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Abstract

Because diabetic women appear not to be protected by estrogen in terms of propensity to cardiovascular disease, we tested the possibility
that chronic hyperglycemia modulates the effects poR vascular cell growth in vitro. Human endothelial cells (E304) and vascular
smooth muscle cells (VSMC) were grown in normal glucose (5.5 mmol/l), high glucose (22 mmol/l) or high manitol (22 nmol/l; an osmotic
control) for 7 days. In endothelial cells glucose per se stimulated DNA synthesis. HowebuEnot RAL-) stimulatedyH] thymidine
incorporation was attenuated in the presence of high glucose. In paralégdendent MAP-kinase-kinase activity was blocked in the
presence of high glucose. High glucose increased basal creatine kinase (CK) specific activiiystmtlated CK was not significantly
impaired in the presence of high glucose. In VSMC, high glucose prevented the inhibitory effect of h{ghtEot of high RAL)
concentrations on DNA synthesis. High glucose also prevengeddticed MAP-kinase-kinase activity. In contrast, while high glucose
augmented basal CK, the relative Bduced changes were roughly equal in normal and high high glucose media. Hence, high glucose blocks
several effects of Eon vascular cell growth, which are mediated, in part, via the MAP-kinase system and are likely contributgss to E
anti-atherosclerotic properties. Since RAL’s estrogen-mimetic effects on human vascular cell growth were independent of MAP-kinase
activation and were not affected by hyperglycemia, the potential use of RAL to circumvent the loss of estrogen function induced by
hyperglycemia and diabetes in the human vasculature should be further explored.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction activates thg32 ands isoforms of VSMC protein kinase C
[11,12], p38 mitogen-activated protein (MAP)-kinase and
Gender-related protection from atherosclerosis in pre- extracellular signal regulated kinases (ERK) 112,13}
menopausal women is apparently attributable to estradiol’'sincreases endothelin secretigb4] and enhances the ex-
multiple favorable interactions with the arterial wall, lipid pression of intracellular adhesion molecule-1 in endothelial
metabolism and fibrinolytic systerfil—4]. Several stud-  cells [15]. The possibility that high glucose levels inter-
ies have indicated that a premenopausal status does notere with estradiol's effects in human vascular cells has
confer cardiovascular protection in diabetic woni&n8]. not been directly tested. Nevertheless, recent evidence
Whether this apparent loss of estradiol-dependent functionssuggests that hormone replacement therapy induces less
results from the effects of glucose per se or some other endothelial-dependent vasodilatation in the microcirculation
diabetes-associated factors such as dyslipidemia, hyperfibin diabetic women compared with normal postmenopausal
rinogenemia or hypertension is presently unknown. There female patient$16].
is, however, a growing body of evidence that glucose can In a series of previous reports we have shown that human
directly affect vascular smooth muscle cells (VSMC) and umbilical artery smooth muscle cells, the cell type, which is
endothelial cells both in vitro and in vivo. For example, high the subject of the present report as well, express, dethd

extracellular glucose increases VSMC proliferat[&il0], B estradiol receptors as detected by immunohistology and
by western blot analysid 7,18] We observed that estradiol

* Corresponding author. Tek972-3-6973732; fax:-972-3-6974578. exerts a biphasic effect on human VSMC growth, such that
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(in the range observed in premenopausal women) inhibit 2.3. Creatine kinase extraction and assay
VSMC proliferation [17,18] Additionally estradiol stim-
ulated DNA synthesis in an endothelial cell line (E304) To compare the effect of Fon growth to the more classi-
derived from the human umbilical vein in a dose-related cal effects of iz, we measured creatine kinase brain type spe-
fashion[17,18] This dual effect of estradiol may favorably cific activity, an established genomic response markerof E
affect vascular response to injury in that it is consistent with  Cells were treated for 4 h with the various hormones and
better capacity for reendothelialization along with attenua- agents as specified, and were then scraped off the culture
tion of post-injury myointimal proliferation. In the present dishes and homogenized by freezing and thawing three times
study we examined the possibility that these presumably fa-in an extraction buffer as previously descriljéd, 18] Su-
vorable effects of estradiol on cell growth are not operative pernatant extracts were obtained by centrifugation of ho-
in the presence of a high glucose concentration. To gain fur- mogenates at 14,000 g for 5min at 4°C in an Eppendorf
ther insight into this question, we compared the effects,of E microcentrifuge. Creatine kinase activity (CK) was assayed
in hyperglycemic conditions on growth in vascular cellsto a by a coupled spectrophotometric assay described previously
better understood and well established classical genomic ef{17,18] Protein was determined by Coomasie blue dye bind-
fect of B, i.e., stimulation of creatine kinase (CK) specific ing using bovine serum albumin (BSA) as the standard.
activity.

