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The prescription Tokishakuyakusan (TS; Dang-Gui-Shao-Yao-San in Chinese) is widely used in traditional
Chinese medicine. Since delay of ovarian follicle maturation and fall of bone density are known in hypophysectomized
(HPX) rats, we investigated the effects of TS on ovaries in HPX rats. Although TS did not recover the ovary weight de-
creased by hypophysectomy, it recovered the uterine weight. Two weeks after hypophysectomy, the expression of
steroidogenic acute regulatory protein (StAR) mRNA was decreased, but recovered by administration of TS. On the
other hand, the expression of pituitary adenylate-cyclase activating polypeptide receptor type I (PAC1) and progester-
one receptor (PR) mRNA was increased, but reduced by administration of TS. However, the expression of estrogen re-
ceptor a (ERa) mRNA did not synchronize with PACi mRNA and PR mRNA expression. Moreover, TS was
demonstrated to promote the follicle maturation by histrogical analysis, and to decrease significantly the urinary
deoxypyridinoline (DPD) level. These findings suggest that TS promotes the maturation of follicles and suppresses the
bone metabolism associated with pituitary hormones.
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Abbreviations DPD, deoxypyridinoline; ERa, estrogen receptor o; HPX rats, hypophysectomized rats; LH, luteinizing
hormone; PAC, pituitary adenylate-cyclase activating polypeptide receptor type I; PACAP, pituitary adenylate-cyclase activat-
ing polypeptide; PCR, polymerase chain reaction; PR, progesterone receptor; StAR, steroidogenic acute regulatory protein; TS,

Tokishakuyakusan.

Introduction

Tokishakuyakusan (TS; Dang-Gui-Shao-Yao-San in
Chinese), a famous traditional Chinese prescription, is used
frequently and effectively in obstetrics and gynecology
departments in Japan, China and Korea. TS has been re-
ported to improve ovarian dysfunction, such as luteal insuf-
ficiency,” and amenorrhea,? and to have a luteotropic effect,
such as release of estrogen and progesterone in ovary, and
stimulation of cAMP accumulation.®® Our previous study
reported that the secretion of gonadotropic hormone might
be promoted by TS through the hypothalamic expression of
pituitary adenylate-cyclase activating polypeptide (PACAP),
PACAP type I receptor (PAC1) mRNA and PAC, protein in
hypophysectomized (HPX) and ovariectomized rats.”

Ovaries, whose hormonal functions are controlled by
the pituitary, are a main organ of producing and releasing
female hormones. When the pituitary is removed
(hypophysectomy), the follicle growth and maturation in
ovaries become abnormal.!®'V The biosynthetic cascade of
female steroid hormones starts with the conversion of cho-
lesterol to pregnenolone. Steroidogenic acute regulatory
protein (StAR) is a key transporter of cholesterol from the
outer mitochondrial membrane to the inner mitochondrial
membrane, where cholesterol is converted to pregnenolone.'?
Then, mutation in the StAR gene impedes gonadal
steroidogenesis.!*'¥ Ovulation and the subsequent luteiniza-

tion of the ruptured follicles are induced by the mideyclic
gonadotropin surge. PACAP has the potential of being a
local regulator of ovarian physiology'>?" and periovulatory
progesterone production, in particular.?>® PACAP and
PAC; mRNA are expressed in the same preovulatory folli-
cles, and PACAP acts as an auto- or para-regulator through
PAC: in granulosa cells and cumulus cells of large
preovulatory follicles.” The intracellular progesterone re-
ceptor (PR), which belongs to a family of the ligand-
induced, hormonally regulated nuclear transcription factor,
is known to mediate many progesterone actions, although
there are other progesterone-binding proteins that have been
implicated in mediating progesterone actions.”?® PR
mRNA and PR protein are localized to various types of
ovarian cells. These cells transiently express the PR gene in
response to the preovulatory gonadotropin surge as shown
experimentally in rats.?”

The HPX rats have been used as a model to study the
effects of pituitary hormone deficiency on bone.*3%
Deoxypyridinoline (DPD) is one of the markers of bone
resorption, and present only in bone collagen.?»?

Since, the in vivo effects of TS on ovaries and bone
metabolism originated from pituitary hormones have not yet
been clarified. We report in this paper the changes in StAR,
PAC,, PR, estrogen receptor oo (ERa) mRNA, histrogical
observation in the ovaries, and urinaly DPD levels in HPX
female rats after oral administration of TS.

