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Dehydroepiandrosterone-Dependent Induction of Peroxisomal
Proliferation Can Be Reduced by Aspartyl Esterification without
Attenuation of Inhibitory Bone Loss in Ovariectomy Animal Model

The purpose of this study was to determine whether esterification of dehy-
droepiandrosterone with aspartate (DHEA-aspartate) could reduce peroxisomal
proliferation induced by DHEA itself, without loss of antiosteoporotic activity.
Female Sprague-Dawley rats were ovariectomized, then DHEA or DHEA-
aspartate was administered intraperitoneally at 0.34 mmol/kg BW 3 times a week
for 8 weeks. DHEA-aspartate treatment in ovariectomized rats significantly in-
creased frabeculae area in tibia as much as DHEA treatment. Urinary Ca excre-
tion was not significantly increased by DHEA or DHEA-aspartate treatment in
ovariectomized rats, while it was significantly increased by ovariectomy. Osteo-
calcin concentration and alkaline phosphatase activity in serum and cross linked
N-telopeptide type | collagen level in urine were not significantly different be-
tween DHEA-aspartate and DHEA treated groups. DHEA-aspartate treatment
significantly reduced liver weight and hepatic palmitoyl-coA oxidase activity
compared to DHEA ftreatment. DHEA-aspartate treatment maintained a nearly
normal morphology of peroxisomes, while DHEA freatment increased the num-
ber and size of peroxisomes in the liver. According to these results, it is con-
cluded that DHEA-aspartate ester has an inhibitory effect on bone loss in
ovariectomized rats with a marked reduction of hepatomegaly and peroxisomal

Chung Shil Kwak*, Chang-Mo Kang*,
Heun Soo Kang*, Kye Yong Song”,
Mee Sook Lee”, Sang Cheol Seong®,
Sang Chul Park*"

*Aging and Physical Culture Research Institure,
Seoul National University, Seoul; "Department of
Pathology, Chung-Ang University, Seoul;
*Department of Food & Nutrition, Hannam
University, Tagjon; ®Department of Orthopedic
Surgery and "Biochemistry, Seoul National
University College of Medicine, Seoul, Korea

Received : 11 February 2000
Accepted : 24 July 2000

Address for correspondence

Chung Shil Kwak

Aging and Physical Culture Research Institure,
Seoul National University, 28 Yongon-dong,
Chongno-gu, Secul 110-799, Korea

proliferation compared to DHEA.

Ovariectomy

INTRODUCTION

Human and some primates are unique as their adrenals
secrete large amounts of dehydroepiandrosterone (DHEA)
and its sulfate (DHEA-S), which ate converted into an-
drostenedione and then into potent androgens and estro-
gens in petipheral tissues. The marked reduction in the
formation of DHEA-S by the adrenals during aging te-
sults in a dramatic fall in the formation of androgens and
estrogens in petipheral target tissue, a situation that is
thought to be associated with age-related diseases (1, 2).

Recently, it was reported that DHEA increased bone
formation and decreased bone resorption (3, 4). Labrie et
al. (5) reported medically important beneficial effects of
DHEA administration on post-menopausal women. The
bone mineral density and the level of plasma osteocalcin,
a marker of bone formation, were significantly increased,
and the level of utinary hydroxyproline excretion, a
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marker of bone tesorption, was decreased in DHEA ad-
ministeted group. Furthermote, the inhibitory effect of
DHEA on growth of breast cancer xenografts in nude
mice suppotts the beneficial use of DHEA as a hormone
replacement therapy for women. Kim (6) tevealed that
DHEA treatment in ovatiectomized rats significantly
increased the reduced trabeculae atea in proximal tibia
metaphysis up to the normal level.

However, it was also reported that DHEA increased
lipid petoxidation, especially in liver, and induced hepato-
megaly with peroxisomal proliferation, which accom-
panies high increases of peroxisomal fatty acid S-oxida-
tion and hepatic microsomal P450 system in some to-
dents (7, 8). Some researchers (9, 10) reported that
DHEA sulfate is good inducer of cytochrome P450 4A1
and petoxisomal S-oxidation in rat liver and these induc-
tions revealed a preference for 38-sulfate from DHEA.
Yamada et al. (11) also found that inhibiting cellular sul-
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fate conjugation almost completely suppress the induc-
tion effect of DHEA on peroxisomal S-oxidation in cul-
tuted hepatocytes, giving additional evidence that
DHEA-sulfate is an active metabolite responsible for en-
zyme induction by DHEA. Previously, we have obsetved
that the cellular redox potential modulation by combina-
tion of aspartate with DHEA reduced palmitoyl-coA oxi-
dase activity (12). Though its mechanism was not clear,
it is presumed that enforcing of NAD™ generation
through activation of aspartate-malate shuttle by aspat-
tate could affect the peroxisomal proliferation. Therefore,
we assumed that modification of DHEA with aspattate
by esterification might reduce peroxisomal proliferation
in rat liver compared to DHEA by inhibition of 3-
sulfation of DHEA and redox potential modulation. The
aim of this study is to determine whether DHEA-
aspartate estet is more effective and safe antiosteopototic
agent with low side effect on liver than DHEA.

