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Diabetes Modulates Differentially Creatine
Kinase-Specific Activity Responsiveness to
Estradiol-17f and to Raloxifene in Rat Organs
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Abstract Diabetes mellitus increases the risk for CVD in women. While there is considerable evidence suggesting
beneficial effects of estrogen on decreasing lipid peroxidation, atherosclerotic processes, and cardiovascular diseases,
diabetes negates most estrogen protective effects as well as the skeletal protective effects of estrogens, which are not
discernable in diabetic women. In the present study, we examined the in vivo effects of estradiol-17 (E,), on creatine
kinase (CK)-specific activity, in estrogen-responsive organs from healthy and diabetic rats. Healthy or diabetic
(streptozotocin-induced) female rats were injected with either E; (10-50 pg/rat) or raloxifene (Ral; 500—-1,000 pg/rat).
Twenty-four hours following the injection, animals were sacrificed; their organs removed and assayed for CK-specific
activity. CK-specific activity in different organs [Left ventricle of heart (Lv), uterus (Ut), aorta (Ao), para uterine adipose
tissue (Ad), epiphyseal cartilage (Ep), and diaphyseal bone (Di)] from healthy animals, was stimulated with increased doses
of E», with maximum at 20 pg/rat. Age-matched diabetic female rats exhibited a remarkable decreased response to E, in all
organs except Ut. In contrast, the response to Ral was not altered in diabetic rats. Similar results were observed in organs
from ovariectomized female rats (Ovx), healthy or diabetic. These results support our previous in vitro findings,
demonstrating that hyperglycemia decreases CK response to E, but notto Ral in cultured human vascular and bone cells. In
summary, diabetes mellitus decreases CK response to E, but not that of Ral in skeletal and vascular tissues. The decreased
response to E, detected in organs derived from diabetic rats might be due to changes in nuclear and/or membrane estrogen
receptors and/or other genomic and non-genomic pathways, as was shown in in vitro cellular models. J. Cell. Biochem.
99:133-139, 2006. © 2006 Wiley-Liss, Inc.
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Cardiovascular diseases (CVD) are the leading
cause of mortality in post-menopausal women,
which isincreased by loss of female sex hormones
after menopause [Nabulsi et al., 1993]. Although
CVD is less common in pre-menopausal women,
diabetes mellitus greatly increases the risk for it
in these women. Moreover, estrogen replace-
ment therapy (ERT), which reduces the inci-
dence of CVD in post-menopausal healthy
women [Nabulsi et al., 1993; Koh et al., 1997],
is ineffective in post-menopausal diabetic
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women [Koh et al., 1997; Node et al., 1997].
Gender-related protection from atherosclerosis
in pre-menopausal women is apparently attri-
butable to estradiol’s multiple favorable interac-
tions with the arterial wall, lipid metabolism,
and fibrinolytic system [Kannel and McGee,
1979; Williams et al., 1997]. Several studies have
indicated that a pre-menopausal status does not
confer cardiovascular [Kaseta et al., 1999] or
bone protection [He et al., 2004] in diabetic
women. Moreover, recent evidence suggests that
hormone replacement therapy induces less
endothelial-dependent vasodilatation in the
microcirculation in diabetic women compared
with healthy post-menopausal female patients
[Yamauchi et al., 1990; Kaseta et al., 1999].
Estrogen deficiency also causes post-meno-
pausal osteoporosis [Cosman and Lindsay,
1999; Manolagas et al., 2002], which affects
every third woman above the age of 65.
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Osteoporosis is characterized by a reduction in
bone density and bone strength, to the extent
that fractures occur after minimal trauma. At
menopause, an accelerated loss of bone mass
(3%l/year) takes place during the first 5 years,
along with changes in bone structure. It has
been suggested that, estrogen stimulates osteo-
blastic proliferation and activity, decreases the
number of osteoclasts, slows the rate of bone
remodeling, and thus protects against bone loss.
The skeletal protective effects of E, are not
discernable in diabetic women in whom osteo-
porosis evolves and progresses during the
reproductive years at a rate comparable to that
seen in post-menopausal women [He et al.,
2004].

The effect of estrogen on a tissue is initiated
by its binding to estrogen receptors (ERs) in the
responsive cell. Two ERs have been identified,
ERa and ERB, which differ in their structure
and tissue distribution [Enmark and Gustafs-
son, 1999] and their biological effect [Manolagas
et al., 2002]. The two key factors that control
tissue selectivity for estrogen are the nature of
its receptor(s) and its interaction with co-
regulators [Shao et al., 2004; Talukder et al.,
2004].