*To whom correspondence should be addressed. e-mail : saibo421@inm.u-toyama.ac.jp
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Materials and Methods

Animals. Ten-week-old female Wistar rats (Japan SLC
Inc., Shizuoka, Japan) were HPX 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 5015%, respectively) with ac-
cess to food and water ad libitum. The animals were han-
dled in accordance with the Guide for Animal Experiments
of 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 rats were divided into 3 groups of 3 animals each
and administeved drugs once per day for 7 days as follows;
(1) water (10 ml/kg, p.o.); (2) TS dissolved in water (1000
mg/kg, p.o.) and (3) a mixture of progesterone (300 pg/kg,
s.c.) and 17B-estradiol (3 pg/kg, s.c.) dissolved in 0.9% so-
dium chloride containing 1% Tween 20. An experimental
schedule is shown in Fig. 1. On day 7, urine samples were
collected from metabolic cages to measure a bone resorption
maker DPD.3¥

Reagents and Drugs. TS was composed of six medicinal
plants (Angelicae Radix, 9g; Paeoniae Radix, 18g;
Atractylodis Rhizoma, 12g; Alismatis Rhizoma, 12g;
Hoelen, 12g; Cnidii Rhizoma, 9g) and these crude drugs
were purchased from Tochimoto Tenkaido Co., Ltd. (Osaka,
Japan). The mixture of TS (72g) was extracted with 1000 ml
of distilled-water at 100°C for 1 h. The decoction was fil-
tered, concentrated under reduced pressure, and lyophilized.
The powdered extract was dissolved in water immediately
before oral administration. Progesterone (P4) and 17f-
estradiol (E2) (Sigma-Aldrich Japan Co., Tokyo, Japan),
and ISOGEN (Nippon Gene, Toyama, Japan) were pur-
chased from the respective companies indicated in parenthe-
ses, and PCR primers were obtained from Nippon EGT Co.,
Ltd. (Toyama, Japan).

Tokishakuyakusan for hypophysectomized rat ovary

Reverse transcription-polymerase chain reaction (RT-
PCR). After 8 days, rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.), and decapitated, and then
ovaries were excised, immediately frozen in liquid nitrogen
and stored at -80°C. Total RNA was extracted from ovaries
using ISOGEN, and dissolved in diethylpyrocarbonate-
water. The RNA concentration was measured by
spectrophotometry at 260 nm. The first standard cDNA was
synthesized using 200 units of SuperScript™III reverse
trancriptase (Invitrogen, Carlsbad, CA, USA) from 2.0 ug of
total RNA and 5.0 pM oligo (dT) primer in a 20 pl mixture.
PCRs proceeded in 10 pl volumes containing 1.0 pl of the
first standard cDNA, 0.5 uM of sense and antisense primers
(Table 1), 250 pM dNTPs and 2 units of Taq DNA
polymerase (Promega, Madison, WI, USA) in a reaction
buffer containing 2.5 mM MgCl. Reactions proceeded in a
thermal cycler (Astec, Fukuoka, Japan). Thermocycling was
performed using the following protocol: 72°C for 5 min, x-
cycles (94°C for 1 min, y-"C for 2 min, and 72°C for 2 min),
and then, 72°C for 10 min. The extension cycles and anneal-
ing temperature were shown in Table 1. Accession number
in GenBank is as follows: StAR, U17280; PAC,,
NM_007407; PR, M15716; ERa, Y00102; B-actin, V01217.
The PCR products were resolved by electrophoresis on 6%
polyacrylamide gel, stained with ethidium bromide. The
bands were visualized under UV light and quantified with a
densitometer using ATTO Densitograph 4.0 software
(ATTO, Tokyo, Japan).3*3

Immunohistochemistry. In another set of experiments,
rats were perfused transcardially with 0.9% saline and 4%
paraformaldehyde, and ovaries were cryoprotected in 4%
paraformaldehyde containing 30% sucrose, then frozen sec-
tions (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 three times

Birth Hypophysectomy Dissection
| , | |
I | | |
— d P LN J
8 Weeks 2 Weeks 1 Week
Rest Administration

Fig. 1 An experimental schedule from birth to dissection.