MATERIALS AND METHODS

Chemicals

Dehydroepiandrosterone (33-hydtoxy-5-androsten-17-
one) and L-aspartate wetre putchased from Sigma (St.
Louise, MO, U.S.A.). DHEA-aspartate ester (DHEA-asp,
(3R)-3-amino-4-{[(3R, 10S, 13R)-10,13-dimethyl-17-oxo-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopentala] phenantheren-3-ylJoxy }-4-oxobutanoic
acid) was synthesized and provided by R&D center of
Daesang Co. Ltd. Kotea. The structures of these chem-
icals are shown in Fig. 1.

Animals and experimental design

Female Sprague-Dawley rats, 8 weeks of age, were
maintained under standard conditions (22-25C, 12 hr
light/datk cycle). All animals were provided with rat diet
chow (Samyang, Korea) and watet ad libitum. They were
acclimatized for 1 week and randomly allocated to the
following groups (1) sham control (SC; n=4) (2) ovariec-
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tomy control (OC; n=7) (3) ovariectomy and DHEA
treatment (ODH; n=7) (4) ovariectomy and DHEA-
aspartate estet treatment (ODA; n=7) group. The ani-
mals of experimental groups wete ovatiectomized and
control rats wete received sham operations. DHEA and
DHEA-asp dissolved in propylene glycol were adminis-
tered to experimental groups intrapetitoneally at 0.34
mmol (as much as 100 mg DHEA)/kg body weight (BW)
3 times a week for 8 weeks from postoperative 3 weeks,
while the control rats were treated only with vehicle.

Sample preparation

As soon as 24-hr utine of all rats was collected on the
day before sacrifice, utine volume was recorded and cen-
trifuged, then stored at -70°C in aliquots until analysis.
All animals were sacrificed by decapitation. Serum was
prepared by centrifugation at 1,000 g for 20 min and
stored at -70C in aliquots until analysis. Liver was
removed and weighed rapidly. The fresh liver tissue was
sectioned approximately by 2 X2 X2 mm and washed with
Tris buffered saline (TBS, 0.05 M, pH 7.6) for immuno-
chemistry of peroxisomal proteins and the remains were
frozen rapidly in liquid nitrogen for biochemical analysis.
Tibia was fixed in 4% formalin solution for histomot-
phometry.

Bone histomorphometry

Bone histomorphometty was cartied out after Kim'’s
method (13) as follows: after fixation of tibia, 30 ym
cross-section of tibia was made and decalcified in 10%
nitric acid for 6 ht, then they were dehydrated with alco-
hol and embedded in xylene and paraffin, and cut into
4 ymo thick section. Each section was stained with Hema-
toxylin-Eosin. The trabeculae area in cancellous bone of
proximal tibia metaphysis was measured by quantitative
image analysis system (Wild Leitz, Germany).

Electron microscopic immunochemistry

The fresh liver tissue was sectioned by 2 X2 X2 mm
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Fig. 1. The chemical structures of DHEA and DHEA-aspartate ester.
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and then washed with TBS (0.05 M, PH 7.6). Sections
wete preincubated with 50 mg/mL of 3,3-diaminoben-
zidine tetrahydrochloride (DAB) solution without H,O,
for 1 hr, then followed by 1 hr incubation in the com-
plete medium at room temperature (25T). Complete
incubation medium contained DAB in the TBS buffer,
pH 10.5 and 2% H,0, for cytochemical visualization of
catalase. The stained tissues wete fixed with 2.5% glu-
taraldehyde followed by toutine electromicroscopic tissue
preparation and embedded in Epon 812. After thin sec-
tion by Sotvall 5000 ultramicrotome, it was lightly coun-
terstained with lead citrate and was analyzed by ZEOL
200 CX electron mictoscope.

Preparation of subcellular fractions

Liver was homogenized in 9 volumes of ice-cold 11.5%
KCl with 0.2 mM phenylmethylsulfonylfluoride (PMSF)
and 1 mM dithiothreitol (DTT). Homogenates were cen-
trifuged at 800 ¢ for 10 min to temove cell debrtis and
nuclei. The supernatant (10% liver homogenate) was col-
lected for biochemical analysis.

