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Abstract
Recent evidence showed that 17 β-estradiol (E2) decreased cytokine-induced expression of cell
adhesion molecules (CAM). Changes in intracellular Ca2+ concentration ([Ca2+]i) has been shown
to be associated with CAM expression in endothelial cells. Here, the effects of E2 (1 μM, 24 h) on
the expression of intracellular adhesion molecule-1 (ICAM-1) and [Ca2+]i were investigated in a
lipopolysaccharide (LPS) (100 ng/mL, 18 h)-stimulated human endothelial cell line, EA.hy926, using
real-time PCR and spectrofluorometry, respectively. PCR analysis revealed a significant increase in
ICAM-1 expression in calcium ionophore A23187 (1 nM)- or LPS-stimulated cells. Pretreatment of
cells with E2 significantly inhibited LPS-induced ICAM-1 mRNA expression. [Ca2+]i was monitored
in Fura-2 AM-loaded cells in the presence and absence of extracellular Ca2+ with thapsigargin (TG,
1 μM), a sarco/endoplasmic reticulum ATPase inhibitor or ATP (100 μM). The extent of TG- or
ATP-induced [Ca2+]i increase was significantly higher in LPS-stimulated cells than in control cells.
Pre-treatment of LPS-stimulated cells with E2 limited the Ca2+ response to the same level as in control
cells. Furthermore, ICI 182,780, an estrogen receptor antagonist, attenuated the inhibitory actions of
E2 on ICAM-1 mRNA expression and Ca2+ responses, suggesting that estrogen receptors mediate,
at least in part, the effects of estrogen. These data suggest a potential underlying mechanism for the
protective effect of E2 against atherosclerosis.
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1. Introduction
Atherosclerosis is a vascular inflammatory disease (Libby et al., 2002). During the early stages
of atherosclerosis, inflammatory cells are recruited to the vascular wall through adherence to
the endothelium via cell adhesion molecules (CAMs) expressed on the surface of endothelial
cells (Matheny et al., 2000). CAMs include intercellular cell adhesion molecules (ICAM),
vascular cell adhesion molecules (VCAM), platelet endothelial cellular adhesion molecules
(PECAM), and E-selectins. ICAM-1 is an important adhesion molecule continuously present
in low concentrations in the membranes of leukocytes and endothelial cells. It is a ligand for
lymphocyte function-associated antigen 1 (LFA-1), a receptor found on leukocytes. When
activated, leukocytes bind to endothelial cells via ICAM-1/LFA-1 and subsequently
transmigrate through the endothelium into tissues. Tumor necrosis factor-alpha (TNF-α) and
lipopolysaccharide (LPS) elicit an endothelial cell inflammatory response mediated by
activation of nuclear factor-κB (NF-κB) (Kempe et al., 2005), resulting in endothelial CAM
expression in vitro (Norata et al., 2006) and in vivo (Hajra et al., 2000). Increased CAM
expression and the development of atherosclerosis are associated with an altered intracellular
Ca2+ homeostasis in endothelial cells (Chen et al., 2002).

Calcium homeostasis is a major aspect of maintaining endothelial integrity and function. Aortic
endothelial cells from cholesterol-fed rabbits exhibited a five-fold increase in intracellular
calcium concentration ([Ca2+]) compared to endothelial cells from normal rabbits (Strickberger
et al., 1988). Furthermore, treating bovine aortic endothelial cells with LDL increased
[Ca2+]i (Negre-Salvayre et al., 1992). Collectively, these observations are consistent with the
possibility that increases in [Ca2+]i mediate upregulation of CAMs in endothelial cells in
response to hypercholesterolemia and other pro-atherogenic stimuli, resulting in formation of
leukocyte-based atheroma.