Table 1. Primers employed and expected size of the PCR amplified cDNA

Product Extenston Annealing
Molecule Sense primer (5'-3") Anti-sense primer (5'-3') . cycles; temp. (C);
size (bp) o
x-cycles y-C
StAR GCAGCAGGCAACCTGGTG TGATTGTCTTCGGCAGCC 496 23 59
PAC, TTTCATCGGCATCATCATCATCCTT CCTTCCAGCTCCTCCATTTCCTCTT 374 40 59
PR CCCACAGGAGTTTGTCAAGCTC TAACTTCAGACATCATTTCCGG 326 32 61
ERa AATTCTGACAATCGACGCCAG GTGCTTCAACATTCTCCCTCCTC 345 35 58
B-actin  AACGGTCTCACGTCAGTGTA GTGACAGCATTGCTTCTGTG 222 20 57
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in PB, incubated in blocking solution (3% goat serum and
0.3% Triton X-100/PB) for 1 h at room temperature, and
then kept overnight at 4°C with a monoclonal antibody
against PR (1:1000, Dako Cytomation, Glostrup, Denmark).
On the following day, the sections were rinsed three times
in PB, and antigen was visualized after 2 h incubation at
room temperature using secondary goat anti-mouse IgG
(Alexa Fluor 488, Molecular Probes, OR, USA). The sec-
tions were further rinsed three times in PB. The stained sec-
tions were mounted and coverslipped with Vectashield
(Vector Laboratories, Burlingame, CA, USA). The
immunolabelling was detected in the ovary using a fluores-
cence microscope (AX-70; Olympus, Tokyo, Japan).

Statistics. All values are represented as means = S.E.M.
Significant differences between water-treated Sham and
HPX groups were analyzed by Student's z-test. Statistical
significance between water-treated and TS- or P4+E2-
treated HPX groups were also evaluated by Student's #-test
(Prism; GraphPad, San Diego, CA, USA).

Results

Effects of TS on ovary and uterus weights of HPX
rats. Two weeks after hypophysectomy, the ratio (%) of the
weight of the ovary to the body weight was decreased in the
water-treated HPX group, compared with that of the Sham
group. Administration of TS or P4+E2 did not change this
ratio (Fig. 2A). On the other hand, the ratio (%) of the
weight of the uterus to the body weight was decreased in the
water-treated HPX group, compared with that of the Sham
group. Administration of TS significantly increased this
ratio, and administration of P4+E2 also significantly in-
creased this ratio, compared with the water-treated HPX
group (Fig. 2B).

Effects of TS on StAR mRNA expression in the ovary
of HPX rats. The expression of StAR mRNA was slightly
reduced in the water-treated group two weeks after
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hypophysectomy, compared with that of the Sham group
(Fig. 3). TS significantly recovered StAR mRNA expression
when compared with the water-treated HPX group.
However, administration of P4+E2 did not affect StAR
mRNA expression, compared with the water-treated HPX
group (Fig. 3).

Effect of TS on PAC; mRNA expression in the ovary
of HPX rats. Two weeks after hypophysectomy, PACi
mRNA expression was significantly increased in the water-
treated HPX group, compared with that in the Sham group
(Fig. 4). Administration of TS significantly reduced PAC,;
mRNA expression, compared with the water-treated HPX
group. However, administration of P4+E2 did not apprecia-
bly change PAC: mRNA expression, compared with the wa-
ter-treated HPX group (Fig. 4).

Effects of TS on PR and ERa mRNA expression in the
ovary of HPX rats. Two weeks after hypophysectomy, PR
mRNA expression was significantly increased in the water-
treated HPX group, compared with that of the Sham group
(Fig. 5A). Administration of TS significantly reduced PR
mRNA expression, compared with the water-treated HPX
group. However, administration of P4+E2 did not change
PR mRNA expression, compared with the water-treated
HPX group (Fig. 5A). In addition, two weeks after
hypophysectomy, ERa. mRNA expression was increased in
the water-treated HPX group compared with that of the
Sham group (Fig. 5B). The administration of both TS and
P4+E2 did not change ERoo mRNA expression, compared
with the water-treated HPX group.