2.4. Reagents and solutions

2. Materials and methods All reagents used were of analytical grade: chemicals,
steroids, activated monophosphorylated threonine ERK-1/2,

2.1. Cdl cultures anti-MAP-kinase antibody (clone # ERK-PT115) and
goat anti-rabbit peroxidase were purchased from Sigma

2.1.1. Umbilical artery smooth muscle cells (VSMC) (St. Louis, MI). General anti-MAP-kinase rabbit antibody

Human umbilical artery VSMC was prepared as previ- [ERK-2 (c-14), sc-154] was purchased from Santa-Cruz
ously described with minor modificationd7,18] Cells Biotechnology (Santa-Cruz, CA). Enhancement solu-
were used only at passages 1-3 when expression of smoothion was purchased from Wallac (Turku, Finland). The
muscle actin was clearly demonstrable. To obtain “high europium-chelating agent was a generous gift from I. Hem-
glucose” conditions, the medium including the FCS, was milla (Wallac, Tkurku, Finland). TMB substrate kit for
supplemented with glucose up to a final concentration of peroxidase and horse anti-mouse peroxidase were from
22mmol/l (4.59/l). Glucose concentration in the regular Vector Lab. (Burlingame, CA). The MAP-kinase inhibitor
medium was 5.5mmol/l (1g/l). Cells were grown to sub UO126 was purchased from Alexis Corporation (Lausen,
confluence (4-7 days) at the different glucose concentra- Switzerland).

tions in the same medium containing FCS. Assay buffer and wash solution for the DELFIA assay
_ were prepared as previously descrilpgd]. The coating so-
2.1.2. Endothelial cells (E304) lution for the DELFIA assay was phosphate buffered saline

E304 cells, an endothelial cell line derived from a hu- (PBS), pH 7.4. Two buffers were used for Western im-

man umbilical vein, were purchased from American Type munoblotting: TBS (20 mM Tris, pH 7.6, and 137 mM NacCl)
Culture Collection, Manassas, VA, USA (ATCC) and grown and T-TBS: (TBS containing 0.05% Tween-20).

in medium 199 containing 10% FCS, glutamine and antibi-

otics. To obtain “high glucose” conditions, the medium in- 2.5, Europium labeled reagents

cluding the FCS, was supplemented with glucose up to a

final concentration of 22 mmol/l (4.5g/l). Glucose concen-  Activated anti-MAP-kinase antibody (0.2mg IgG in

tration in the regular medium was 5.6 mmol/l (1g/l). Cells 0.9ml PBS) was dialyzed against 50 mmol/l carbon-

were grown to sub confluence (4-7 days) at the different ate/bicarbonate buffer for 2h. Europium labeling reagent

glucose concentrations in the same medium containing FCS.(300 nmole in 10Qul of water) was then added. The reaction
mixture was incubated overnight at@ and the labeled

2.2. Assessment of DNA synthesis protein was purified by gel filtration on Sephadex G-25M.
The europium labeled antibody was eluted with 50 mmol/|

Cells were grown until subconfluence and then treated Tris—HCI buffer (pH 7.5) and stored at’€ until use.

with various hormones or agents as indicated. Twenty-two

hours later, $H] thymidine was added for 2h. Cells were 2.6. Preparation of cell extracts for MAP-kinase

then treated with 10% ice-cold trichloroacetic acid (TCA)

for 5min and washed twice with 5% TCA and then with Each treatment was performed in quadruplet. Cells were

cold ethanol. The cellular layer was dissolved in 0.3ml of grown until sub confluence and then tested with the differ-

