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ABSTRACT. The effect of genistein on bone resorption in vitro was investigated. Femoral-metaphyseal tissues
obtained from elderly female rats were cultured for 48 hr in Dulbecco’s modified Eagle’s medium (high glucose,
4.5%) supplemented with antibiotics and bovine serum albumin. The experimental cultures contained 1077 to
107 M genistein. The bone-resorbing factors parathyroid hormone (1-34) (PTH; 107 M), prostaglandin E,
(PGE,; 107> M), and lipopolysaccharide (10 pg/mL) caused a significant decrease in bone calcium content. The
decrease in bone calcium content induced by bone-resorbing factors was inhibited completely by genistein (1077
to 107> M). In addition, this isoflavonoid (10~° M) completely inhibited the PTH (10™7 M)- or PGE, (107>
M)-induced increase in medium glucose consumption and lactic acid production by bone tissues. Moreover,
genistein (107> M) blocked both PTH (1077 M)-increased acid phosphatase and -decreased alkaline
phosphatase activities of bone tissues. The inhibitory effect of genistein (107> M) on PTH (10~7 M)-stimulated
bone resorption was clearly prevented by the presence of 107% M tamoxifen, an anti-estrogen reagent. Genistein
(107> M) did not further enhance the inhibitory effect of estrogen (10™° M) on PTH-stimulated bone
resorption. These findings indicate that genistein has a direct inhibitory effect on bone resorption in tissue
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culture in vitro. BIOCHEM PHARMACOL 55;1:71-76, 1998. © 1998 Elsevier Science Inc.
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Osteoporosis is widely recognized as a major public health
problem. The most dramatic expression of this disease is
represented by fractures of the proximal femur for which
the number increases as the population ages [1, 2]. Malnu-
trition or undernutrition is often observed in the elderly,
and it appears to be more severe in patients with hip
fracture than in the general ageing population [3-5].
Deficiency in both micronutrients and macronutrients
appears to be strongly implicated in the pathogenesis and
the consequences of hip fracture in the osteoporotic elderly
[6]. Nutritional and pharmacological factors are needed to
prevent bone loss with increasing age. The chemical
compounds that act on bone metabolism as nutrients in
food, however, are poorly understood.

Genistein is a natural isoflavonoid phytoestrogen found
in Leguminosae. This isoflavonoid has been shown to have
a strong inhibitory effect on protein tyrosine kinases [7, 8],
and it can produce cell cycle arrest and apoptosis in
leukemic cells [8, 9]. The biological effect of genistein,
however, has not been fully clarified. More recently, it has
been shown that genistein may have an influence on bone
metabolism [10, 11). Blair et al. [10] have reported that
genistein is not effective on avian osteoclastic activity and
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on reduction of bone loss in ovariectomized rats. Dietary
soybean protein has been shown to prevent bone loss in
ovariectomized rats [11]. Moreover, it has been found that
genistein has an anabolic effect on bone formation and
mineralization in the tissue culture system [12]. Whether
genistein has a direct effect on bone resorption, however,
has not been clarified thus far. Therefore, the present study
was undertaken to determine the effect of genistein on
bone-resorbing factor-induced bone resorption in witro. It
was found that genistein can directly inhibit bone resorp-
tion in femoral-metaphyseal tissues obtained from elderly
rats in vitro.

MATERIALS AND METHODS
Chemicals

Dulbecco’s modified Eagle’s medium and penicillin-strep-
tomycin solution (5000 units/mL penicillin; 5000 wg/mL
streptomycin) were obtained from Gibco Laboratories
(Grand Island, NY, U.S.A.). Bovine serum albumin (frac-
tion V), tamoxifen, 17B-estradiol (estrogen), okadaic acid,
genistein, and PGE, T were obtained from the Sigma Chem-
ical Co. (St. Louis, MO, U.S.A.). Other chemicals were of
reagent grade and were obtained from Wako Pure Chemical
Industries (Osaka, Japan). Synthetic human PTH was

T Abbreviations: PGE,, prostaglandin E,; PTH, parathyroid hormone
(1-34); and LPS, lipopolysaccharide.
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supplied by Asahi Chemical Industries {(Shizuoka, Japan).
Lipopolysaccharide B (Escherichia coli, 026:B6, containing
8.61% lipid A) was purchased from Difco Laboratories
(Detroit, MI, U.S.A.). All water used was glass-distilled.