Studies in ovariectomized rabbits showed that estrogen supplements attenuated aortic
accumulation of cholesterol and reduced the degree of cardiovascular disease including
atherosclerosis (Haarbo et al., 1991). 17 β-estradiol (E2) inhibited monocyte adhesion and
transendothelial migration in hypercholesterolemic rabbits (Nathan et al., 1999). Hormone
replacement therapy in postmenopausal patients with coronary artery disease (Seljeflot et al.,
2000), hypercholesterolemic female patients (Sbarouni et al., 2000), and healthy
postmenopausal patients (Koh et al., 1997) resulted in decreased CAM expression. The
inhibitory effect of E2 on CAM expression has been demonstrated following cytokine-induced
CAM overexpression in endothelial cells (Simoncini et al., 2000). The effect of E2 on CAM
expression and a possible link between CAM expression and Ca2+ homeostasis (Amrani et al.,
2000) contribute to the hypothesis that the anti-atherogenic effect of E2 is mediated, in part,
by the modulatory effects on Ca2+ homeostasis in human endothelial cells. Estrogen has been
shown to affect Ca2+ homeostasis in human umbilical vein endothelial cells (HUVEC) (Wang
et al., 2006). In a very recent report, we showed that treatment of human endothelial cells,
EA.hy926, with E2 (1 μM, 24 h) altered Ca2+ homeostasis (Thor et al., 2010). Here, we
investigated whether the same treatment of EA.hy926 cells with E2 would alter the expression
of adhesion molecule-1 (ICAM-1) and Ca2+ homeostasis in LPS-stimulated EA.hy926 cells.
Furthermore, the role of estrogen receptors (ER) in E2-mediated effects was analyzed with the
nonselective ER inhibitor, ICI 182,780.

2. Material and methods
2.1 Cell culture

The immortalized EA.hy926 cell line was the kind gift of Dr. Cora-Jean Edgell (University of
North Carolina). Cells were cultured at 37°C in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL), and
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streptomycin (100 μg/mL). Prior to initiating drug treatments, cells were sub-cultured in phenol
red-free, serum-free DMEM for 18 h to induce quiescence. Cells were then assigned to one of
the treatment protocols before studying ICAM-1 mRNA expression and intracellular Ca2+

homeostasis. Before treatments, cells were shifted to media containing 10% FBS treated with
charcoal stripping to remove estrogen metabolites and other steroid hormones.

Protocol Treatment 24 h 18 h

1 control vehicle vehicle

2 LPS-stimulated vehicle LPS

3 E2/LPS-stimulated E2 LPS

4 ICI/E2/LPS-stimulated ICI + E2 LPS

In protocol 1 (control), cells were pretreated with vehicle (0.09% ethanol) for 24 h followed
by additional incubation in vehicle for 18 h. In protocol 2 (LPS-stimulated), cells were
pretreated with vehicle for 24 h followed by treatment with 100 ng/mL LPS from Escherichia
coli (serotype 0111:B4, Sigma, St. Louis, MO) for 18 h. The endotoxin level for the LPS
serotype was 3,000,000 endotoxin units per mg. The concentration as well as time course for
LPS fell within previously reported data (Simoncini et al., 2000). In protocol 3 (E2/LPS-
stimulated), cells were pretreated with 1 μM 17 β-estradiol (E2, Sigma, St. Louis, MO) for 24
h followed by treatment with LPS (100 ng/mL) for 18 h. In protocol 4 (ICI/E2/LPS-stimulated),
ICI 182,780 (10 μM) was added one hour prior to the addition of 1 μM E2 for 24 h followed
by treatment with LPS (100 ng/mL) for 18 h.

In a second set of experiments, to demonstrate the effect of calcium mobilizing agent on the
ICAM-1 expression, endothelial cells were assigned into two additional treatment groups as
follows:

Protocol Treatment 6 h

1 control vehicle

2 calcium ionophore-stimulated A23187

In protocol 1 (control), cells were treated with vehicle (0.1% DMSO) for 6 h. In protocol 2
(calcium ionophore-stimulated), cells were treated with calcium ionophore A23187 (1 nM,
Sigma, St. Louis, MO) for 6 h.

