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Abstract

The presence of circulating plasma 17β-estradiol (E2) is beneficial in women against abnormal

vascular tone development, such as coronary arterial vasospasms. Several vascular diseases have

demonstrated that an increased expression of the sarcoplasmic reticulum Ca2+-ATPase pump

(SERCA2b) serves to limit the excessive accumulation of intracellular Ca2+. Therefore, the

hypothesis of this study was that E2 would increase SERCA2b expression in the coronary

vasculature. Coronary arteries were dissected from hearts obtained from mature female pigs.

Artery segments were cultured for 24 hrs in E2 (1 pM or 1 nM) and homogenized for Western blot

analysis. E2 (1 nM) induced a ~ 50% increase in the immunoreactivity for SERCA2b. E2 also

increased the protein expression of the known SERCA regulatory proteins, protein kinase A

(PKA) and protein kinase G (PKG). The E2-induced increase in SERCA2b was attenuated when

the culture media was supplemented with the α/β estrogen receptor antagonist, ICI 182,780, and

the PKG antagonist, KT5823. The PKA antagonist (KT5720) had no effect on SERCA2b

expression. Removal of the endothelium (using a wooden toothpick) decreased the E2-mediated

increase in SERCA2b and PKG expression by 45% and 47%, respectively. Overall, these findings

suggest that one of the potential cardiovascular benefits of E2 in women is the upregulation of

SERCA2b, via the activation of the classical α and β estrogen receptor pathway.
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INTRODUCTION

Circulating plasma 17β-estradiol (estrogen; E2) in women reduces abnormal vascular tone

development (such as coronary vasospasms) by regulating the mechanisms responsible for

controlling the intracellular smooth muscle cell Ca2+ concentration (1, 2). For example, E2

decreases Ca2+ entry into the smooth muscle cells by inhibiting voltage-gated Ca2+ channels

(3, 4) and activating Ca2+-activated K+ channels (5, 6). Prakash et al. (7) has suggested that

E2 may enhance Ca2+ removal from the cells by stimulating the plasma membrane Ca2+

pump. The sarcoplasmic reticulum Ca2+-ATPase pump (SERCA) also reduces the
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intracellular Ca2+ concentration by pumping Ca2+ back into the sarcoplasmic reticulum (8,

9); however, it is not known if E2 affects SERCA2 in the coronary vasculature. Therefore,

the purpose of this study was to determine if E2 affects the protein expression of SERCA2b

in coronary arteries. Several studies have previously found that hearts from OVX animal

models have reduced SERCA2a expression and function (10–12). The predominate SERCA

isoforms in the myocardium and vasculature are SERCA2a and SERCA2b, respectively (13,

14).

Using cardiomyocytes from OVX rats, Bupha-Intr and Wattanapermpool (10) were the first

to demonstrate that estrogen deficiency reduced SERCA2a expression independent of its

regulatory protein, phospholamban. This decrease in SERCA2a was reversed with E2

supplementation. Bupha-Intr and Wattanapermpool (10) speculated that the reduced

expression of SERCA2a was due to SERCA2a phosphorylation, which would target the

protein for degradation. Later, Bupha-Intr et al. (11) showed that moderate exercise could

also reverse the OVX-induced decrease in SERCA2a expression in the rat heart. Based upon

these studies we hypothesized that E2 would increase SERCA2b expression in coronary

arteries from female pigs. We have previously found that SERCA2b activity and expression

increased in coronary arteries from diabetic dyslipidemic male pigs to attenuate the

elevation in intracellular Ca2+ concentration in vascular smooth muscle cells (8).

Subsequently, Witczak et al. (9) showed that when these diabetic dyslipidemic pigs were

exercise trained both SERCA2b expression and the basal intracellular Ca2+ levels decreased.

As previously mentioned, in pig coronary arteries an increase in SERCA2b expression is

accompanied by an increase in the ability of SERCA2b to sequester Ca2+ into the

sarcoplasmic reticulum (SR) (8, 9). Several studies using cardiomyocytes have demonstrated

that protein kinase A (15), protein kinase G (16), and/or CaMKII (17) can phosphorylate the

SERCA regulatory protein, phospholamban, to increase pump activity. Also, using pig

coronary arteries, Grover et al. (18) previously found that CaMKII could directly

phosphorylate SERCA2b (independent of phospholamban) to increase its activity.