0.3N NaOH, samples were aspirated adH][thymidine ent hormones as indicated. Effects on MAP-kinase were

incorporation into DNA was determindd7,18]. tested in cells, 5 days after the medium has been changed,
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at a time in which replacement with fresh medium would TBS containing 1% horse serum and 1% BSA) or TBS
have taken place. Following 15 min exposure to the var- alone. Membranes were subsequently washed three times
ious hormones, cells were washed twice with calcium- in T-TBS and incubated with secondary antibodies for 2 h
and magnesium-free cold phosphate buffered saline (PBS).(horse anti-mouse peroxidase at 1:10,000 dilution) in T-TBS
Subsequently, 0.3ml of lysis buffer was added to each containing 1% horse serum and 1% BSA for membranes
plate. Lysis buffer consisted of 20 mM Hepes, pH 7.5, con- probed with the activated anti-MAP-kinase antibody or the
taining 150 mM NaCl, 1% Triton-X 100, 10% glycerol, goat anti-rabbit peroxidase at 1: 10,000 dilution in T-TBS
1 mM EDTA, 1 mM EGTA, 10 mM NaF, 10 mMs-glycerol containing 1% goat serum or 1% BSA for membranes
phosphate, 2mM phenylmethylsulfonyl fluoride and pro- probed with the general anti-MAP-kinase antibody. Mem-
tease inhibitors (1 mM benzamidine, 2nM sodium vana- branes were washed 3 times with T-TBS and processed for
date, leupeptin 1Qg/ml, Aprotinin 10png/ml and pepstatin ~ staining with the 3,35,5,-tetramethyl-benzoidine (TMB)
(10pg/ml). The plates were gently agitated atGl for substrate for peroxidase. Signals were then quantified by
10 min. The cells were then scraped from each plate, anddensitometry using the Quantify 1 program of Bio-Rad.
transferred to Eppendorf tubes. After centrifugation of the

tubes at 4C for 10min at 14,000< g, the supernatants 2.9. Statistical analysis

(lysates) containing total cell extracts were removed. The

cell lysate corresponding to each treatment was combined The significance of differences between the mean values
and divided into three aliquots. One aliquot was used for obtained from experimental and controls were evaluated by
protein determination with Coomassie blue using BSA as two ways analysis of variance (ANOVA).

the standard. Another aliquot of the cell lysate was used for

Western immunoblotting while the third aliqguot was used

for a two-site MAP-kinase assay. 3. Results

2.7. Two-site MAP-kinase assay 3.1. Effect of high glucose on the interaction between
estradiol and E304 cells

Microtiter strips (Labsysterms, Oy, Helsinki, Fin-
land) were coated over 70h at°@ with the general As shown inFig. 1 (lower panels), high glucose modi-
anti-MAP-kinase antibody (2/ag/ml PBS, pH 7.4, 200l fied the effect of iz on both DNA synthesis and CK ac-
per well). The antibody solution from each well was then tivity in E304 cells. High glucose per se increaséd][
decanted, and the microtiter strips were blocked withi200 thymidine incorporation into endothelial cells by 65%
per well blocking buffer (PBS containing 2% BSA) for (*P < 0.05). However, the growth response to estradiol was
2h at room temperature. The micro titer strips were then markedly attenuated such that even at the highest concentra-
washed twice with buffer after which the cell lysates were tions the relative increment induced by &as less than half
then transferred (100! per well) in triplicate to the micro  of that seen under normal glucose conditions [40% versus
titer wells. Assay buffer (10Ql) was then added to each 98% (* P < 0.01), respectively]. High glucose also increased
well and the strips were incubated overnight &C4and basal CK activity by~50% (" P < 0.01) (Fig. 1). However,
washed three times. Subsequently, Europium labeled, acti-Ex-stimulated CK activity was not significantly impaired in
vated anti-MAP-kinase antibody (192 ng per well in 200  the presence of high glucose, and indeed CK activity at-
of assay buffer) was added, and the strips were incubatedtained under these conditions was similar to the response to
under shaking conditions for two hours at room tempera- 3—300 mM of & under normal glucose concentrations.
ture. The strips were then washed four times and processed To determine whether these effects of high glucose are
for time-resolved fluorescence as described previdd$ly restricted to estradiol, the proliferation and CK responses to
This assay actually determines the net change due to thd GF-1 and PDGF were also assessed as both growth factors
combined effects on both kinase and phosphatase activitieswere previously shown by us to stimulate cell growth in
E304 and human umbilical VSM[7]. High glucose had no