2.2 Real-time PCR
Cells grown on 60 mm Petri dishes were assigned to the treatment protocols as described in
2.1. After removing the medium, cells were washed twice with Hank’s balanced salt solution
(HBSS) (Invitrogen, Carlsbad, CA). Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA). First strand cDNA was synthesized by reverse transcription of 2 μg of total
RNA using Omniscript RT Kit (Qiagen, Valencia, CA) in a volume of 20 μl at 37°C for 60
minutes. The ICAM-1 expression was analyzed with real-time RT-PCR (MyIQ, ICycler,
BioRad) using ICAM-1 specific primers and iQ™ SYBR Green Supermix (BioRad, Hercules,
CA). Internal variations were normalized using human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and results were analyzed using the Delta Delta Ct model (Pfaffl,
2001; Yuan et al., 2006). The following primers were used for detection of gene expression:
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5′–GGCCTCCAAGGAGTAAGACC- 3′ (forward) and 5′–
AGGGGTCTACATGGCAACTG-3′ (reverse) for human GAPDH; 5′–
CAGGGAATATGCCCAAGCTA-3′ (forward) and 5′–GAACCATGATTGCACCACTG- 3′
(reverse) for human ICAM-1. Specificity of primers was verified by electrophoresis of the PCR
products on a 2% agarose gel and staining with ethidium bromide.

2.3 Intracellular calcium measurements
Cells grown on poly-L-lysine coated glass coverslips were loaded with 1.5 μM Fura-2
acetoxymethyl ester (Fura-2/AM, Molecular Probes, Carlsbad, CA) dissolved in HBSS from
a stock solution of 1.5 mM in DMSO containing 20% pluronic acid F-127, at room temperature,
for 30 minutes. The average fluorescence of a whole population of Fura-2 AM-loaded cells
was measured using continuous rapid alternating excitation (340 and 380 nm) and emission
(510 nm) in a fluorescence spectrophotometer equipped with a xenon lamp (PTI,
Lawrenceville, NJ). The ratio of fluorescence signals emitted in response to the two excitation
wavelengths was recorded at 3 Hz using Felix Fluorescence Analysis Software (PTI,
Lawrenceville, NJ). The fluorescence ratio provides an index of [Ca2+]i as a function of the
dissociation constant between Fura-2/AM and calcium.

2.4 Area under the curve
The area under the fluorescence ratio curve (AUC) was determined by applying the trapezoidal
method Σ[(ratio2+ratio1)/2*(time2−time1)] as previously reported by us (Padar et al., 2004).
Depending on the comparison being made, the AUC integration bounds contained either 300,
400, or 500 seconds of recorded signal. However, the length of integration was the same for
the test and control experimental data sequences being compared. Calcium traces from cell
populations were normalized prior to calculating the AUC by subtracting the average baseline
value for the first 75 seconds.

2.5 Calcium Extrusion
Calcium extrusion was calculated from Ca2+ traces obtained in Ca2+-free HBSS in the presence
of agonist. It is important to note that the cells were kept in buffer containing Ca2+ right until
the point at which the calcium traces were performed. The cells were then shifted to zero
Ca2+ buffer for only 75 seconds to get a baseline before adding agonist. Under these conditions
the height of the peak reflects the amount of Ca2+ released from the endoplasmic reticulum
and the downward slope of a best-fit line from the Ca2+ peak reflects the rate of Ca2+ extrusion
from the cytoplasm. One hundred data points above and below the approximate midpoint of
the Ca2+ decline between Ca2+ peak and Ca2+ basal level were used to generate a best-fit line.

2.6 Statistical analysis
Values were expressed as mean ± standard deviation. Two-group comparisons were performed
by the unpaired Student t-test. Multiple comparisons were made using one-way ANOVA, and
individual differences were analyzed using the Bonferroni post hoc test after demonstration of
significant intergroup differences by ANOVA. P<0.05 was considered significant. Statistical
analyses were performed using the statistic analysis software SPSS (version 14).

3. Results
3.1 Effect of 17 β-estradiol on LPS-induced ICAM-1 expression

Real-time PCR analysis revealed that ICAM-1 mRNA expression was significantly higher in
LPS-stimulated cells than in control cells (P < 0.05, n=8; Fig. 1). Treatment of cells with E2
for 24 h prior to LPS stimulation (E2/LPS-stimulated cells) significantly inhibited ICAM-1
mRNA expression compared to LPS-stimulated control cells (P < 0.05, n=8; Fig. 1). ICI
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182,780-pretreatment attenuated the inhibitory effect of E2 on LPS-induced ICAM-1
expression (Fig. 1).