Biochemical analysis

The levels or activities of serum protein, albumin, lac-
tate dehydrogenase (LDH), blood urea nitrogen (BUN)
aspartate aminotransferase (AST), alkaline phosphatase
activity (ALP), total cholesterol, high density lipoptotein
(HDL)-cholesterol, low density lipoprotein (LDL)-choles-
terol and total triglyceride were measured with Tech-
nicon autoanalyzer (Technicone Inc., US.A.). The level
of osteocalcin (bone gla-protein) was determined by a
competitive radioimmunoassay using a comumercial kit
(Brahams, Germany). The osteocalcin molecules in serum
competed with radiocactive-labeled osteocalcin in the
tracer (38-49 'I) for binding sites on the highly specific
antibody (polyclonal, sheep) bound to the tubes. After
the samples were incubated, non-bound tracer compo-
nents wete decanted and subsequently removed by wash-
ing. The residual radicactivity in the coated tubes was
then measured using a y-counter. Concentrations of cal-
clum in serum and utine were measured using a kit
(Youngdong Pharm. Co., Korea). Cross-linked N-telo-
peptide of type I collagen (NTx) in utine was determined
by ELISA method using a commercial kit (Brahams,
Germany). Creatinine concentration in urine was deter-
mined by modified Jaffé method using a commercial kit
(Youngdong Pharm. Co., Korea).

The activities of palmitoyl-coA oxidase and catalase in
liver were measured by the methods of Small et al. (14)
and Aebi (1), respectively. Protein in tissue was detet-
mined by Lowry’s method (16) with bovine serum

albumin as a standard.

Statistical analysis

Data were expressed as means =SD. Statistical diffet-
ences between two groups wete determined by t-test in

SAS.

RESULTS

Tibial cancellous bone histomorphometry

Fig. 2 shows the cancellous bone in proximal tibia
metaphysis stained by hematoxylin-eosin. The changes of
trabeculae area in cancellous bone of proximal tibia met-
aphysis are summatized in Table 1. Ovatiectomy caused
the marked reduction (p<<0.0001) of trabeculae area in
tibial metaphysis to 38% level of sham control group.
DHEA or DHEA-aspattate treatment to ovariectomized
rats, howevet, significantly (»<0.05) increased it up to
59.2% and 52.1% level of sham control group, respec-
tively (Table 1), which suggest that both DHEA and
DHEA-aspartate wete equally effective on inhibition of
bone loss.

Serum calcium level and biological markers of bone turn-
over rate

Serum calcium level was significantly (p<0.05) re-
duced and utinary calcium excretion was significantly
($<0.05) increased by ovatiectomy. DHEA or DHEA-
aspartate treatment in ovatiectomized rats did not affect
the serum calcum level and utinaty calcum excretion.
Osteocalcin level, total alkaline phosphatase acitivity in
serum and NTx (Cross-linked N-telopeptide of type I

Table 1. Trabeculae area in cancellous bone of tibia

Group Trabeculae area* (mm?)
SC 0.71£0.09

oC 0.27+0.05"

ODH 0.42+0.18"t
ODA 0.37+0.06"t

Values are expressed as mean=SD.

*Trabeculae area within the reference area of 2 mm? in proximal
tibial metaphysis was calculated by a computer system attached
to image analyzer.

SC, sham control; OC, ovariectomized control; ODH, ovariec-
tomy and DHEA treatment; ODA, ovariectomy and DHEA-asp
treatment

"Significantly different from SC group at p<0.05 at least by t-test
*Significantly different from OC group at p<0.05 at least by
t-test
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Fig. 2. Photographs of longitudinal sections of the proximal tibia. Tibia were removed and fixed in 4% formalin after 8 weeks
of treatment with DHEA, DHEA-asp or vehicle, ip. at 0.34 mmol/kg BW from 3 weeks after ovariectomy. Fixed tibia were embedded
in paraffin, sectioned, mounted and stained with Hematoxylin-eosin. The trabecular bone in proximal tibia metaphysis was observed
by microscope (X20). (A) Sham control with vehicle. (B) Ovariectomy and teatment with vehicle: shows marked resorption of
trabeculae. (C) Ovariectomy and treatment with DHEA: shows marked increase of the trabeculae area compared to B. (D)
Qvariectomy and treatment with DHEA-aspartate: shows also increase of the trabeculae area compared to B.

Table 2. Serum calcium level and biological markers of bone turnover rate

Group Ca in serum Urinary Ca excretion Osteocalcin in serum AIL_<a_Iine_ phosphatase _ N_Tx/creatinine*
(mg/dL) (mg/day) {(ng/mL) activity in serum (U/L}  in urine (nmol/mmol)

SC 12.67£0.09 1.36+0.36 2.36£0.20 199.0+41.7 40.8+£30.4

0oC 10.77+£0.741 276+1.25" 2.36+0.59 182.0+23.7 71.3+15.2

ODH 11.04+0.95" 212+1.25 229+0.28 190.7+66.0 64.1+£29.3

ODA 10.99+0.73" 1.43+0.81 2.73£047 202.7£73.0 67.31£31.6

Values are expressed as mean=SD.