Animals

Elderly female Wistar rats, weighing 300-350 g (50 weeks
old), were obtained from Japan SLC (Hamamatsu, Japan).
The animals were fed commercial laboratory chow (solid)
containing 1.1% calcium, 1.1% phosphorus, and 0.012%
zinc, and distilled water. The rats were killed by decapita-
tion (approved by the Animal and Use Committee).

Bone Culture

Femoral-metaphyseal tissues from 50 week-old female rats
were removed aseptically. The metaphyseal tissues were
cultured in a 35-mm dish in 2.0 mL of medium consisting
of Dulbecco’s modified Eagle’s medium (high glucose;
4.5%) supplemented with 0.25% bovine serum albumin
(fraction V) plus antibiotics, with either genistein, bone-
resorbing factors, or vehicle (sterile distilled water). Cul-
tures were maintained at 37° in a water-saturated atmo-
sphere containing 5% CO, and 95% air for 48 hr. In
separate experiments, the respective media contained 17B-
estradiol, tamoxifen, or okadaic acid.

Bone Calcium

The bone tissues were dried for 16 hr at 120°, weighed, and
then dissolved in nitric acid solution [13]. Calcium was
determined by atomic absorption spectrophotometry. The
bone calcium content was expressed as milligrams of cal-
cium per gram dry bone.

Bone Alkaline and Acid Phosphatases

Alkaline and acid phosphatase activities in the bone tissues
were determined by the method of Walter and Schutt [14].
The bone tissues were immersed in 3.0 mL of ice-cold 6.5
mM sodium barbital buffer (pH 7.4), cut into small pieces,
homogenized in a Potter—Elvehjem homogenizer with a
Teflon pestle, and disrupted for 60 sec with an ultrasonic
device. The supernatant fraction, centrifuged at 600 X g for
5 min, was used for measurement of the enzyme activity.
The efficiency of the enzyme extraction was greater than
90%, and the enzyme analysis was reproducible. The
enzyme assay was carried out under optimal conditions in
medium (2.05 mL) containing 97.5 mM diethanolamine
(pH 9.8), 1.21 mM p-nitrophenylphosphate, and the supet-
natant solution of bone homogenate (5-10 pg/mlL of
protein). Enzyme reaction was stopped by the addition of
ice-cold 0.05 N NaOH (10 mL). Enzyme activities were
expressed as nanomoles of p-nitrophenol liberated per
minute per milligram of protein. Protein was determined by
the method of Lowry et al. [15]).
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FIG. 1. Effect of genistein on PTH-decreased bone calcium
content in femoral-metaphyseal tissues obtained from elderly
rats in vitro. Bone tissues were cultured for 48 hr in a medium
containing either vehicle or PTH (1077 M) in the absence (A)
or presence (B) of genistein (10~7 to 107 M). Each value is the
mean *+ SEM of five bone tissues from separate rats. Key: (*)
P < 0.01, compared with the control (none) value; and (#) P <
0.01, compared with the value of PTH alone.

Medium Glucose and Lactic Acid

The concentration of glucose in the medium cultured with
bone for up to 48 hr was determined by the colorimetric
method using o-toluidine [16]. The dry weight of the bone
tissue was measured after extraction with 5.0% trichloro-
acetic acid, acetone, and ether. The medium glucose
consumed by bone culture in 48 hr was expressed as
milligrams of glucose per gram of dry bone tissue. Likewise,
the medium lactic acid was measured by the enzymatic
method [17]. Data were expressed as milligrams of lactic
acid per gram of dry bone tissue.

Statistical Methods

Data are expressed as means = SEM. Statistical differences
were analyzed using Student’s paired t-test. P values of less
than 0.05 were considered to indicate statistically signifi-
cant differences.

RESULTS

The effect of genistein on the bone-resorbing factor-
induced decrease of calcium content in the femoral-me-
taphyseal tissues obtained from elderly female rats was
examined in vitro. Bone tissues were cultured for 48 hr in
medium containing either vehicle, PTH (1077 M), PGE,
(107> M), or LPS (10 pg/mL of medium) in the absence or
presence of genistein (1077 to 107> M). Bone calcium
content was decreased significantly by the presence of PTH
(Fig. 1A), PGE, (Fig. 2A), or LPS (Fig. 3A). These
decreases were prevented completely by genistein (1077 to
107> M), as shown in Figs. 1B, 2B, and 3B, respectively. An
appreciable effect of genistein was seen at 1077 M. At 10~°
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FIG. 2. Effect of genistein on PGE,-decreased bone calcium
content in femoral-metaphyseal tissues obtained from elderly
rats in vitro. Bone tissues were cultured for 48 hr in a medium
containing either vehicle or PGE, (107° M) in the absence (A)
or presence (B) of genistein (10~ to 10™> M). Each value is the
mean * SEM of five bone tissues from separate rats. Key: ()
P < 0.01, compared with the control (none) value; and (#) P <
0.01, compared with the value for PGE, alone.