2.8. Western blot analysis effect on IGF-1-or PDGF-induced CK activity but slightly
increased PDGF induced DNA synthesis, without affecting
For Western blot immunoblotting equal amounts 3f) IGF-1 stimulated cell proliferation in E304 cell$gble J).

of cell extracts and molecular weight markers were sub-

jected to SDS-PAGE as previously descritjgfl]. Proteins ~ 3.2. Effect of high glucose on the interaction between

were transferred to nitrocellulose membranes and stainedestradiol and VSMC

with Ponceau Red to verify equal protein loading and

transfer. After blocking with TBS containing 2% BSA for Under normal glucose conditions Blone had a bipha-
2h, membranes were incubated overnight with the gen- sic affect on $H] thymidine incorporation by VSMC such
eral anti-MAP-kinase (1g/ml T-TBS containing 1% goat that low concentrations stimulated, whereas high concentra-
serum) or the activated anti-MAP-kinase antibody (1 g/ml tions of B inhibited DNA synthesisKig. 1, upper panels).
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Fig. 1. The effect of estradiol 7 (0.03—300nM) in the presence or
absence of high glucose AfH] thymidine incorporation in VSMC (A),
E304 cells (C), and on creatine kinase specific activity in VSMC (B) and
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Table 1
Effect of high glucose on the interaction of growth factors with cell
proliferation and CK specific activity in human vascular cells

3[H] thymidine incorporation into DNA (% change)

E304 VSMC

Low glucose High glucose Low glucose High glucose
C 0+ 13 0+ 19 0+ 17 0+ 14
IGF1 100+ 20 110+ 15* 340 + 25 248 + 30+*#
PDGF 148+ 10** 186 + 15*# 2754+ 30 227 £ 20"+
Creatine kinase specific activity (% change)
C 0+ 15 0+9 0+ 3 0+ 19
IGF1 68+ 12* 88 + 15 68 + 8* 61 £+ 23"
PDGF 155+ 12 133+ 35 58 + 8* 110 + 20"##

Effects of IGF1 (5ng/ml) and PDGF (50 ng/ml) in the presence or absence
of high glucose orf[H] thymidine incorporation and on creatine kinase
specific activity in VSMC and in E304 cells. Results are mez®&.M. of
eight incubates from two experiments and are expressed as percent change
of 3[H] thymidine incorporation or enzyme activity in hormone-treated
and control cells.

* P < 0.05.

** P < 0.01.

*** P < 0.001 for the comparison with control values at either low or
high glucose.

#p<0.05.

# p < 0.01 for the comparison of values of stimulation at low and
high glucose. High glucose stimulated DNA in VSMC by #34% and
in E304 by 64+ 9% and CK in VSMC by 375 19% and by 38t 9%
in E304. The statistical analysis was done by ANOVA.

IGF-1—but not PDGF—inducedIH] thymidine incorpo-

E304 cells (D). Cells were prepared, grown and hormonally treated as ration was reduced under high glucose conditidrab(e J).

described in the experimental section. Results are me8isM. of 4-12

However high glucose markedly enhanced the CK response

incubates from 2 to 4 experiments and are expressed as the ratio betweeRg PDGF.

3[H] thymidine incorporation or as the ratio between enzyme activity
in hormone-treated and control (without hormone) cefl® < 0.05;
**P < 0.01; **P < 0.001 for the comparison with control values at low
glucose; and P < 0.05 and” P < 0.01 for the comparison with control
values at high glucosé&,P < 0.05 for the comparison between the effect
of E; with and without glucose. The statistical analysis was done by
ANOVA. The basal levels of creatine kinase specific activity in VSMC and
in E304 cells were ®50+0.001 and 0116+ 0.017mol/min/mg protein
respectively. The basal levels 8fH] thymidine incorporation into DNA

in VSMC and in E304 cells were 72601080 and 94106 12233 dpm
per well, respectively.