Effect of TS on PR protein expression in the ovary of
HPX rats. PR protein was widely expressed in the ovary.
PR protein expression in the ovary was almost at the same
levels among Sham-operated, water-treated, TS-treated, and
P4+E2-treated HPX groups (Fig. 6). On the other hand, ova-
ries of the water-treated HPX group showed obviously small
granular cells, compared with those of the Sham (Fig. 6A,
B). Administration of TS induced growing of follicles,
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Fig. 2 Effects of TS on the weight of ovary and uterus in HPX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan, P4, progesterone; E2, 17p-estradiol. Statistical significance was examined

by Student's #-test: *, p <0.05; **, p <0.01.
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Fig. 3 Effects of TS on StAR mRNA expression in the ovary of HPX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan; P4, progesterone; E2,
17B-estradiol; StAR, steroidogenic acute regulatory protein. Statistical
significance was examined by Student's #test: *, p <0.05.
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Fig. 4 Effects of TS on PACi mRNA expression in the ovary of HPX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan; P4, progesterone; E2,
17B-estradiol; PAC1, pituitary adenylate cyclase-activating polypeptide
type I receptor. Statistical significance was examined by Student's
t-test: *, p <0.05.
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Fig. 5 Effects of TS on PR mRNA and ERa mRNA expression in the ovary of HPX rats,
Sham, sham-operated rats; TS, Tokishakuyakusan; P4, progesterone; E2, 17-estradiol; PR, progesterone receptor; ERa, estro-
gen receptor o.. Statistical significance was examined by Student's rtest: *, p <0.05, **, p <0.01.

compared with water-treated HPX group (Fig. 6B, C).
Especially, ovaries of the TS-treated HPX group held folli-
cles approaching maturity (fam) (Fig. 6C, arrows). The ova-

“ries of P4+E2-treated HPX group did not hold such follicles
in comparison with those of the TS-treated HPX group (Fig.
6C, D), but included growing follicles, compared with the
water-treated HPX group (Fig. 6B, D).

Effect of TS on DPD in HPX rat urine. Two weeks
after hypophysectomy, urinary DPD was obviously in-
creased in the water-treated HPX group, compared with the
Sham group (Fig 7). Administration of TS significantly de-
creased urinary DPD level, compared with the water-treated
HPX group. However, administration of P4+E2 did not

affect the urinary DPD level at all (Fig. 7).
Discussion

We investigated the effects of TS on the ovary using
HPX female rats. At first, we examined the effects of TS on
ovary weight of HPX rats. The pituitary controlls the func-
tion of ovary producing and releasing female hormones.
Advanced follicle growth and maturation in ovaries were re-
ported to become abnormal by removing the pituitary,!%!D
resulting in a uterine atrophy. The uterine atrophy is recov-
ered by administration of exogenous female hormones.
Following hypophysectomy, the weight of ovaries in the
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Fig. 6 Effect of TS on PR protein expression in the ovary of HPX rats.
Immunofluorescence expression of PR protein in ovary sections from sham-operated (A), water- (B), TS- (C), and
P4+E2- (D) treated HPX rats. gc, granulosa cell; ige, interstitial glandular cells; f, follicle; fam, follicle approaching
maturity; p, primordial follicle; af, antral follicle; arrows, oocyte. Scale bar, 200um.
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Fig. 7 Effect of TS on deoxypyridinoline (DPD) in the urine of HPX rats.
Sham, sham-operated rats; TS, Tokishakuyakusan; P4, progesterone; E2,
17B-estradiol; CRE, creatinine. Statistical significance was examined by
Student's #test: *, p <0.05, **, p <0.01.

water-treated HPX group was significantly decreased in two

weeks. Administration of TS did not recover the weight of

ovaries in comparison with that of the water-treated HPX
group (Fig. 2A). The uterine weight was significantly de-
creased in the water-treated HPX group, but recovered by
administration of TS in comparison with that in the water-
treated HPX group (Fig. 2B). These findings indicated that
TS had a female hormone-like effect or assisted to produce

and release ovarian hormones, without increase of the
weight of ovaries.

Since TS was reported to have a luteotropic effect re-
leasing estrogen and progesterone in ovary and stimulating
cAMP accumulation,*® we investigated effects of TS on
StAR mRNA expression in the ovaries of HPX rats. StAR
is responsible for transporting cholesterol from the outer to
the inner mitochondrial membrane, possibly as the first rate-
limiting step in steroidogenesis.'” Mutation of StAR gene
was reported to cause severe impairment of gonadal
steroidogenesis."' Two weeks after hypophysectomy, the
water-treated HPX group showed significantly decreased
expression of StAR mRNA, compared with a Sham group,
and administration of TS significantly recovered the expres-
sion of StAR mRNA in comparison with that of the water-
treated HPX group (Fig. 3). These findings suggested that
TS stimulated StAR and promoted to release female hor-
mones. Rao et al. reported that continued administration of
estradiol and follicle-stimulating hormone caused a decrease
in the proliferate activity of both granulosa and theca
cells.’® In our present study, administration of P4+E2
showed no significant change in the expression of StAR
mRNA in comparison with that of the water-treated HPX
group (Fig. 3).