and 107° M, the genistein effect was saturated. Thus,
genistein had an inhibitory effect on bone resorption
induced by various bone-tresorbing factors. Moreover,
genistein (107> M) alone caused a significant increase of
bone calcium content in the absence of bone-resorbing
factors (Table 1).

The effect of genistein on acid phosphatase and alkaline
phosphatase activities in the femoral-metaphyseal tissues in
vitro is shown in Fig. 4. Bone tissues were cultured for 48 hr
in medium containing either vehicle, PTH (1077 M), or
PGE, (107° M) in the absence or presence of genistein
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FIG. 3. Effect of genistein on LPS-decreased bone calcium
content in femoral-metaphyseal tissues obtained from elderly
rats in vitro. Bone tissues were cultured for 48 hr in a medium
containing either vehicle or LPS (10 pg/mL of medium) in the
absence (A) or presence (B) of genistein (1077 to 107> M).
Each value is the mean = SEM of five bone tissues from separate
rats. Key: (*) P < 0.01, compared with the control (none)
value; and (#) P < 0.01, compared with the value of LPS alone.
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TABLE 1. Effect of genistein on PTH-induced alterations of
bone calcium content and bone glucose consumption in the
presence of tamoxifen in vitro

Glucose
Calcium consumed
(mg/g dry (mgfg dry
Treatment bone) bone)
None
Control 175.6 = 2.7 42.1 2.1
PTH (1077 M) 143.8 = 5.0* 79.8 = 5.7%
Genistein (107> M)
Control 211.0 + 4.3% 40.3 £ 3.1
PTH (1077 M) 190.3 = 7.1* 37.3+35
Genistein (107° M)
+ tamoxifen
(1075 M)
Control 1729 £ 4.7 36.9 + 3.2
PTH (1077 M) 151.0 * 3.5% 67.3 + 6.3*
Tamoxifen (107¢ M)
Control 177.2 £ 5.8 38233
PTH (1077 M) 147.3 = 6.1* 745 > 4.1*

Femoral-metaphyseal tissues were cultured for 48 hr in a medium containing either
vehicle, PTH (107 M), genistein (107 M), or PTH plus genistein i the absence
or presence of tamoxifen (107° M). Each value is the mean + SEM of five bone
tissues from separate animals.

* P <2 0.01, compared with the control (none) value.

(107> M). The presence of PTH or PGE, caused a signif-
icant increase in bone acid phosphatase activity and an
appreciable decrease in bone alkaline phosphatase activity.
These alterations were prevented significantly by genistein.
The presence of genistein alone caused a significant eleva-
tion of bone alkaline phosphatase activity, although it had
no effect on bone acid phosphatase activity.

The effect of PTH or PGE, on medium glucose consump-
tion and lactic acid production by bone tissues is shown in
Fig. 5. The femoral-metaphyseal tissues were cultured for 48
hr in medium containing either vehicle, PTH (10~7 M), ot
PGE, (107> M) in the absence or presence of genistein
(107> M). Medium glucose consumption by the bone
tissues was elevated significantly by the presence of PTH or
PGE, (Fig. 5A). This elevation was blocked completely by
genistein (107> M). Lactic acid production by the bone
tissues also was increased significantly by the presence of
PTH (1077 M) or PGE, (107> M) (Fig. 5B), and this
increase, too, was prevented completely by genistein (107>
M).