*Cross-linked N-telopepeptide of type | collagen/creatinine

SC, sham control; OC, ovariectomized control; ODH, ovariectomy and DHEA treatment; ODA, ovariectomy and DHEA-asp treatment
"Significantly different from SC group at p<0.05 at least by t-test.

collagen)/creatinine in utine were not affected by ovatiec- rats. Body weight gain in ovariectomized rats duting the
tomy ot subsequent treatment with DHEA or DHEA- experiment was significantly higher (p<0.0001) than
aspartate (Table 2). that in sham control rats. However, DHEA or DHEA-

aspartate treatment in ovariectomized rats significantly
Body and liver weights reduced (p<0.001) body weight gain (Table 3). On the

other hand, DHEA or DHEA-aspartate treatment in
Ovatiectomy significantly increased body weight in ovatiectomized rats significantly increased liver weight
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Table 3. Body and liver weights

Group Initial body Final body Body weight Liver weight Liver/BW
weight (g) weight (g) gain* (g) © (%)

SC 184.5+8.3 2555193 71.0£75 7.12+0.44 2.7910.09

oC 189.0£5.9 3353+135" 146.3+9.4" 8.13+0.74" 248+015"

ODH 191.9£6.9 292.6+2211t 100.7+18.5"1 11.27+1.35"1 3.86+046"1

ODA 1825+7.3 277.7£3261 952+27.7% 9.60+1.25"1¢ 3.48+045"1

Values are expressed as mean=SD.

*Body weight gains for 12 weeks from 8 wk-age to 20 wk-age

SC, sham control; OC, ovariectomized control; ODH, ovariectomy and DHEA treatment; ODA, ovariectomy and DHEA-asp treatment
"Significantly different from SC group at p<0.05 at least by t-test

*Significantly different from OC group at p<0.05 at least by t-test

$Significantly different between ODH and ODA groups at p<0.05 at least by t-test

and the ratio of liver weight to body weight (»<0.05),
but liver weight was less increased in DHEA-aspartate
treated rats than in DHEA treated rats (Table 3).

Peroxisomal changes

DHEA treatment incteased the number and the size
of peroxisomes in the sections of rat livers stained with
alkaline diaminobenzidine, indicative of catalase activity.
But the rat liver treated with DHEA-aspartate showed

normal range of petoxisomal morphology with a few en-
larged peroxisomes (Fig. 3).

Palmitoyl-coA oxidase activity in liver was significantly
elevated (p<0.0001) by DHEA or DHEA-aspartate
treatment in ovariectomized rats. But, DHEA-aspartate
treatment increased it by about three fold of control
level, while DHEA itself increased it six fold (Fig. 4).
In contrast, catalase activity showed no significant
changes despite of DHEA or DHEA-aspartate treatment
in ovariectomized rats. As it is similat to palmitoyl-coA

Fig. 3. Electron microscopic feature of the rat hepatocyte
stained with alkaline DAB. After 8 weeks of treatment with
DHEA, DHEA-aspartate or vehicle, ip. at 0.34 mmol/kg BW from
3 weeks after ovariectomy, rats were sacrificed. The fresh liver
tissue was sectioned and incubated in diaminobenzidine tet-
rahydrochloride in Tris-buffered saline buffer, pH 10.5 with 2%
of H:0». Fixation, embedding and sectioning were followed by
staining with lead citrate and microscopic examination (X
20,000). (A) Ovariectomy and treatment with vehicle show a
few peroxisomes with well preserved mitochondria. (B) DHEA
treatment to ovariectomized rats shows many increased and
enlarged peroxisomes. (C) DHEA-aspartate treatment to ovar-
iectomized rats shows a few enlarged peroxisomes of normal
range.
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Fig. 4. Activities of peroxisomal enzymes in rat liver. (A) Catalase activity (B) palmitoyl-coA oxidase activity (C) the ratio of palmitoyl-
COoA oxidase activity to catalase activity. SC, sham control; OC, ovariectomized control; ODH, ovariectomy and DHEA treatment;
ODA, ovariectomy and DHEA-asp treatment. *Significantly different from SC group at p<0.05 at least by t-test. T Significantly different

from OC group at p<0.05 at least by t-test. *Significantly different between ODH and ODA at p<0.05 at least by t-test.

oxidase activity, the ratio of palmitoyl-coA oxidase acti-
vity to catalase activity in DHEA-aspartate treated rats
was significantly lower than that in DHEA treated rats
(Fig. 4).

Serum lipid profile and chemistry

Ovatiectomy induced some changes in serum lipid
profile (Table 4). Ovariectomy reduced serum triglyceride
level and elevated LDL-cholesterol level significantly (p<
0.05), while it did not affect significantly on levels of
total cholesterol and HDL-cholesterol. DHEA treatment
in ovatiectomized rats increased serum triglycetide and
reduced serum LDL-cholesterol level to the levels of sham
control rats. DHEA-aspattate treatment in ovatiecto-
mized rats did not increased serum triglyceride level
unlike DHEA treatment, but it reduced serum LDL-
cholesterol level significantly (p<0.05) as much as
DHEA treatment. DHEA-aspartate treatment in ovatiec-
tomized rats also reduced serum total cholesterol, while
DHEA treatment did not affect it (Table 4). Ovariec-
tomy reduced setum protein and albumin levels, and
DHEA or DHEA-aspartate treatment in the ovatiecto-
mized rats also teduced serum protein level. Lactate

Table 4. Lipid profile in serum

dehydrogenase activity in serum was incteased by DHEA
ot DHEA-aspartate treatment compared to ovatiecto-
mized control. BUN, AST and ALT in serum wete not
significantly affected by DHEA or DHEA-aspartate
treatment (Table 3).