PACAP has ecffects on the female reproductive
system,' and in particular, for periovulatory progesterone
production.”>*» PACAP binds to at least three types of G
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protein-coupled receptors; type 1 (PAC)), type II, and
vasoactive intestinal peptide (VIP) receptor.’” The PAC; is
expressed in the central nervous system and various periph-
eral tissues such as ovary.'?) Two weeks after
hypophysectomy, PACAP mRNA levels were reported to
decrease significantly in the rat hypothalamus.*® In our pre-
sent study, following hypophysectomy, the water-treated
HPX group showed significantly increased expression of
PAC: mRNA in ovaries, compared to the Sham group (Fig.
4). This finding suggested that hypophysectomy led to a de-
crease the PACAP mRNA levels in hypothalamus, and to
activate upwards expressing PAC: mRNA in ovaries.
Administration of TS, but not of P4+E2, significantly re-
duced the expression of PACi mRNA in ovaries in compari-
son with that of the water-treated HPX group (Fig. 4). These
results suggested that TS stimulated the release of PACAP
from hypothalamus.

The intracellular PR, which is a key regulatory mole-
cule in the ovary, and acts on the downstream of LH during
ovulation, is known to mediate many, if not all, progester-
one actions.””*® PR mRNA and PR protein have been local-
ized to various ovarian cell types. However, one consistent
cellular localization for PR mRNA and PR protein is
luteinizing granulosa cells, not in luteal cells, and spontane-
ously immortalized granulosa cells.*"*) Interestingly, Park
et al. cloned a 5'-flanking region of the rat PACAP gene and
identified a consensus PR element.” Furthermore, PR acti-
vation was shown to mediate LH-induced PAC, gene ex-
pression in rat granulosa cells.*” In our study, the expression
patterns of mRNA were similar between PAC, (Fig. 4) and
PR (Fig. 5A) by administration of TS, but not of ERa (Fig.
5B). Administration of TS did not change the expression of
ERa, compared with the water-treated HPX group (Fig.
5B), because TS did not appreciably bind to ER.*Y
However, following administration of P4+E2, the expres-
sion of ERoe mRNA was slightly decreased, compared with
that of the Sham group. As for ERa in the P4+E2-treated
HPX group, the expression level was decreased possibly by
competition in binding with ERa between P4 and E2 (Fig.
5B). Then administration of TS produced follicles approach-
ing maturity (fam) as shown in Fig. 6. Following
hypophysectomy, which results in the absence of LH, TS
seemed to complement the pituitary functions and/or sup-
port the process of ovulation.

On the other hand, hypophysectomy induced the dis-
continuance of bone growth.?*39 Skeletal tissue contains a
network of nerve fibers expressing several neuropeptides,
including PACAP. This peptide was demonstrated to regu-
late osteoclast formation and osteoclast activity, and mouse
osteoclasts expressed VIP-1 and PACAP, but not VIP-2 re-
ceptor mRNA.*) PACAP inhibited bone resorption by iso-
lated rabbit osteoclasts.””*® DPD is one of the markers of
bone resorption.’” When bone resorption is promoted, the
urinary DPD level increases to lead osteoporosis. In our pre-
vious study, one week after hypophysectomy, the water-
treated HPX group showed an increase of the urinary DPD
level (451.7£25.30 nM/mM creatinine), and administration
of TS did not decrease the DPD level in comparison with

that in the water-treated HPX group (accepted). In the pre-
sent study, two weeks after hypophysectomy, the water-
treated HPX group showed an increase of the urinary DPD
level (767.3£54.15 nM/mM creatinine), and administration
of TS decreased the DPD level in comparison with that of
the water-treated HPX group (Fig. 7). Differences in previ-
ous and present studies were observed for levels of pituitary
hormones, especially hypothalamic PACAP,*® possibly due
to the difference in period after hypophysectomy. These
results suggested that TS inhibited osteoclast by PACAP/
PAC: on bone. However, we can not rule out discrepancies
involved in the inhibition of osteoclast regulation by
PACAP/PAC..

In summary, we demonstrated the effects of TS on ova-
ries and hormone deficiency on bone in HPX rats. TS may
promote the maturation of follicles and the inhibition of the
bone metabolism originated from pituitary hormones.
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