The effect of estrogen (17B-estradiol) on calcium con-
tent and glucose consumption in the femoral-metaphyseal
tissues in vitro is shown in Fig. 6. The bone tissues were
cultured for 48 hr in medium containing either vehicle or
PTH (1077 M) in the absence or presence of estrogen
(107° M). PTH-decreased bone calcium content was
clearly prevented by estrogen (Fig. 6A). In addition, PTH-
increased bone glucose consumption was blocked com-
pletely by estrogen (Fig. 6B). These preventive effects by
estrogen were not further enhanced by genistein. Estrogen
alone caused a significant increase of bone calcium content
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FIG. 4. Effect of genistein on PTH- and PGE,-altered acid (A)
and alkaline (B) phosphatase activities in femoral-metaphyseal
tissues obtained from elderly rats in vitro. Bone tissues were
cultured for 48 hr in a medium containing either vehicle, PTH
(1077 M), or PGE, (107° M) in the absence or presence of
genistein (107> M). Each value is the mean = SEM of five bone
tissues obtained from separate rats. Key: (¥) P < 0.01, com-
pared with the control (none) value; and (#) P < 0.01,
compared with the value of PTH or PGE, alone. Columns: (1)
control, () PTH, and (&) PGE,.

in the absence of PTH, although the steroid did not have
an appreciable effect on bone glucose consumption in vitro.

The effect of tamoxifen on the inhibitory action of
genistein on bone resorption in vitro is shown in Table 1.
The femoral-metaphyseal tissues were cultured for 48 hr in
medium containing either vehicle, PTH (1077 M),
genistein (107 ° M), or PTH (1077 M) plus genistein (107>
M) in the absence or presence of tamoxifen (107° M). The
inhibitory effect of genistein on the PTH-induced decrease
in bone calcium content was clearly abolished by the
presence of tamoxifen. Also, genistein did not have an
appreciable effect on the PTH-increased bone glucose
consumption in the presence of tamoxifen. Tamoxifen
alone had no effect on bone calcium and bone glucose
consumption in the absence or presence of PTH.

The effect of okadaic acid on the inhibitory action of
genistein on bone resorption in vitro is shown in Table 2.
The femoral-metaphyseal tissues were cultured for 48 hr in
medium containing either vehicle, PTH (1077 M),
genistein (107° M), or PTH (1077 M) plus genistein (107°
M) in the absence or presence of okadaic acid (107> M).
The effect of genistein to inhibit both PTH-decreased bone
calcium and -increased bone glucose consumption was not
altered appreciably by okadaic acid. Okadaic acid alone did
not have a significant effect on bone calcium content and
bone glucose consumption in the absence of PTH. How-
ever, the PTH-induced alterations of bone calcium content
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FIG. 5. Effect of genistein on PTH- and PGE,-stimulated
glucose consumption (A) and lactic acid production (B) by
femoral-metaphyseal tissues obtained from elderly rats in vitro.
Bone tissues were cultured for 48 hr in a medium containing
either vehicle, PTH (1077 M), or PGE, (107° M) in the
absence or presence of genistein (10~° M). Each value is the
mean = SEM of five bone tissues obtained from separate rats.
Key: (*) P < 0.01, compared with the control (none) value; and
(#) P < 0.01, compared with the value of PTH or PGE, alone.
Columns: (O) control, (W) PTH, and (&) PGE,.

and bone glucose consumption was blocked by the presence
of okadaic acid.

DISCUSSION
It has been reported that PTH, PGE,, and LPS have a

stimulatory effect on bone resorption in a culture system in
vitro [18~-20]. The presence of PTH (1077 M), PGE, (107’
M), and LPS (10 pg/mL) clearly stimulated bone resorption
in femoral-metaphyseal tissues cultured for 48 hr, when
bone resorption was estimated by a decrease in bone
calcium content. [t has been shown that the concentration
of bone-resorbing factors used can reveal a maximum effect
on bone resorption in tissue culture in witro [21]. The
present data coincided with studies reported previously
[21]. The effect of bone-resorbing factors (PTH, PGE,, and
LPS) to stimulate bone resorption was inhibited completely
by the presence of genistein (1077 to 107> M). Thus,
genistein may have an inhibitory effect on bone resorption
in the tissue culture system in vitro.

The presence of PTH or PGE,; caused a significant
decrease in bone alkaline phosphatase activity and a cor-
responding increase in bone acid phosphatase activity. This
result is in agreement with other reports [22, 23] in which
PTH was found to cause alterations in alkaline and acid
phosphatase activities in bone tissues. The PTH- or PGE,-
altered alkaline and acid phosphatase activities were
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FIG. 6. Effect of genistein and estrogen on the PTH-altered
bone calcium content (A) and bone glucose consumption (B) in
femoral-metaphyseal tissues obtained from elderly rats in vitro.
Bone tissues were cultured for 48 hr in a medium containing
either vehicle or PTH (10~7 M) in the absence or presence of
genistein (10™° M) with estrogen (10~° M). Each value is the
mean *= SEM of five bone tissues from separate rats. Key: (*)
P < 0.01, compared with the control (none) value; and (#) P <
0.01, compared with the value of PTH alone. Columns: (OJ)
control, and () PTH.

blocked completely by the presence of genistein. Moreover,
genistein produced a significant elevation of alkaline phos-
phatase activity in bone tissues cultured in the presence of
PTH. Such an effect was also seen in the presence of PGE,.
From these results, it is assumed that the inhibitory effect of
genistein on bone resorption is partly involved in the
restoration of bone phosphatase activity by PTH or PGE,.