DISCUSSION

Reduction in skeletal mass caused by an imbalance
between bone resorption and bone formation is the hall-
mark of osteoporosis. Loss of gonadal function and aging
ate the two most important factors contributing to the
development of this condition. Starting at around the
fourth or fifth decade of life, both women and men lose
bone at a rate of 0.3 to 0.5 percent per year. After men-
opause, the rate of bone loss increases as much as 10
fold (17, 18). In humans, other primates and rodents, the
loss of bone mass follows loss of ovarian function is
associated with increases in the rates of bone tesorption
and formation, but with the former exceeding the latter
(19, 20).

Ovatiectomy causes osteopenia in rats and has been
used as a study model for postmenopausal bone loss (21-

Triglyceride level

Total cholesterol level

HDL-cholesteral level LDL-cholesteral level

(mg/dL) (mg/dL) (mg/dL) (mg/dL)
sC 136.0+30.1 900+13.3 39.0+37 238466
oc 69.7+95" 10714144 459+62 4734901
ODH 141.7+52.9" 97.1+27.8 38.4+13.4 30.4+185"
ODA 90.1+335 87.5+16.1" 36.8+6.7 30541131

Values are expressed as mean=SD.

SC, sham control; OC, ovariectomized control; ODH, ovariectomy and DHEA treatment; ODA, ovariectomy and DHEA-asp treatment
"Significantly different from SC group at p<0.05 at least by t-test

*Significantly different from OC group at p<0.05 at least by t-test
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Table 5. Clinical chemistry in serum

Protein Albumin BUN LDH AST ALT
(mg/dL) (mg/dL) (mg/dL) (UL (UL (UL
SC 7.7+05 49+03 28+49 3,828+686 302+66 64.3+8.4
oC 7141017 444027 25+29 3,004+£632 282140 62.6+5.1
ODH 6.4+0.3"f 444027 25+57 4,027 +8741 284 t45 64.3+15.7
ODA 6.4+05"1 424037 26+57 4,298 +848" 296+39 7371145

Values are expressed as mean=SD.

BUN, blood urea nitrogen; LDH, lactate dehydrogenase activity; AST, aspartate aminotransferase activity; ALT, alanine aminotransferase
activity; SC, sham control; OC, ovariectomized control; ODH, ovariectomy and DHEA treatment; ODA, ovariectomy and DHEA-asp
treatment

"Significantly different from SC group at p<0.05 at least by t-test.

*Significantly different from OC group at p<0.05 at least by t-test.

23). Histomotphomettry of cancellous boge is useful to
estimate changes in bone remodeling because approx-
imately 25 percent of cancellous bone is tesorbed and
replaced evety year in adults, as compared with only 3
percent of cortical bone (24). Turner et al. (25) reported
that trabeculae volume in tbial cancellous bone of
ovatiectomized rats was reduced by more than 60% at
28 days after ovatiectomy. Takano-Yamamoto and
Rodan (26) reported that ovatiectomy for 22 days caused
a 50% loss in trabeculae volume in cancellous bone of
rat femur, a two fold increase in osteoclast number, three
fold increase in osteoblast number, and eight fold increase
in the relative osteoid surface. The mechanism for the
loss of trabeculae in ovatiectomized rats is unclear, but
the inctease in bone tesotption and osteoclastic activity
might be larger than the increase in osteoblastic activity
and bone formation to account for the net loss of bone.
In the present expetiment, trabeculae atea in tibial can-
cellous bone was also reduced by 60% at 11 weeks after
ovatiectomy in the limit of the small number of sham
control rats (Table 1).

Decrease of serum ionized calcium level in ovatiec-
tomized rats in spite of increased bone resorption might
be caused by increase of urinary calcium excretion and
intestinal calcium secretion by estrogen deficiency, which
were supported by other studies (27-30). Osteocalcin
concentration in serum is known to be correlated with
histological and biochemical indices of bone formation
(30, 31). Pyridinoline and deoxypyridinoline levels in
utine ate known to be promising matkers for bone re-
sorption because both of them are non-reducible ctoss-
links that stabilize the collagen chains within the extra-
cellular matrix in bone tissue. About 40% of these ctoss-
links appeat free in urine and the remainders are in
peptide form such as N-telopeptide (NTx) (32). It is
known that menopause raises both bone tesorption and
bone formation as shown by increase in serum osteocalcin
and bone specific alkaline phosphatase and utinary
pytidinoline and NTx in postmenopausal women (33,

34). However, Kippo et al. (35) reported that ovatiec-
tomy did not change significantly serum osteocalcin level
in rat and increased utinary hydroxyproline/creatinine,
and estrogen treatment in ovatiectomized rats decreased
both serum osteocalcin and urinary hydroxyproline/creat-
inine levels. Since bone formation or tesotption rate was
increased rapidly and maximized at one month after
ovariectomy and declined toward control level (20), it can
be suggested that minimal changes in the levels of osteo-
calcin and NTx/cteatinine after ovariectomy in the pre-
sent study might be due to time lag of the determina-
tion, analyzed 11 weeks after ovariectomy (Table 2).