3.2 Effects of calcium-mobilizing agent on ICAM-1 expression
The calcium ionophore A23187 (1 nM) significantly increased the basal level of ICAM-1
expression in EA.hy926, compared to control cells (P < 0.01, n=3) (Fig. 2).

3.3 Effect of 17 β-estradiol on LPS-induced altered Ca2+ homeostasis
To explore the effects of LPS on Ca2+ homeostasis, [Ca2+]i in response to thapsigargin (TG),
a sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor, was measured in
LPS-stimulated or control cells loaded with Fura-2AM. In the presence of extracellular Ca2+

(1.2 mM), TG (1 μM) induced a rapid increase in and subsequent prolonged elevation of
[Ca2+]i (Fig. 3A). The plateau phase of TG-induced [Ca2+]i increase was completely abolished
by removing extracellular free Ca2+ using EGT A (2 mM), a Ca2+ chelator.

As shown in Fig. 3A, TG treatment increased [Ca2+]i in both LPS-stimulated and [Ca2+]i
control cells. However, the extent of TG -induced [Ca2+]i increase was significantly higher in
LPS-stimulated cells than in control cells as indicated by the AUC (P<0.05, n=5, Fig. 3B).
Moreover, the elevated Ca2+ signals observed in LPS-stimulated cells were attenuated when
cells were treated with E2 for 24 h prior to stimulation with LPS (Fig. 3A). ICI 182,780-
pretreatment attenuated the inhibitory effect of E2 on the LPS-[Ca2+]i increase in response to
TG (F igs. 3A and 3B).

In the absence of extracellular Ca2+, TG treatment resulted in a single Ca2+ transient in both
LPS-stimulated and control cells (Fig. 4A). The AUC of the TG-induced Ca2+signal in Ca2+-
free buffer was significantly greater (p<0.05, n=5) in LPS-stimulated cells than control cells
(Fig. 4B). In addition, the rate of Ca2+ extrusion was significantly faster in LPS-stimulated
cells (−11.1×10−3± 1.73×10−3 s−1) compared to control cells (−5.93×10−3± 1.87×10−3 s−1)
(p<0.05, n=5). Estrogen pretreatment significantly attenuated the effects of LPS on the rate of
Ca2+ extrusion (−7.48×10−3 ± 0.85×10−3 s−1). The rate of Ca2+ extrusion in ICI/E2/LPS-
stimulated cells (−9.540×10−3± 1.32×10−3 s−1) was not significantly different from E2/LPS-
stimulated cells (−7.48×10−3± 0.85×10−3 s−1).

Subsequently increasing the extracellular Ca2+ concentration to 1.2 mM led to a robust increase
in [Ca2+]i which was completely reversed by EGTA (Fig. 4A). The elevation of [Ca2+]i in
response to added extracellular Ca2+ (1.2 mM) was significantly higher in LPS-stimulated cells
relative to control cells, suggesting an enhanced Ca2+ influx in LPS-stimulated cells (P<0.05,
n=5, Figs. 4A & 4C). The increase in [Ca2+]i in LPS-stimulated cells was attenuated by E2
treatment prior to stimulation with LPS (E2/LPS-stimulated cells). Although, ICI 182,780
pretreatment tended to limit the E2-mediated effect on the TG-induced Ca2+ influx, ICI 182,780
did not significantly block the E2’s inhibitory effect (Fig. 4C).

To further explore the efects of LPS on the endoplasmic reticulum Ca2+ pools, LPS-stimulated
cells and control cells were treated with ATP (100 μM). ATP induced increase in [Ca2+]i in
both LPS-stimulated and control cells, likely due to calcium release from intracellular stores.
Both LPS-stimulated and control cells exhibited a sustained increase in [Ca2+]i upon ATP
treatment in the presence of extracellular Ca2+, consistent with calcium influx. This increase
was reversed by EGTA (Fig. 5A). The ATP-induced increase in [Ca2+]i was significantly
higher in LPS-stimulated cells compared to control cells (Fig. 5B). Moreover, a comparison
of the AUC shows that E2-pretreatment significantly attenuated the efects of LPS on the ATP-
mediated increase in [Ca2+]i (E2/LPS-stimulated cells), and that ICI 182,780-pretreatment had
little or no effect against the E2-attenuated [Ca2+]i increase (Fig. 5B).
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When cells were treated with ATP in the absence of extracellular Ca2+, the amount of Ca2+