Therefore, in this study we sought to determine if these protein kinases could also influence

the expression of SERCA2b.

RESULTS

Effect of estrogen on SERCA2b protein expression

Western blot analysis of a 24 hr exposure to 1 nM of E2 increased (p=0.03) SERCA2b

expression (Fig. 1a). In contrast, the vehicle solvent for E2 (ethanol; EtOH; 0.01%), and an

E2 concentration of 1 pM had no effect. The densitometric data is expressed as a ratio of the

band intensity of artery segments cultured without any EtOH or E2 supplementation (i.e.

“untreated” group) for each Western blot. The representative raw Western blot inset in Fig.

1a demonstrates the specificity of the antibody for SERCA2b. As shown in Fig. 1b, the

increase in SERCA2b expression by E2 (1 nM) was inhibited (p=0.001) by a 24 hr

incubation with the estrogen receptor α/β antagonist, ICI 182,780 (10 μM). ICI 182,780 is

also a partial agonist for the G-protein coupled estrogen receptor (GPER) (21, 22). Under

our experimental conditions, ICI 182,780 had no effect on SERCA2b expression; there was

no difference between arteries incubated in ICI 182,780 in the presence or absence of E2.
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The effect of protein kinase A, G, and CaMKII on SERCA2b protein expression

A 24 hr exposure to 1 nM E2 significantly increased the expression of protein kinase A

(PKA, Fig. 2) by 330% (p=0.001) compared to the EtOH group. Likewise, E2 increased

(p=0.002) PKG expression by 63% (Fig. 3) compared to EtOH treated arteries. Similar to

Fig. 1a for SERCA2b, EtOH and 1 pM E2 had no effect on the expression of these protein

kinases. There was a slight increase in the expression of Ca2+/calmodulin-dependent protein

kinase II (CaMKII), but the results were not significantly different from the EtOH group

(p=0.28, n=5, data not shown).

As demonstrated in Fig. 4a, the increased expression of SERCA2b by E2 was attenuated

(p=0.007) by the presence of the protein kinase G inhibitor, KT5823 (10 μM). The vehicle

solvents for E2 and KT5823 (0.01% EtOH and DMSO, respectively) had no effect on

SERCA2b expression (p=0.58, n=6). In contrast, arteries incubated with E2 and the protein

kinase A inhibitor, KT5720 (10 μM), did not significantly (p=0.38, n=4) attenuate the E2-

induced increase in SERCA2b expression (Fig. 4b). Even though E2 did not significantly

increase CaMKII protein expression, the effect of the CaMKII inhibitor, KN93 (10 μM),

was still evaluated on SERCA2b expression in the presence of E2. The results indicated

there was no effect of KN93 on the increased expression of SERCA2b by E2 (n=5, data not

shown). Both KT5720 and KN93 have previously been demonstrated to selectively inhibit

kinase activity in arterial smooth muscle (23, 24).

Using scanning electron microscopy, Fig. 5 shows the integrity of the endothelium after

rubbing the arterial lumen with a wooden toothpick (n=4). Although not done in this study,

we have previously confirmed that rubbing the lumen with a toothpick will prevent the nitric

oxide mediated relaxation response induced by bradykinin in pig coronary arteries (19). This

type of endothelial damage elicited a decrease in SERCA2b (Fig. 6a) and PKG (Fig. 6b)

expression by 45% (p=0.03) and 47% (p=0.04), respectively, compared to an arterial

segment with an intact endothelium. The data in Fig. 6 are expressed as a ratio of SERCA2b

and PKG expression, respectively, of EtOH treated arteries. The vehicle solvent for E2,

0.01% EtOH, did not have an effect on SERCA2b (p=0.24) and PKG (p=0.92) expression in

the presence and absence of an endothelium.

DISCUSSION

Our study suggests that E2 elicits an endothelium-dependent increase in SERCA2b

expression in coronary arteries. This SERCA2b increase appears to be mediated through the

activation of the classical α and β estrogen receptors. E2 significantly increased the

expression of protein kinase A (PKA) and protein kinase G (PKG); however, only the

selective inhibition of PKG attenuated the E2-induced increase in SERCA2b expression.