Labrie et al. (5) reported increase in the bone mineral
density at the hip with a 2.1 fold increase in plasma
osteocalcin by 12 months of DHEA administration to
postmenopausal women. Also, 20% decrease in plasma
bone alkaline phosphatase and 28% dectrease in urinaty
hydroxyproline/creatinine ratio were concomitantly ob-
served. The stimulatory effects of DHEA on bone min-
eral density accompanied by an increase in setum osteo-
calcin might be the result of bone formation stimulation
by DHEA androgenic action, not by its estrogenic action
(4, 37, 38). Martel et al. (4) revealed that the potent
stimulatoty effect of DHEA on bone formation in ovat-
iectomized rats would be mainly due to the local for-
mation of androgens in bone cells and their intractine
action in osteoblasts, because it could be inhibited by
antiandrogen flutamide treatment but not by antestro-
gen EM-800 treatment. In the present experiment, we
found that DHEA-aspartate has the comparable effect as
DHEA on inhibition of bone loss in ovariectomized rats
(Table 1, Fig. 2).

In spite of the beneficial effect of DHEA on osteo-
porosis and aging, the use of DHEA is not strongly
recommended, since DHEA would induce several side
effects such as induction of hepatomegaly, peroxisomal
proliferation and cytochrome P450 4A1 induction, illus-
trated in rodents. In our previous study (12), we obsetved
that simultaneous administration of aspatrtate with
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DHEA could reduce DHEA-related petoxisomal fatty
acid oxidation. Thetefore, we assumed that conjugation
of aspartate to DHEA might be an effective method to
reduce DHEA-related adverse effects. The induction of
petoxisomal proliferation by DHEA treatment was found
to be related with the level of DHEA sulfate, major
DHEA metabolite, rather than DHEA itself (9, 10). It
can be assumed that the blocking Cs hydroxyl group
with aspartyl moity may intetvene the DHEA sulfate
formation, tesulting in less induction of peroxisomes.
Moreovet, in our ptevious study, we have reported that
the redox potential adjustment with aspartate might
modulate the DHEA-inducibility of peroxisome probably
through aspartate-malate shuttle (12). Therefore, we
modified the C; hydroxyl group with aspartyl moiety. In
particular, we designed that the conjugate could be disso-
clated readily in the cell by abundant cellular esterase
activides. Thus, estetification of aspattate to DHEA was
conducted, and the conjugated compounds were sub-
jected to test for its efficacy and safety (Fig. 1). DHEA
treatment in ovatiectomized rats increased the number
and size of peroxisomes in rat liver with a six-fold in-
crease in palmitoyl-coA oxidase activity over controls.
But the rat liver treated with DHEA-aspartate showed
normal range of peroxisomal morphology with only a
three fold increase in palmitoyl-coA oxidase activity over
controls (Fig. 3,4). Since the reduction in activity of
petoxisomal enzyme and numbet of peroxisomes might
be directly related with the dectease of hepatomegaly (8),
it can be suggested that aspartyl estetification of DHEA
could decrease the side effect of DHEA, especially hep-
atomegaly.

The biochemical data on the peroxisomal enzyme acti-
vities are closely cortelated with the changes in liver
weight. As shown in Table 3, DHEA treatment signifi-
cantly increased liver weight and its ratio to body weight,
but DHEA-aspartate treatment showed the relatively less
increase of liver weight than DHEA itself.

Moreover, since DHEA-aspartate treatment to ovatiec-
tomized rats reduced effectively the levels of serum total
cholesterol and LDL-cholesterol without increase of
serum triglyceride level (Table 4), DHEA-aspartate can
be suggested to be a better agent than DHEA for the
control blood lipid profile in postmenopausal women.
Recent studies showed that DHEA has appatently no
deleterious effect on the serum lipid profile (5, 39). The
detailed mechanism for the differences in the serum lipid
profile change by DHEA and DHEA aspattate remains
to be illustrated.

Serum protein and albumin were reduced by ovatiec-
tomy in the present study and other study (40). But the
mechanism is not clear yet. Increased serum LDH by
DHEA or DHEA-aspattate treatment may be telated
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with incteased liver weight, and it can not be excluded
the possibility of liver damage.