released from the endoplasmic reticulum was significantly higher in LPS-stimulated cells than
in control cells (P<0.05, n=5, Figs. 6A and 6B). In cells pre-treated with E2, the ATP-induced
increase in [Ca2+]i was significantly attenuated in LPS-stimulated cells. Exposure to ICI
182,780 prior to E2 treatment significantly attenuated the inhibitory effect of E2 (Fig. 6B).

A subsequent addition of Ca2+ (1.2 mM) caused a rapid and robust increase in [Ca2+]i in both
LPS-stimulated and control cells, but [Ca2+]i reached a higher level in LPS-treated cells. The
[Ca2+]i returned to baseline upon subsequent addition of EGTA (Fig. 6A). Although E2
pretreatment significantly inhibited the [Ca2+]i response to ATP in the presence of extracellular
Ca2+ (P<0.05, n=5), ICI 182,780-pretreatment failed to block this effect of E2 in ICI/E2/LPS-
stimulated cells (Fig. 6C).

The rate of Ca2+ extrusion in cells treated with ATP was not significantly different between
LPS-stimulated (−13.7×10−3± 2.37×10−3 s−1) and control cells (−9.48×10−3± 2.71×10 s−1).
The rate of calcium extrusion in response to ATP followed a pattern similar to that in TG-
induced cells when LPS-stimulated cells were pretreated with E2 alone or ICI 182,780 plus
E2. Calcium extrusion was significantly lower in LPS-stimulated cells treated with E2
(−8.18×10−3± 2.39×10−3 s−1) than in the absence of E2 (−13.7×10−3 + 2.37×10−3 s−1) (P<0.05,
n=5). The rate of Ca2+ extrusion in ICI/E2/LPS-stimulated cells (−8.98×10−3 + 1.25×10−3

s−1) was not significantly different from E2/LPS-stimulated cells (−8.18×10−3 ±2.39×10−3

s−1).

4. Discussion
The major findings of the above experimental observations were that 1) LPS stimulation of
endothelial cells increases ICAM-1 mRNA expression and agonist-induced Ca2+ response, and
2) the effects of LPS on ICAM-1 and Ca2+ response were abrogated by E2-pretreatment. These
data suggest a potential underlying mechanism for the protective effect of E2 against
atherosclerosis.

Deterioration in endothelial health and integrity is an early and important contributor to the
pathogenesis of atherosclerosis. Atherosclerosis has many features of a chronic inflammatory
disease. Recent evidence suggests that common bacteria and viruses can contribute to the
development of atherosclerosis, probably by triggering inflammation (Melnick et al., 1993;
Chiu et al., 1997). Chronic infection can be mimicked by infusion of bacterial endotoxins such
as LPS. This bacterial endotoxin may cause a local inflammation after incorporation of the
lipoproteins into the vascular wall. LPS administration has been shown to aggravate
atherosclerosis in apoE-deficient mice (Ostos et al., 2002). Adhesion molecules are important
factors during inflammation because they enable inflammatory cells to migrate to inflamed
compartments. In concert with a decrease in bioavailable nitric oxide (NO), numerous factors
including oxidized LDL and various pro-inflammatory cytokines such as LPS contribute to
endothelial activation (Libby, 2003) and promote the induction of adhesion molecules. Iiyama
et al., (1999) used LPS injection to induce the expression of ICAM-1 and VCAM-1 in the
regions of aortic endothelial cells predisposed to lesion in LDL receptor knockout mice. In
agreement with previous studies demonstrating upregulation of CAM expression by LPS in
human endothelial cells (Norata et al., 2006), we observed that LPS induces ICAM-1 mRNA
expression in endothelial cells.

