HPX, the PACAP mRNA level de-
creased (Fig. 2A). The similar findings of the two studies
suggest that the animal models are valid, but discrepancies
associated with gender differences cannot be ruled out.
After HPX in male rats, a combination of injected growth
hormone, prolactin, thyroxine, corticosterone and testoster-
one as replacement therapy, recovered less PACAP mRNA
compared with the relative recovery in the hypothalamus.?”
However, the administration of TS, but not of E2, increased
the levels of hypothalamic PACAP mRNA in female HPX
rats (Fig. 2A), suggesting that TS potently affects PACAP
expression and might have similar effects to that of therapy
with a hormone combination.

By binding to PAC; and activating intracellular cAMP
production, PACAP plays an important role in the synthesis
of estradiol and progesterone in ovarian granulosa cells.'’'”
Furthermore, TS has a luteotropic effect that includes the re-
lease of estrogen and progesterone in the ovary and stimu-
lates cAMP accumulation”® We found here that TS
administration to HPX rats increased the level of PAC;

mRNA in the hypothalamus (Fig. 2B). Therefore, TS might
stimulate the release of gonadal hormones via hypothalamic
PACAP and PAC: stimulation. However, since TS directly
affects progesterone secretion via the corpus luteum in
vitro,>*82% expression levels of PACAP and PAC: mRNA
in the ovaries of HPX rats should be measured.

Progesterone either alone or in combination with
estradiol recovers hypothalamic PACAP and PAC; mRNA
levels in OVX rats ?” whereas 17B-estradiol does not.”® We
found that E2 did not alter the expression of PACAP and
PAC: mRNA in the OVX group compared with that of the
OVX given only water (Fig. 3A and B). However, TS ad-
ministration increased the expression of hypothalamic
PACAP and PAC: mRNA in the OVX rats. These data indi-
cated that TS had a similar effect to progesterone combined
with estradiol on hypothalamic PACAP and PAC; mRNA
expression.

Immunohistochemical studies have shown that
PACAP-immunoreactive fibers are widely distributed in the
hypothalamus,?® with cell bodies being localized to the
paraventricular nuclei.®3® PACAP appears to be secreted
from the median eminence into hypophyseal portal blood as
levels are higher in rat portal blood than in peripheral
plasma.’V PACAP receptors are present in the anterior pitui-
tary®® and in the hypothalamus, particularly in the arcuate
nucleus, anteroventral periventricular nucleus, median
preoptic nucleus, suprachiasmatic preoptic nucleus, anterior
periventricular nucleus (PVa), intermediate periventricular
nucleus, posterior periventricular nucleus and suprachiasmatic
nucleus.?® The administration of TS, but not of E2, recov-
ered the expression of PACAP and PAC; mRNA in the hy-
pothalamus and of PAC: protein in PVa from HPX and
OVX rats (Figs. 2, 3, 4 and 5), indicating that TS evokes
PACAP secretion into hypophyseal portal blood. Furthermore,
recent studies of the role of PACAP in reproductive physiol-
ogy support the notion that PACAP functions in the timing
of reproduction®*-*) and a Japanese clinical study has shown
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that treating women with TS improves the likelihood of be-
coming pregnant.*” Thus, TS might evoke the secretion of
gonadotropic hormone via stimulated hypothalamic PACAP
and PAC..

Ovariectomy-induced bone loss in rats and
postmenopausal bone loss in women share many similar
characteristics, and the skeletal response to therapy with E2
is similar.** However, levels of the urinary bone
resorption marker, DPD, in E2 treated OVX rats did not de-
crease compared with those of sham operated rats (Fig. 6B).
This finding indicated that the administered dose of E2
(10 pg/kg body weight) was low. Gaumet et al., reported
that administering this dose to OVX rats does not decrease
the urinary DPD level compared with that of sham operated
rats.* A more recent report has suggested that follicle
stimulating hormone (FSH; hypogonadal hormone), and not
E2, directly regulates osteoclastic bone resorption and bone
mass.* Hypophysectomy induced a significant increase in
urine DPD, and TS did not decrease this value (Fig. 6A), in-
dicating that TS does not have an FSH-like effect.

In summary, we demonstrated the effects of TS on hy-
pothalamic PACAP and PAC: mRNA expression and
PAC, protein expression in HPX and OVX rats. The secre-
tion of gonadotropic hormone might be promoted by TS
through hypothalamic expression of PACAP and PAC
mRNA and PAC, protein.
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