Further, in a high glucose medium a low concentration of
E> elicited a similar increment in DNA synthesis as in nor-
mal glucose medium. In contrast, the suppressiorcHi [
thymidine uptake induced by high concentrations efile

3.3. Effect of E; on MAP-kinase expression and
MAP-kinase-kinase activity in VGMIC and E304 cellsin
normal and high glucose media

In both VSMC and E304 cell, £ (0.3 and 30 or
30 nmol/l, respectively) increased the expression of P 42/44
MAP-kinase (ERK1/2) as detected by Western immunoblot-
ting (Fig. 2A-C). The two-site MAP-kinase assay, which
guantifies total phosphorylated MAP-kinase, revealed an
Ex-induced dose-dependent increase in MAP-kinase-kinase
activity in both cell typesKig. 3). In VSMC, high glucose
concentration reduced baseline ERK1/2 and attenuated the
stimulatory effect of & on ERK1/2 expressionFg. 2A

the presence of normal glucose was not observed under highand Q. Furthermore, under high glucose, thgedependent

glucose conditionsHig. 1).
E, induced a dose-dependent increase in VSMC CK

activity. This response was clearly augmented in the pres-

ence of high glucose [nearly eightfolds versus fourfold

increase in total activated MAP-kinase in VSMC was re-
duced by more than 50% f < 0.05) (Fig. 3). In E304 cells,
high glucose also suppressed basal ERK1/ERK/2 (P42/P44)
expressionKig. 2B and ¢ and reduced the levels attained

increase over basal activity in a normal glucose medium following exposure to E below those seen under normal

(*P < 0.001)]. However the relative £induced changes
were roughly equal in normal and high glucose media (4
versus 3.5 fold increase, respectivelif)d. 1).

glucose conditions. Additionally, the;Elependent increase
in total activated MAP-kinase (MAP-kinase-kinase) in E304
cells was also reduced by high glucoség( 3J).
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Fig. 3. The effect of estradiol 137 (0.03—300nM) in the presence or
absence of high glucose on total activated MAP-kinase in VSMC and
in E304 cells. Results are means of fluorometric assay of extracts from
2 to 3 incubates from 3 experiments and are expressed as the ratio
between hormone-treated and control cells at a low glucose concentration.
*P < 0.05; *P < 0.01 for the comparison with control values at low
glucose;#*P < 0.05 for the comparison with control values at high
glucose; and’P < 0.01 for the comparison between the effect of E
with and without glucose. The statistical analysis was done by ANOVA
as explained in the Materials and Methods section.

3.4. Effect of MAP-kinase-kinase inhibition on
E2-induced DNA synthesis

To further clarify the role of MAP-kinase in the estrogenic
modulation of cell growth, VSMC and E304 were co-treated
with E» (0.3 and 30 nmol/l) and the MAP-kinase-kinase in-
hibitor UO126 (16°® M). E,-stimulated MAP-kinase-kinase
was significantly reduced in the presence of the inhibitor in
both cell types [from 145- 23% to 35+ 12% over basal
activity (p < 0.05) in E304 cells, and from 118 25% to

in the presence or absence of high glucose on p42/p44 MAP-kinase in 54 1204 over basal activityl( < 0.05) in VSMC cells]. The
VSMC (A) and in E304 cells (B). Densitometric analysis of these gels MAP-kinase-kinase inhibitor UO126 reduced both basal and

corrected by the concentration of cell protein applied to the gels is shown
in (C). Results are means of Western blot analysis of gels from two

E,-induced increase in DNA synthesis in E304 cefligy( 4).

incubates from three experiments and are expressed as the ratio betweehn VSMC, UO126 reduced baSéal‘ﬂ] thymidine incorpora-

the various treatments and control cells at a low glucdse< 0.05;
**P < 0.01 for the comparison with control values at low glucose;
#P < 0.05 for the comparison with control values at high glucose; and
ap < 0.05 for the comparison between the effect of Eth and without
glucose. The statistical analysis was done by ANOVA.