Calcium had been implicated as an important second messenger and regulator of endothelial
cell homeostasis (Plank et al., 2006) and VCAM and E-selectin expression (Allen et al.,
1998). In line with previous reports that demonstrate the involvement of Ca2+ in CAM
expression (Allen et al., 1998; Juan et al., 1999), we also found that calcium ionophore A23187
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significantly induces ICAM-1 mRNA expression in EA.hy926 cells. Next, Ca2+ homeostasis
of LPS-stimulated EA.hy926 cells was studied using ATP or TG to elicit mobilization of
intracellular and extracellular calcium pools. ATP releases Ca2+ by activating inositol
triphosphate receptors (IP3R) (Dubyak & el-Moatassim, 1993; Ralevic & Burnstock, 1998),
while TG inhibits SERCA (Thastrup et al., 1990) and allows Ca2+ to leak out of the endoplasmic
reticulum. In the presence of extracellular Ca2+, the common cellular response to ATP or TG
was biphasic with an initial rapid increase in [Ca2+]i followed by a plateau phase of elevated
[Ca2+]i. Since the magnitude of the initial peaks (Figs. 3A & 5A) were similar to the responses
seen in the absence of extracellular Ca2+ (Figs. 4A & 6A), it could be concluded that the first
phase of the response to TG or ATP was mainly due to Ca2+ release from the endoplamic
reticulum. In addition, the plateau phase appeared only in the presence of extracellular Ca2+

suggesting that this phase was due to Ca2+ influx. The basal levels of [Ca2+]i were similar
between control and LPS-stimulated cells (data not shown), but TG or ATP induced much
larger increases in cytosolic Ca2+ levels, with both enhanced release and influx components,
in LPS-stimulated cells as compared to control cells.

Endoplasmic reticulum Ca2+ store depletion under physiological conditions typically triggers
a large increase in [Ca2+]i due t et al o Ca2+ influx via plasma membrane calcium channels,
which serves to refill the intracellular Ca2+ stores (Putney, 2001). Our data suggested that the
enhanced Ca2+ response in LPS-stimulated cells may be related to the enhanced Ca2+ influx
and is most likely not due to less Ca2+ extrusion activity, since we did not observe slower
Ca2+ decline rates. In fact, Ca2+ extrusion in cells treated with TG was faster in LPS-stimulated
cells than that of control cells. Calcium extrusion from endothelial cells is an active process
which appears to depend primarily on the plasmamembrane Ca2+-ATPase (PMCA) (Liang et
al., 2004) and to a lesser extent on the Na+/Ca2+ exchanger (NCX) (Li & van Breemen,
1995) and SERCA. Whether the faster rate of Ca2+ extrusion observed in LPS-stimulated cells
was related to increased expression or activity of PMCA, NCX, or SERCA remains to be
investigated. Calcium extrusion is essential for restoring and maintaining a low resting
[Ca2+]i following Ca2+ entry. Therefore, the increase in Ca2+ extrusion in TG-treated cells
associated with LPS-stimulated cells may be important for cell viability since increases in
[Ca2+]i have been associated with apoptosis (Mattson & Chan, 2003). Further studies will be
needed to gain a better understanding of the functional consequence of an increased Ca2+

extrusion rate by LPS stimulation in endothelial cells. It is important to note that, despite the
faster extrusion of Ca2+, the agonist-induced increase in [Ca2+]i in LPS-stimulated cells was
enhanced.

Estrogen has been implicated as an atherosclerotic protective agent (Haarbo et al., 1991). Our
data show that E2 (1 μM) decreased LPS-induced ICAM-1 mRNA expression in EA.hy926.
Although, we did not measure ICAM protein expression, this in vitro action of E2 has been
studied by other investigators with conflicting results. For instance, in studies using HUVEC,
E2 decreased the VCAM-1 mRNA or protein expression induced by either LPS (Nathan et al.,
1999; Simoncini et al., 2000) or by interleukin-1 (Nakai et al., 1994; Caulin-Glaser et al.,
1996). However, Cid et al. (1994) observed that E2 increased TNF-α-induced expression of
adhesion molecules including ICAM-1. These contrasting observations may be due to
differences in the cytokines used to induce CAM expression or differences in the concentration
of E2 used. The effect of E2 on CAM expression and a possible link between CAM expression
and Ca2+ homeostasis contribute to the hypothesis that the anti-atherogenic effect of E2 is
mediated, in part, by modulation of Ca2+ homeostasis in human endothelial cells. Recently,
we reported that E2 (1 μM, 24 h) modulates Ca2+ homeostasis in EA.hy926 (Thor et al.,
2010). Here, we sought to determine whether the same treatment of EA.hy926 cells with E2
has a detectable effect on agonist-induced increases in [Ca2+]i in LPS-stimulated cells.
Pretreatment of LPS-stimulated EA.hy926 cells with E2 clearly altered the Ca2+ response
profile. These data support the hypothesis that E2 may inhibit CAM expression in LPS-