We have previously studied the effects of
estrogens in a rat model [Somjen et al., 2000,
2001b], using the increase in the specific
activity of creatine kinase (CK) as a response
marker. The brain type (BB) isozyme of CK, part
of the “energy buffer” system which regulates
the cellular concentration of ATP and ADP, is
the major component of the “E,-induced pro-
tein” of rat uterus [Reiss and Kaye, 1981] and
other tissues containing ERs [Malnick et al.,
1983].

We have reported that E; exerts a stimulatory
effect on CK-specific activity in rat aorta,
representing both endothelial and smooth mus-
cle cells, and left ventricle of the heart repre-
senting smooth muscle cells, via specific
receptors, parallel to the effects in human
vascular cells in culture [Somjen et al., 1998,
2001a]. This effect of E; may favorably affect
vascular response to injury, in that it is
consistent with better capacity for re-endothe-
lialization along with attenuation of post-injury
myointimal proliferation. CK stimulation is an
efficient response marker to detect the activity
of E, also in vascular cells [Somjen et al., 1998,
2001a] and in bone cells [Fournier et al., 1996]
which contain low concentrations of ERs

[Eriksen et al., 1988; Komm et al., 1988]; nota-
bly, the stimulation of CK in cultured bone cells,
correlates with increased DNA synthesis in
bone, requires the higher end of the physiologi-
cal range of estrogen concentrations [Somjen
et al., 1989]. We have established a primary
human bone-derived osteoblast-like cell culture
system, exhibiting major osteoblastic charac-
teristics, and responded to gonadal steroids sex
specifically [Katzburg et al., 1999, 2001]. We
used the stimulation of CK as a response
marker for osteoblast-like cells containing ERs
[Katzburg et al., 1999; Somjen et al., 2000].

We also found that the presumably favorable
effects of E5 on CK activity, for both osteoblasts
[Somjen et al.,, 2005a] and vascular -cells
[Somjen et al., 2004] are not operative under
hyperglycemia. Human bone and vascular cells
have both specific nuclear and membranal
binding sites for estrogenic compounds, which
are modulated by hyperglycemia leading to
altered hormonal responsiveness. Thus, high
glucose blocks important effects of E,, which are
likely contributors to bone preserving proper-
ties and the beneficial effects on the vascular
system.

Raloxifene (Ral), which exhibits estrogen-
mimetic effects on bone and vascular cells
[Fournier et al., 1996; Somjen et al., 2001a],
was not affected by hyperglycemia, as we
previously found for human vascular and bone
cells [Somjen et al., 2004, 2005a]. Moreover,
there is evidence on Ral favorable effects on
lipoproteins in diabetic women. Thus, the use of
Ral may circumvent the loss of estrogen respon-
siveness induced by hyperglycemia in diabetic
women.

In the present study we examined the
possibility that the favorable effects of E; on
bone and vascular tissues compared to other
responsive tissues which contain ERs, are not
operative in diabetic immature or ovariecto-
mized female rats. We tested the hypothesis
that chronic hyperglycemia attenuates the
stimulatory effects of Eg in comparison to Ral
on CK activity in female-derived skeletal and
vascular tissues as well as other responsive
tissues.

MATERIALS AND METHODS
Reagents

All reagents used were of analytical grade.
Chemicals, 17B-estradiol (E,), and the CK assay
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kit were purchased from Sigma Chemicals Co.
(St. Louis, MO). Ral was the gift of Dr. B.
Fournier (Ciba-Geigy, Basel, Switzerland).

Animals and Induction of Diabetes

Sprague Dawley female rats at the age of
5 weeks, weighing 120 g, were injected sub-
cutaneously with a single dose of Streptozotocin
(STZ; 60 mg/Kg BW in 0.05 M citrate buffer, pH
5.7). Additional group of animals were injected
with the vehicle (0.05 M citrate buffer, pH 5.7),
and served as healthy controls. The animals
were kept for 8 weeks in cages with 12 h cycles of
light and dark, Purina chow and tap water
supplemented ad libidum. Rats were used either
as intact or 2 weeks post ovariectomy (OVX).

Hormonal Treatment

E; was injected at 10—50 pg/immature female
rats and 20 pg/OVX female rats, and 500 pg or
1,000 pg Ral for the above groups of animals
respectively, for 24 h, followed by harvesting the
different organs indicated for CK assay.

Creatine Kinase Activity Assay

Organs were homogenized in cold isotonic
extraction buffer [Somjen et al., 2000]. Super-
natant extracts were obtained by centrifugation
at 14,000g for 5 min at 4°C in an Eppendorf
micro centrifuge. CK activity was assayed in a
Kontron Model 922 Uvicon Spectrophotometer
at 340 nm using a Sigma coupled assay kit
(procedure 47-UV).