tion and attenuated the increase in DNA synthesis elicited by
low E> concentrations. However, MAP-kinase-kinase inhibi-
tion had no significant effect on the relative stimulation (ap-
proximately twofold) of VSMC growth elicited by the low
concentrations of £ (Fig. 4). Finally, MAP-kinase-kinase
inhibition entirely blocked the suppression ¢H] thymi-
dine incorporation in VSMC elicited by a high concentration
of Es.
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- total activated MAP-kinase (MAP-kinase-kinase activity)
100 _ VSMC ? (E:Z(O.BnM) | was not affected by RAL in either cell typ&ify. 68 and g.
R E,(30nM) Finally, although the MAP-kinase-kinase inhibitor UO126
] (10-% M) lowered basal DNA synthesis in VSMC and E304
S0 - . cells, it had no effect on the changes ffH] thymidine

T incorporation induced by RALHKig. 6D and B. Specifi-
cally, the RAL-induced suppression of DNA synthesis in
VSMC as well as the RAL-dependent enhancementidf [
thymidine uptake in E304 cells was preserved in the pres-
| ] ence of UO126. Finally, while UO126 reduced basal and
100 - E304 o . RAL-induced DNA synthesis in E304 cells, neither the net
T change, nor the relative increases $h] thymidine incor-
poration were affected by MAP-kinase activatidfig. 6E).

50 |- .

% change in DNA synthesis
&
o
T

4, Discussion

posure to high glucose concentration substantially modifies
the effects of estradiol on human vascular cell growth. First,
c E, c E, high glucose per se increased DNA synthesis in VSMC. This

control +U0126 observation is in accord with earlier reports that short-term

_ _ _ o ~incubation in a high glucose medium increases porcine,
Fig. 4. The effect of MAP-kinase-kinase inhibitor; UO126 on estradiol

178 (0.3 or 300 nM)-dependerifH] thymidine incorporation in VSMC rabbit and human VSMC r(?plIC{_itIO[IS,Q,ZO] Secondf n- .
and in E304 cells. Results are meanS.E.M. of 4-12 incubates from 2 creased glucose concentration did not affect the proliferative
to 4 experiments and are expressed as the ratio betd{egrthymidine response to a low concentration of estradiol (in the range
incorporation in hormone-treated and control cell8.< 0.05;** P < 0.01 observed in men and postmenopausal women). Third, the
fqr the comparison_ with control value&P < 0.05 for the comparison inhibitory effect exerted by high£concentrations, (such as
with control values in the presence of UO126; diti< 0.05; P < 0.01 found in premenopausal women or under hormone replace-
for the comparison between the effect of ®with and without UO126. .. .
The statistical analysis was done by ANOVA. ment therapy) on DNA synthesis in VSMC in a normal
glucose medium was not discernible under high glucose
) . ) conditions. Fourth, high glucose attenuated the stimulatory
35. I_Effect of high glucose on the interaction between effect of & on DNA synthesis in endothelial cells, whereas
raloxifene and vascular cells it did not moderate IGF1- or PDGF-stimulated endothelial
growth. Thus, high glucose apparently blocks potentially
In the presence of a normal glucose concentration the es-important cell growth related effects by which estrogens may
trogen antagonist raloxifene (RAL) had full estrogen-mimetic confer cardiovascular protection in premenopausal women.
action with respect to DNA synthesis and CK activity |n contrast, high glucose did not block#hduced activa-
(Fig. 5 in VSMC and E304 cells. Nevertheless, RAL dif-  tjon of CK, a classical genomic fesponse markgt.7].
fered significantly from E in VSMC under high glucose Previous studies unveiled several estradiol-inducible
conditions: a high concentration of raloxifene was still ca- pathways that could contribute to.fnediated suppres-
pable of inhibiting DNA synthesis even under high glucose sjon of VSMC replication and/or stimulation of endothelial
conditions, an effect not elicited bysHtself (Fig. 5A). replication. For example, £acutely increases NO release
In endothelial cells raloxifene induced the same relative in both endothelial celli21,22]and VSMC[23,24] which,
increment in DNA synthesis under low and high glucose if sustained, could result in attenuation of VSMC prolif-
conditions Fig. 5C in absolute terms RAL-dependent DNA  eration via cyclic GMP-dependent mechanisms. Recent
synthesis was enhanced in high glucose medium in parallelevidence indicates that in endothelial cells these estrogenic
to the rise in the base lin€Hl] thymidine incorporation).  effects are rapid21,25} involve early posttranscriptional
The effects of RAL on CK aCtiVity in both VSMC and E304 activation of MAP-kinase (ERK1/2126] and can be in-