Thor et al. Page 7

Vascul Pharmacol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulated endothelial cells secondary to lower [Ca2+]i. Although we did not elucidate the
underlying mechanisms (e.g. change in activity or expression of Ca2+ channels and pumps)
responsible for the effects of LPS or E2 on Ca2+ homeostasis in this study, our data suggest a
potential underlying mechanism for the protective effect of E2 against atherosclerosis.

To address the involvement of ERs in mediating inhibitory effects of E2 on ICAM-1 mRNA
expression and Ca2+ during LPS-stimulation, cells were treated with an excess of the non-
selective ER antagonist, ICI 182,780. Pretreatment of cells with ICI 182, et al 780 attenuated
the effect of E2 on LPS-induced ICAM-1 expression. Furthermore, the abrogation of some of
the inhibitory effects of E2 on increased [Ca2+]i by ICI 182,780 indicates that the ERs likely
mediate one or more Ca2+ mobilization process (e.g., Ca2+ release) responsible for observed
increases in [Ca2+]i in response to TG and ATP in the absence of extracellular Ca2+ (Figs. 4B
and 6B). However, the failure of ICI 182,780 to impact inhibition by E2 of the [Ca2+]i increase
upon replacement of extracellular Ca2+ suggests that E2 inhibited Ca2+ influx, at least in part,
via a non-ER-mediated mechanism. At present, we cannot explain why ICI 182,780 did not
block the effects of E2 on Ca2+ influx component in our studies. We cannot rule out the
possibility that the effects of E2 on Ca2+ influx were mediated by an ER subtype that is
insensitive to ICI 182,780 (Biewenga et al., 2005) or that E2 inhibited Ca2+ influx via a non-
specific mechanism (Castillo et al., 2006). Clearly, further studies are required to provide a
more complete understanding of the role that ERs play in mediating changes in Ca2+

homeostasis.

We are aware that the concentration of E2 used in this study may not be considered
physiologically relevant since free estrogens may not reach micromolar levels in the plasma.
It has been shown that E2 attenuates the expression of VCAM-1 in vivo at physiological levels,
whereas supraphysiological concentrations of E2 are required in vitro (Nathan et al., 1999) to
show the same effect. Mukherjee et al. (2003) assessed whether a metabolite of E2, which could
only be generated in vivo, might be a more potent inhibitor of VCAM-1 expression and thereby
explain this discrepancy. In support of this hypothesis, they demonstrated that 17-epiestriol,
an estrogen metabolite, was about 400 fold more potent than E2 in suppressing TNFα-induced
VCAM-1 expression in HUVEC. In the same study, they showed that E2 did not affect
VCAM-1 mRNA expression at lower concentrations (100 and 300 pM), whereas at higher
concentrations (1–300 nM) it decreased VCAM-1 mRNA. These results are in accordance with
observations of other investigators (Nakai et al., 1994; Caulin-Glaser et al., 1996; Simoncini
et al., 2000) who reported that the concentrations of E2 required for suppression of VCAM-1
expression in endothelial cell cultures were in a supraphysiological range (1 nM-10 μM). It is
also important to note that the experimental model (an immortalized cultured endothelial cell
line derived from human umbilical endothelial cells) used in the current study could very likely
be much less sensitive to the effects of E2 than cells in primary culture or even isolated
microvessels in vitro.