Statistical Significance

The significance of differences between
experimental and control values was evaluated
using a non-paired, two-tailed Student’s ¢-test
in which n = number of donors.

RESULTS

Modulation of CK-Specific Activity in Intact and
OVX Healthy and Diabetic Female rat Organs

STZ treatment of intact female rats modu-
lates constitutive CK-specific activity in differ-
ent organs (Fig. 1). Aorta (Ao), uterus (Ut), and
pituitary (Pi), are not affected (—13+13%,
—9+20%, and —27 + 14%, respectively) while
it is increased in left ventricle (Lv), epiphysis
(Ep), diaphysis (Di), and adipose tissue (Ad):
42+ 19%, 46 +21%, 42+ 16%, and 60+ 25%
P <0.05, respectively. In OVX, similar results
were obtained: Ao, Ut, and Pi are not affected
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Fig. 1. Constitutive levels of CK-specific activity in different
organs from STZ-treated non-OVX (intact) (lower panel) and Ovx
(upper panel) female rats. Rats were treated and assayed for CK
activity as described in Materials and Methods. Results are
mean+SEM for n=5-15 rats/group. Experimental means
compared to control means: *P<0.05 and **P<0.01. Basal
activity in organs from intact rats are: in Ep, epiphysis: 0.73 +
0.06 pmol/min/mg protein; Di, diaphysis: 0.84 4+ 0.13 pmol/min/
mg protein; Ao, aorta: 0.22 + 0.03 pmol/min/mg protein; Lv, left
ventricle: 1.06+0.16 pmol/min/mg protein; Ut, uterus:
0.72+0.09; Pi, pituitary: 1.1240.17 pmol/min/mg protein;
Ad, para uterine adipose tissue: 0.32+0.07 pmol/min/mg
protein. Enzyme activity levels in organs from Ovx rats are:
in Ep: 0.7140.15, Di: 0.3340.05, Ao: 0.29+40.04, Lv:
0.78+0.18, Ut: 0.51+0.05, Pi: 0.47 4+ 0.02, and Ad: 0.22 +
0.05 pmol/min/mg protein.

(20 £10%, 10 + 8%, and 18 + 15%, respectively)
whereas an increase in Lv, Ep, Di, and Ad
(90 £ 5%, 80+20%, 35+20%, and 90 + 20%,
respectively) was found.

Dose-Dependent Stimulation of CK-Specific
Activity in Intact and Diabetic Non-OVX (intact)
Female Rat Organs by Estradiol-178

Non-OVX (intact) female rats either intact or
STZ-injected, treated with Eo 10—50 pg/rat for
24 h, showed a significant increase in CK
activity in organs from intact rats (Fig. 2) to
different extent. In all organs, except the
uterus, diabetes abolished or significantly
decreased CK-specific activity in response to
E; (Fig. 2).

The Effect of Estradiol —/+ B or Raloxifene on
CK-Specific Activity in Non-OVX (intact)
Healthy and Diabetic Female Rat Organs

Non-OVX (intact) female rats either intact or
STZ injected, treated with 500 pg/rat of Ral for
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Fig. 2. Dose-dependent stimulation of CK-specific activity by E; in Ep and Di (a), Ao and Lv (b), Utand Ad
(c) and in skeletal muscle (Mu) (d) from non-OVX (intact) female rats, either intact or STZ-injected animals.
Rats were treated and assayed for CK activity as described in Materials and Methods. Results are mean + SEM
for n=5-10 rats/group for the different treatments. Experimental means compared to control means:

*P<0.05; **P<0.01.

24 h, showed a significant increase in CK
activity in organs from intact rats except Ut
and Ad (Figs. 3 and 5) to different extent. In all
responsive organs, except Ut and Ad, the
response to Ral was not abolished by diabetes
(Figs. 3 and 5).

The Effect of Estradiol-17@ or Raloxifene on
CK-Specific Activity in Ovariectomized
Healthy and Diabetic Female Rat Organs