Taken togethet, it can be suggested DHEA-aspratate
would be better candidate for an agent to prevent post-
menopausal osteopotosis because DHEA-aspartate had a
compatrable effect with DHEA on inhibition of bone loss
in ovatiectomized rats, and reduced markedly peroxiso-
mal proliferation and peroxisomal fatty acid S-oxidation
compated to DHEA. Since the only trabecular bone area
in tibia was measuted in this study, it can not be insisted
that DHEA and DHEA-aspattate have strong effects on
prevention of postmenopausal osteopotosis. Further met-
abolic and pharmacological studies of DHEA-aspartate
ester ate needed.

REFERENCES

1. Belanger A, Candas B, Dupont A, Cusan L, Diamond P,
Gomez JL, Labrie F. Changes in serum concentrations of con-
Jjugated and unconjugated steroids in 40- to 80-year-old men.
J Clin Endocrinol Metab 1994; 79: 1086-90.

2. Schricock ED, Buffington CK, Hubert GD, Kurtz BR, Kitabchi
AE, Buster JE, Givens JR. Divergent correlations of circu-
lating dehydroepiandrosterone sulfate and testosterone with
insulin levels and insulin receptor binding. J Clin Endocrinol
Metab 1988; 66: 1329-31.

3. Gordon CM, Grace E, Emans SJ, Goodman E, Crawford MH,
Leboff MS. Changes in bone turnover markers and menstrual
function after short-term oral DHEA in young women with
anorexia nervosa. J Bone Miner Res 1999; 14: 136-45.

4. Martel C, Sourla A, Pelletier G, Labrie C, Fournier M, Picard
S, Li S, Stojanovic M, Labrie F. Predominant androgenic
component in the stimulatory effect of dehvdroepiandrosterone
on bone mineral density in the rat. J Endocrinol 1998; 157:
433-42.

5. Labrie F, Diamond P, Cusan I, Gomez JI, Belanger A,
Candas B. Effect of 12-month dehydroepiandrosterone replace-
ment therapy on bone, vagina, and endometrium in postmeno-
pausal women. J Clin Endocrinol Metab 1997; 82: 3498-505.

6. Kim KH. Effects of DHEA on the oxidative stress of the bone
with type 1 and type 2 osteoporosis in rat [dissertation]. Seoul:
Seoul National Univ., 1998.

7. Kwak CS, Park SC. Oxidative stress and peroxisomal pro-
liferation induced by short-term administration of DHEA and
fish oil in rat liver tissue. Korean J Lipidol 1998; 8: 135-49.

8. Prough PA, Webb SJ, Wu HQ, Lapenson DP, Waxman DJ.
Induction of microsomal and peroxisomal enzymes by dehy-
droepiandrosterone and its reduced metabolite in rats. Cancer
Res 1994; 54: 2878-86.

9. Sakuma M, Yamada J, Suga T. Induction of peroxisomal S-
oxidation by structural analogues of dehvdroepiandrosterone
in cultured rat hepatocytes: structure-activity relationships.
Biochim Biophys Acta 1993; 1169: 66-72.



Antiosteoporotic Effect and Hepatic Peroxisomal Proliferation of DHEA and DHEA-Aspartate Ester

10.

11.

12.

14.

15.
16.

17.

18.

19.

20.

21.

22.

24.

25.

Ram PA, Waxman DJ. Dehyvdroepiandrosterone 35-sulfate is
an endogenous activator of peroxisome-proliferation pathway:
induction of cytochrome P4504A and acyl-coA oxidase mRNAs
in primary rat hepatocyte culture and inhibitory effects of
Ca'*-channel blockers. Biochem J 1994; 301: 753-8.

Yamada J, Sugiyama H, Sakama M, Suga T. Specific binding
of dehydroepiandrosterone sulfate to rat liver cytosol: a pos-
sible association with peroxisomal enzyme induction. Biochim
Biophys Acta 1994; 1224: 139-46.

Kwak CS, Park JE, Lee MS, Oh SI, Park SC. Modulation of
DHEA-induced peroxisomal proliferation by amino acid sup-
plementation in rat liver. Korean J Gerontol 1998; 8: 27-34.

. Kim GH, Song KY, Park SC. The screening of substances for

the prevention and treatment of osteoporosis. In: Discovery of
new substances. Seoul: Zayou Academy, 1996; 351-74.
Small GM, Burdett K, Connock MJ. A sensitive spectropho-
tometric assay for peroxisomal acyl-coA oxidase. Biochem J
1985; 227: 205-10.

Aebi H. Catalase in vitro. Methods Enzymol 1984; 105: 121-6.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem
1951; 193: 265-75.

Gallagher JC, Goldgar D, Moy A. Total bone calcium in nor-
mal women: effect of age and menopause status. J Bone Miner
Res 1987; 2: 491-6.

Nordin BE, Need AG, Bridges A, Horowitz M. Relative con-
tributions of vears since menopause, age, and weight to ver-
tebral density in postmenopausal women. J Clin Endocrinol
Metab 1992; 74: 20-3.