PTH and PGE; caused a remarkable increase in glucose
consumption and lactic production by bone tissues. The
production of lactic acid from bone tissues may be related to
the augmentation of glucose consumption. Presumably,
PTH- and PGE,-stimulated lactic acid production by bone
tissues can induce a decrease in bone calcium content, since
the stimulatory mechanism of PTH on bone resorption is
related to the extracellular release of acid by bone cells
(osteoclasts) [24]. Genistein completely blocked the PTH-
or PGE,-induced increase in both glucose consumption and
lactic acid production by bone tissues. These findings
suggest that the inhibitory effect of genistein on bone
resorption is partly related to the prevention of lactic acid
production by bone tissues.

The presence of estrogen (17B-estradiol) caused a com-
plete inhibition of the PTH-decreased bone calcium con-
tent and PTH-increased bone glucose consumption. The
effect of estrogen was not further enhanced by genistein.
Meanwhile, the inhibitory effect of genistein on the PTH-
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TABLE 2. Effect of genistein on PTH-induced alterations of
bone calcium content and bone glucose consumption in the
presence of okadaic acid in vitro

Glucose
Calcium consumed
Treatment (mg/g dry bone)  (mg/g dry bone)
None
Control 178.1 £ 3.3 434 + 3.5
PTH (1077 M) 140.9 + 4.6* 73.9 + 4.3%
Genistein (107° M)
Control 209.3 = 5.9* 39.2+3.0
PTH (1077 M) 196.2 = 8.3* 37.8 £43
Genistein (107° M) +
okadaic acid (1077
M)
Control 221.5+ 6.3 38.1 £ 3.7
PTH (1077 M) 217.2 + 4.4* 31.6 £ 4.9
Okadaic acid (107° M)
Control 1753 £ 45 40.2 £ 4.0
PTH (1077 M) 217.6 + 8.7* 36.7 + 2.4%

Feroral-metaphyseal tissues were cultured for 48 hr in a2 medium containing erther
vehicle, PTH {1077 M), genistein (107> M}, or PTH plus genistein in the absence
or presence of okadatc acid (107° M). Each value is the mean + SEM of five bone
tissues from separate animals.

* P < 0.01, compared with the control (none) value.

stimulated bone resorption was clearly blocked by the
presence of tamoxifen, an anti-estrogen [25, 26]. These
results suggest that the effect of genistein to inhibit bone
resorption is mediated through an estrogen-like action. At
present, it is unknown whether genistein can bind to the
estrogen receptors in bone cells (osteoblasts). This remains
to be elucidated.

Okadaic acid is an inhibitor of protein phosphatase [27].
The presence of okadaic acid significantly inhibited the
PTH-stimulated bone resorption, although this chemical
alone had no effect on bone calcium content and bone
glucose consumption in the absence of PTH. This finding
suggests that the stimulatory effect of PTH on bone
resorption is partly involved in protein phosphatase. Mean-
while, the inhibitory effect of genistein on PTH-stimulated
bone resorption was not further enhanced by okadaic acid.
Genistein has been shown to have a strong inhibitory effect
on protein tyrosine kinase [7, 8). There may be a possibility
that the inhibitory effect of genistein on bone resorption is
mediated in part through the inhibition of protein tyrosine
kinase.

Osteoclasts, bone-resorbing cells, are formed from bone
marrow cells [28]. It is unknown whether genistein inhibits
osteoclastic cell formation or whether the isoflavonoid has
a direct inhibitory effect on mature osteoclasts. The cellular
mechanisms by which genistein inhibits bone resorption
remain to be elucidated.

Genistein had a stimulatory effect on bone formation
and mineralization in tissue culture in vitro [10]. Also, the
isoflavonoid could inhibit bone resorption in tissue culture.
These effects were seen in the femoral-metaphyseal tissues
obtained from elderly female rats in wvitro. Presumably,
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genistein is a useful tool in the prevention of and therapy
for osteoporosis.
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