Ovariectomized female rats (Ovx) either in-
tact or STZ-injected, treated with E5 for 24 h,
showed a significant increase in CK activity in
different organs from intact rats (Figs. 4 and 5)
to different extent. In all organs, diabetes
produced abolishment or significant decrease
of CK-specific activity in response to E, (Figs. 4
and 5). The decrease in the response of the
uterus to E; is significantly much smaller
compared with other organs. However, diabetes
did not abolish the response to Ral in all
responsive organs, except Ut and Ad (Figs. 4
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Fig. 3. Stimulation of CK activity by E, or RAL in Ao and Lv
(upper panel), Ep and Di (middle panel), and Ut and Pi (lower
panel) from non-OVX (intact) female rats, either intact or STZ-
injected animals. Rats were treated with E; or Ral and assayed for
CK activity as described in Materials and Methods. Results are
mean = SEM for n = 5-10 rats/group for the different treatments.
Experimental means compared to control means: *P < 0.05;
**P<0.01.
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Fig. 4. Stimulation of CK activity by E, or Ral in Ao and Lv
(upper panel) Ep and Di (middle panel), and Ut and Pi (lower
panel) from OVX female rats, either intact or STZ-injected
animals. Rats were treated and assayed for CK activity as
described in Materials and Methods. Results are mean 4 SEM for
n=>5-10 rats/group for the different treatments. Experimental
means compared to control means: *P < 0.05; **P < 0.01.

and 5), which did not respond to Ral in both
intact and diabetic stage.

DISCUSSION

We demonstrated in the present study that
chronic exposure of rat organs to high glucose
concentrations induced by diabetes, augmented
the levels of CK-specific activity in Ep, Di, Lv,
and Ad but not in Ut, Ao, and Pi from both intact
and Ovx animals. This is in accord with earlier
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Fig. 5. Stimulation of CK activity by E; or Ral in Ad from non-
OVX (intact) (upper panel) and Ovx (lower panel) female rats,
either intact or STZ-injected animals. Rats were treated and
assayed for CK activity as described in Materials and Methods.
Results are mean + SEM for n = 5-10 rats/group for the different
treatments. Experimental means compared to control means:
*P<0.05; **P<0.01.

reports, that short-term incubation in a high
glucose medium increases porcine, rabbit, and
human vascular smooth muscle cells (VSMC)
replication [Natarajan et al., 1992; Orchard
et al.,, 1999; Aveno et al., 2000]. Moreover,
diabetic status substantially modified the
effects of estradiol-17p on all rat organs tested
except Ut, which was affected to a lower extent.
In contrast, high glucose did not block the
effects of Ral in the different organs studied.

Previously, we showed that hyperglycemia
modulates the effects of estrogen but not Ral on
DNA synthesis and on CK activity in human
VSMC and ECV 304 cells [Somjen et al., 2004].
These effects on human vascular cells’ response
to estrogens are probably modulated via non-
classical membranal estrogen binding sites and
not by nuclear receptors [Somjen et al., 2004,
2005a].

In order to understand the mechanism of the
changes induced by hyperglycemia, we showed
that the abolition of estrogenic stimulation by
hyperglycemia occurs also in our non-trans-
formed human-derived primary osteoblasts,
was accompanied in contrast, by increases
in mRNA levels of ERa and to a lesser extent
in ERp in female cells at different ages [Somjen
et al.,, 2005a]. We also demonstrated total
cellular (mainly nuclear) and membranal estro-
gen binding to the different cells. While in
normal human osteoblasts, estrogens were
bound to both nuclear and membranal sites;
Ral was bound only to nuclear binding sites.
This parallels other findings [Aveno et al., 2000;
Somjen et al., 2004, 2005b] using human
vascular smooth muscle cells, where Ral showed
no binding to membranal sites and did not
prevent estrogen-mediated inhibition of cell
proliferation. Attempt to correlate ERs mRNAs
with the changes in nuclear and/or membrane
binding failed also in these vascular cells
[Somjen et al., 2004, 2004a, 2005b].

We also demonstrated changes in ERs mRNA
expression by real time PCR, while ERa and
ERpP mRNA were found in female-derived bone
cells, hyperglycemia increased ERa and ERP
expression in female-derived cells [Somjen
et al., 2005a]. The modulation of ERs is a recent
addition to the spectrum of changes induced by
hyperglycemia [Somjen et al., 2004, 2004a,
2005a], which stimulates the differentiation of
osteoblasts and osteoclasts and stimulates
osteoblasts to produce osteocalcin and alkaline
phosphatase.
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Bone growth is disturbed in diabetes [Good-
man and Hori, 1984; He et al., 2004] and is also
not enhanced to the same extent compared with
healthy women, by hormone replacement ther-
apy [Orchard et al., 1999]. This might be the
result of lower hip BMD in young women due to
their type one diabetes [Liu et al., 2003].

ERT, which reduces the incidence of CVD in
post-menopausal healthy women [Nabulsi
et al., 1993; Koh et al., 1997], is also ineffective
in post-menopausal diabetic women [Koh et al.,
1997; Node et al., 1997]. The use of Ral might
provide an alternative solution for HRT in
diabetic women. Further studies in this direc-
tion in animal models have to be conducted.
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