In conclusion, we provide data demonstrating that LPS-stimulated human endothelial cells are
characterized by increased ICAM-1 expression and agonist-induced [Ca2+]i compared to
control cells. These effects of LPS are attenuated by pretreatment of the cells with E2. Our
study indicates that E2 regulated [Ca2+]i homeostasis in LPS-stimulated human endothelial
cells and suggests a potential mechanism for the anti-atherogenic activity of E2. However, a
major conceptual issue that remains is whether these relatively short-term (24 h) effects of
E2 in vitro can be used as an explanation for the long-term beneficial effects of E2 in
atherosclerosis. It is possible that the effects of E2 reported in the current study are merely
transient effects and that the protective effects of E2 reported in vivo are mainly due to
alterations in the plasma lipid profile.
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Fig. 1. Real-time PCR analysis of ICAM-1 mRNA expression in ERA.hy926
The means ± standard deviation of the ICAM-1 mRNA expression in control, LPS-stimulated,
E2/LPS-stimulated, and ICI/E2/LPS stimulated cells are shown. ICAM-1 mRNA level was
normalized to GAPDH. Significant differences among individual treatment groups are
indicated (•—•, P<0.05, n=8) as analyzed using a one-way ANOVA, followed by a Bonferroni
post hoc test.
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Fig. 2. Effect of calcium ionophore A23187 on ICAM-1 mRNA expression in EA.hy926
The means ± standard deviation of the ICAM-1 mRNA expression in et al control and calcium
ionophore-stimulated cells are shown. ICAM-1 mRNA level was normalized to GAPDH.
Significant difference between two groups is indicated (•—•, P<0.05, n=3) as analyzed using
the unpaired Student t-test.
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Fig. 3. TG-induced Ca2+ signals in the presence of extracellular Ca2+

A) A representative tracing of the Ca2+ signal from EA.hy926 cells in response to TG (1 μM)
in the presence of 1.2 mM extracellular Ca2+ followed by EGTA (2 mM) treatment. B) The
mean ± standard deviation of the Ca2+ AUC traced during the response to TG in the presence
of extracellular Ca2+. Significant differences among individual treatment groups are indicated
(•—•, P<0.05, n=5) as analyzed using a one-way ANOVA, followed by a Bonferroni post hoc
test.

Thor et al. Page 14

Vascul Pharmacol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Thor et al. Page 15

Vascul Pharmacol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. TG-induced Ca2+ signal in the absence of extracellular Ca2+

A) A representative tracing of the Ca2+ signal from EA.hy926 cells in response to TG (1 μM)
in Ca2+-free medium, followed by the addition of extracellular Ca2+ (1.2 mM) and EGTA (2
mM). B) The mean ± standard deviation of the Ca2+ AUC traced during the response to TG in
Ca2+-free medium. C) The mean ± standard deviation of the Ca2+ AUC traced during the
response to TG upon addition of extracellular Ca2+. Significant differences among individual
treatment groups are indicated by (•—•, P<0.05, n=5) as analyzed using a one-way ANOVA,
followed by a Bonferroni post hoc test.
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Fig. 5. ATP-induced Ca2+ signals in the presence of extracellular Ca2+

A) A representative tracing of the Ca2+ signal from EA.hy926 cells in response to ATP (100
μM) in the presence of 1.2 mM extracellular Ca2+, followed by EGTA (2 mM) treatment. B)
The mean ± standard deviation of the Ca2+ AUC traced during the response to ATP in the
presence of extracellular Ca2+. Significant dierences among individual treatment groups are
indicated (•—•, P<0.05, n=5) as analyzed using a one-way ANOVA, followed by a Bonferroni
post hoc test.
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Fig. 6. ATP-induced Ca2+ signal in the absence of extracellular Ca2+

A) A representative tracing of the Ca2+ signal from EA.hy926 cells in response to ATP (100
μM) in Ca2+-free medium, followed by the addition of extracellular Ca2+ (1.2 mM) and EGTA
(2 mM). B) The mean ± standard deviation of the Ca2+ AUC traced during the response to
ATP in Ca2+-free medium. C) The mean ± standard deviation of the Ca2+ AUC traced during
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the response to ATP upon the addition of extracellular Ca2+. Significant differences among
individual treatment groups are indicated by (•—•, P<0.05, n=5) as analyzed using a one-way
ANOVA, followed by a Bonferroni post hoc test.
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