cells closely paralleled those obnder both low and high  duced by cell-membrane impermeant estrogenic ligands

b i ; The key finding in the present study is that chronic ex-

glucose conditionsHig. 5B and D. which bind to ERy, [21,25,27] thus suggesting a rapid,
membrane-dependent, kRnediated non-genomic path-
3.6. Effect of raloxifene on MAP-kinase way of E action.

In contrast to these observations in endothelial cells, two
As shown inFig. 6A RAL had no effect on ERK1/ERK2  previous studies indicated thas Bs well as several phytoe-
expression in either VSMC or E304 cells. Likewise, strogens, presumably acting via estrogen receptor dependent
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incorporation (A) and on creatine kinase specific activity (B) in VSMC and in E304 cells) (C and D), respectively). Results are- @&alis of
4-12 incubates from 2 to 4 experiments and are expressed as the ratio béfwkémnymidine incorporation or as the ratio between enzyme activity
in hormone-treated and control cellsP < 0.05; **P < 0.01; **P < 0.001 for the comparison with control values at low gluco$€; < 0.05 and

##p < 0.01 for the comparison with control values at high glucdse< 0.05 for the comparison between the hormonal effect with and without glucose.
The statistical analysis was done by ANOVA.

mechanisms, reduce both MAP-kinase activity and VSMC MAP-kinase activation resulted in nearly complete blockade
proliferation[28,29] These results were interpreted as ev- of Ex-induced DNA synthesis in E304 cells. This suggests
idence that inhibition of MAP-kinase in VSMC may have that in E304 cells, induced DNA synthesis is mediated,
a key role in estrogen-dependent suppression of prolifera-at least in part, through MAP-kinase activation. The ob-
tion of VSMC. However, in these studies the effects gf E servation that a high glucose concentration reduces both
or phytoestrogens were tested under serum-stimulated conE,-induced MAP-kinase activation anc-&timulated fH]
ditions whereas in our experiments the effect gfvias as- thymidine uptake in endothelial cells is also consistent with
sessed under serum-deplete conditions (5 days after changéhis concept.

of media). Because serum likely contains not only gonadal The relationship between MAP-kinase and DNA syn-
steroids by also many other growth factors, these apparentlythesis is more complex in VSMC. In these cells, MAP-
discordant results are difficult to compare. kinase-kinase was also activated by Eurther, in VSMC,

In the present study, KEelicited dose-dependent and MAP-kinase-kinase inhibition entirely prevented the in-
largely similar increases in activated MAP-kinase in both hibitory effect of high & concentrations orPH] thymidine
human VSMC and E304 cells, despite discordant effect incorporation but had no effect on the relative enhance-
on DNA synthesis in these two cell types. Inhibition of ment of DNA synthesis elicited by a lowsEEoncentration.



108 D. Somjen et al./Journal of Seroid Biochemistry & Molecular Biology 88 (2004) 101-110

A. E304 cells VSMC cells

RAL C RAL (o8
control +U0126
VSMC B. % D. 100
100} ] ] %
N
L N 50
< 7, N
Z 50 ] J_ %
4 - 0 Q0
7]
< g
= / *g
K 7]
% . - N7 -50 <zt
: ‘_L‘ N g
® =
© : E304 o
k<] £304 c. S RAL(30RM) 2
hat S RAL(3uM) @©
£ 150} - E. [EZE inhibitor %
()
=2 X
c / L
1}
<
o
2 100t i
50
N
0+ ‘J_‘ / \ ] L
c E, RAL C RAL C