These results corroborate previous findings, which suggest that the increase in SERCA2b

expression serves to limit the excessive accumulation of intracellular Ca2+ in vascular

smooth muscle cells (25). Furthermore, this may contribute to the observation that women

have less coronary arterial tone and reactivity than men (26).

We have previously used organ cultured porcine coronary arteries for four days to induce

smooth muscle cells into a synthetic phenotype to investigate endothelin-1 and purinergic
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nucleotide receptor expression (19, 27, 28). However, we cultured coronary arteries for just

24 hours to investigate the effect of E2 exposure on SERCA2b expression. There is a

possibility that the 24 hr culture period may have induced some phenotypic change in the

smooth muscle cells; however, Throne and Paul (29) demonstrated that the porcine coronary

arteries still maintain their normal contractile phenotype after 24 hours in organ culture.

The sows used in this study were retired breeders that weighed ~ 600 lbs and were still

cycling (19). Sexually mature sows typically have a circulating E2 concentration around 20

pM (30). In women, the plasma E2 concentration before ovulation is ~ 0.2 nM and at

ovulation is ~ 1 nM (31). Therefore, the 1 nM E2 used in this study to induce SERCA2b

expression is comparable to a normal ovulatory plasma E2 concentration in women. In our

study, incubating the arteries with 1 pM E2 served as an experimental control because it was

a lower than normal E2 concentration in both women and sows. As shown in Fig. 1a,

SERCA2b expression was not different between 1 pM E2 and the E2 vehicle, EtOH. Many

in vitro studies that have investigated the effect of E2 on arteries have used pharmacological

concentrations of E2 (32–35). In contrast, this study effectively utilizes an E2 concentration

that is closer to physiological levels to induce changes in protein expression.

To our knowledge this is the first study to demonstrate that E2 can selectively increase

SERCA2b in the vasculature. Several studies have used ovariectomized rats and found that

the gonadal depletion of E2 decreases SERCA2a expression in the heart (10–12). Similar to

our findings for SERCA2b, the attenuation of SERCA2a expression in the heart could be

reversed to control levels by E2 supplementation (36) or moderate exercise (11, 37). The

mechanistic regulation of the SERCA protein has not been clearly established (10),

however, this study provides evidence that it is mediated by the α and β estrogen receptors.

Besides being an antagonist for the α and β estrogen receptors, ICI 182,780 is also a partial

agonist for the G-protein coupled estrogen receptor (GPER). However, ICI 182,780 alone

did not affect SERCA2b expression, thus suggesting that GPER does not have a role in the

E2-mediated increase in SERCA2b expression.

Because protein kinases may activate cellular transcription factors (such as the cAMP

response-element binding protein, CREB) for the gene (i.e. SERCA2) that encodes

SERCA2b (38) we desired to determine if the expression of PKA, PKG, and/or CaMKII

could be linked to the upregulation of SERCA2b. Even though PKA and PKG were

significantly increased by E2, PKG was the primary kinase coupled to SERCA expression.

Coincidentally, removal of the endothelium similarly (based upon percent decrease) reduced

the expression of SERCA2b and PKG, thus suggesting that the upregulation of SERCA is

endothelium-dependent. Cohen et al. (39) initially showed the functional relationship

between SERCA and the endothelium by demonstrating that endothelial-derived nitric oxide

could induce arterial relaxation by stimulating SERCA2b activity. Several studies have

subsequently demonstrated that E2 can enhance the arterial relaxation response by

stimulating endothelial nitric oxide synthase (eNOS) activity and the release of nitric oxide

(40, 41). Moreover, nitric oxide is known to stimulate cGMP and PKG formation (16).

Although endothelium removal decreased SERCA2b expression to control levels, additional

studies will be needed to determine exactly how the endothelium regulates SERCA2b

expression.
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Although there was an increase in PKA expression, the kinase did not appear to have a

significant effect on SERCA2b protein expression. However, this does not discount that the

increased expression of this kinase by E2 can have beneficial effects on the coronary

vasculature. The goal of this study was not to determine the overall cadioprotective benefits

of PKA and CaMKII; however, other investigators have found that the expression and

activation of these two kinases can serve as a compensatory response to hyperpolarize the

plasma membrane and decrease vascular tone. For example, Valero et al. (42) demonstrated

that the β estrogen receptor induces arterial relaxation through the PKA activation of

potassium channels. In the coronary vasculature, PKA can decrease vascular tone via the

stimulation of Ca2+-activated and ATP-sensitive K+ channels (43). CaMKII has been

implicated in the activation of voltage-activated and Ca2+-activated Cl− channels (44). In

ventricular myocytes, CaMKII has even been shown to increase SERCA2a activity under

conditions that induce cellular acidosis (45).