Balena R, Toolan BC, Shea M, Markatos A, Myers ER, Lee
SC, Opas EE, Seedor JG, Klein H, Frankenfield D, Quartuccio
H, Foravanti C, Clair J, Brown E, Hayes WC, Rodan GA.
The effects of 2-year treatment with the aminobisphosphonate
alendronate on bone metabolism, bone histomorphometry, and
bone strength in ovariectomized nonhuman primate. J Clin
Invest 1993; 92: 2577-86.

Kalu DN. The ovariectomized rat model of postmenopausal
bone loss. Bone Miner 1991; 15: 175-91.

Wronski TJ, Cintron M, Dann IM. Temporal relationship
berween bone loss and increased bone turnover in ovariec-
tomized rats. Calcif Tissue Int 1988; 43: 179-83.

Turner RT, Vandersteenhoven JJ, Bell NH. The effects of
ovariectomy and 17 beta-estradiol on cortical bone histomor-
phometry in growing rats. J Bone Miner Res 1987; 2: 115-22.

. Mosekilde L, Danielsen CC, Knudsen UB. The effect of aging

and ovariectomy on the vertrbral bone mass and biomechan-
ical properties of mature rats. Bone 1993; 14: 1-6.

Parfitt AM. Osteonal and hemi-osteonal remodeling: the spa-
tial and temporal framework for signal traffic in adult human
bone. J Cell Biochem 1994; 55: 273-86.

Tumer RT, Wakley GK, Hannon KS, Bell NH. Tamoxifen
inhibits osteoclast-mediated resorption of trabecular bone in
ovarian hormone-deficient rats. Endocrinology 1988; 122:

26.

27.

28.

29.

40.

541

1146-50.

Takano-Yamamoto T, Rodan GA. Direct effects of 17p-estra-
diol on trabecular bone in ovariectomized rats. Proc Nartl
Acad Sci USA 1990; 87: 2172-6.

Frumar AM, Meldrum DR, Geola F, Shamonki IM, Tataryn
IV, Deftos LJ, Judd HL. Relationship of fasting urinary
calcium to circulating estrogen and body weight in postmen-
opausal women. J Clin Endocrinol Metab 1980; 50: 70-5.
Kalu DN, Hardin RH, Cockerham R, Yu BP. Aging and
dietary modulation of rat skeleton and parathyroid hormone.
Endocrinology 1984; 115: 1239-47.

Schulz SR, Mortis HA. Ionized calcium and bone turnover in
the estrogen-deficient rat. Calcif Tissue Int 1999; 65: 78-82.

. Morris HA, O’Loughlin PD, Mason RA, Schulz SR. The effect

of oophorectomy on calcium homeostasis. Bone 1995; 17: 169-
74s.

. Brown JP, Delmas PD, Malaval L, Edouard C, Chapuy MC,

Meunier PJ. Serum bone Gla-protein: a specific marker for
bone formation in postmenopausal osteoporosis. Lancet 1984;
1: 1091-3.

. Delmas PD, Malaval L, Arlot ME, Meunier PJ. Serum bone

Gla-protein compared to bone histomorphometry in endocrine
diseases. Bone 1985; 6: 339-41.

. Russell RG. The assessment of bone metabolism in vivo using

biochemical approaches. Horm Metab Res 1997; 29: 138-44.

. Garnero P, Shih WIJ, Gineyts E, Karpf DB, Delmas PD. Com-

parison of new biochemical markers of bone turnover in late
postmenopausal osteoporotic women in response to alen-
dronate treatment. J Clin Endocrinol Metab 1994, 79: 1693-
700.

. Johansen JS, Riis BJ, Delmas PD, Christiansen C. Plasma

BGP: a indicator of spontaneous bone loss and the effect of
estrogen treatment in postmenopausal women. Eur J Clin
Invest 1988; 18: 191-5.

. Kippo K, Hannuniemi R, Virtamo T, Lauren L, Ikavalko H,

Kovanen V, Osterman T, Sellman R. The effects of clodronate
on increased bone turnover and bone loss due to ovariectomy
in rats. Bone 1995; 17: 533-42.

. Miklos S. Dehydroepiandrosterone sulfate in the diagnosis of

osteoporosis. Acta Biomed Ateneo Parmense 1995; 66: 139-46.

. Martel C, Sourla A, Pelletier G, Labrie C, Fournier M, Picard

S, Li S, Stojanovic M, Labrie F. Predominant androgenic com-
ponent in the stimulatory effect of dehyvdroepiandrosterone on
bone mineral density in the rat. J Endocrinol 1998; 157: 433-
42.

. Diamond P, Cusan L, Gomez JL, Belanger A, Labrie F. Met-

abolic effects of 12-month percutaneous DHEA replacement
therapy in postmenopausal women. J Endocrinol 1996; 150:
§43-50.

Morris HA, Porter SJ, Durbridge TC, Moore RJ, Need AG,
Nordin BE. Effects of oophorectomy on biochemical and bone
variables in the rat. Bone Miner 1992; 18: 133-42.