(30nM) (3000nM)

Fig. 6. Western blot depicting the effect of raloxifene at 3000 nM as compared with estra@i@t130 nM in the presence or absence of high glucose

on ERK1/2 in VSMC and in E304 cells (A). Total MAP-kinase-kinase specific activity in the cells (B and C) under the stimulation of githrer E

RAL. Results are means S.E.M. of 4-12 incubates from 2 to 4 experiments and are expressed as the as the ratio between the various treatments and
control cells at a low glucose. The effect of MAP-kinase-kinase inhibitor; UO126 on raloxifene (3 or 3000 nM)-depérlehyiidine incorporation

in VSMC and in E304 cells is shown in 6D. (E) Results are melaSsE.M. of 4-12 incubates from 2 to 4 experiments and are expressed as the ratio
betweer?[H] thymidine incorporation in hormone-treated and control célg < 0.05; ** P < 0.01; *** P < 0.001 for the comparison with control values;

#P < 0.05%P < 0.01, P < 0.001 for the comparison with control values in the presence of UO126. The statistical analysis was done by ANOVA.

Finally, high glucose suppressed bothy-&imulated independent of the p42/44 MAP-kinase system. Consistent
MAP-kinase-kinase activity andEnduced inhibition of with the latter is the finding that in VSMC, JEstimulated
VSMC cell growth. Overall these findings suggest that DNA synthesis under high glucose conditions (observed
E>-induced inhibition of cell growth in VSMC requires ac- with a low B concentration) is fully preserved despite
tivation of MAP-kinase, but that the stimulation of VSMC the glucose-induced suppression of p42/44 MAP-kinase
replication induced by low f£concentrations can be elicited  expression.
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The observation that MAP-kinase activation can serve are not preserved under high glucose conditions with
both hormone-induced acceleration of cell growth such as can still be attained with raloxifene despite hyperglycemia.
seen in E304 cells and inhibition of DNA synthesis such If these in vitro observations apply in the in vivo setting,
as appears in our VSMC experiments is not unprecedentedthe use of raloxifene may comprise a potential strategy to
For example, whereas angiotensin Il was reported to pro- circumvent the presumed loss of E2 function in diabetic

mote cell replication via ERK1/2 stimulatiof80], vana-
date was recently shown to inhibit balloon injury-induced
proliferation of aortic smooth muscle cells via induction of
p42/p44 MAP-kinase activity, which could be prevented by
a MAP-kinase-kinase inhibitdB1]. Likewise, inducible ni-
tric oxide synthase was shown to inhibit VSMC prolifera-
tion via activation of p42/p44 MAP-kinase, an effect that
could be partially blocked inhibition of MAP-kinase activa-
tion [32].

Although the effects of raloxifene in VSMC and E304
cells, generally resemble those of,Bour study suggests

women. The possibility that raloxifene may offer better
vascular protection thanyEn diabetes and hyperglycemia
owing to the preservation of estrogen-mimetic inhibition of
VSMC proliferation and acceleration of re-endotheliazation
is currently under investigation.

During the submission of our manuscript, a report sup-
porting our finding that the antiproliferative effect of i
human internal mammary artery smooth muscle cells was
abolished by high glucose appeared in the literature (S. Ling,
P.J. Little, M.R.1. Williams, A. Dai, K. Hashimura, J.-P. Liu,
P.A. Komesaroff, K. Sudhir (2002). High glucose abolishes

that there may be a fundamental difference in the mecha-the antiproliferative effect of 1¥-estradiol in human vascu-

nisms by which these compounds affect vascular cell repli-

cation and that this difference may form the basis for the
discordant actions of £and raloxifene under high glucose
conditions. In contrast to £ raloxifene did not affect the

p42/44 MAP-kinase system, and the MAP-kinase-kinase in-

hibitor UO126 did not modify its effects orfifl] thymidine
incorporation.
To the extent that MAP-kinase activation is a marker

lar smooth muscle cells. Am. J. Physiol. Endocrinol. Metab.
282: E746-E751).
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