When used at high concentrations, the PKG and PKA inhibitors (KT5823 and KT5720,

respectively) may lose some of their selectivity and inhibit additional protein kinases.

However, the potential loss of specificity for KT5823 and KT5720 at 10 μM has not been

found to inhibit those additional kinases involved with SERCA2b function (46, 47).

Additionally, Taylor et al. (48) demonstrated that 10 μM KT5823 was needed to maximally

dilate cGMP-simulated PKG activity in cerebral arteries. In this study we did not assess the

potential effect of KT5823 alone on SERCA2b expression; instead we determined the

inhibitory effect of KT5823 against the E2-mediated increase in SERCA2b expression.

However, previous reports have suggested that KT5823 alone has similar effects as the

controls when evaluating the cGMP/PKG pathway in arterial endothelial and smooth muscle

cells (48–50).

In conclusion, the extrapolation of our in vitro results using porcine coronary arteries to

human females suggest that the elevated expression of SERCA2b is likely to occur in those

premenopausal women with a “healthy” endothelium, and thus, free of vascular disease (e.g.

hypertension, atherosclerosis). This could potentially protect the coronary vasculature from

any excessive accumulation of intracellular Ca2+ and the resultant development of abnormal

coronary arterial tone.

METHODS

Tissue Preparation and Culture

Hearts from female Yorkshire pigs (3–4 years of age) were obtained from a local packing

plant. The use of this animal model in our lab has been previously described (19). The right

coronary artery was immediately dissected from the hearts in a cold, modified low Ca2+

Krebs buffer (in mM): 138 NaCl, 5 KCl, 0.2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, with a

pH of 7.4. The distal end (3 cm in length) of the artery was cut into four longitudinal strips

(it is difficult to longitudinally cut more than four sections from the distal end of an artery).

Each strip was placed in a separate petri dish and incubated (5% CO2 at 37°C) for 24 hrs in

RPMI 1640 phenol-free culture media (Sigma, St. Louis, MO) containing an antibiotic/

antimycotic solution (Sigma). When desired, the culture media was supplemented with 17β-

estradiol (E2, Sigma) and protein kinase inhibitors against PKA (KT5720; EMD Millipore,
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Billerica, MA), PKG (KT5823; EMD Millipore), and CaMKII (KN93; Tocris Bioscience,

Minneapolis, MN). The vehicle solvents used for E2 and the kinase inhibitors, respectively,

were ethanol (EtOH, 0.01%) and dimethyl sulfoxide (DMSO, 0.01%). Similarly, the E2

antagonist used was ICI 182,780 (Tocris Cookson, Ellsville, MO) and its solvent was EtOH

(0.01%).

To evaluate the effect of the endothelium, the lumen of the distal end of the artery was

opened and longitudinally sectioned into two strips. The luminal side of one piece was

rubbed using a wooden toothpick, while the endothelium was left intact on the other arterial

piece. Each piece (without or with an endothelium) was further sectioned into two strips,

whereby each strip was cultured for 24 hrs in E2 or EtOH.

Immunoblots

After 24 hrs, the arterial strips were rinsed in a Krebs low Ca2+ buffer solution and

homogenized in a lysis buffer having the following composition: 50 mM HEPES, 150 mM

NaCl, 1 mM EGTA, 1.5 mM MgCl2, 1% Triton-X, 10% Glycerol, 0.1 mM

phenylmethylsulfonylfluoride (Sigma), 5 mg/mL leupeptin (Sigma), 5 mg/mL antipapin

(Sigma), and 5 mg/mL aprotinin (Sigma). The whole cell homogenate protein for each

treatment group was quantitated using the Bradford Protein Assay (Bio-Rad Laboratories,

Hercules, CA).

Equivalent amounts of protein for each sample were run on 4–15% polyacrylamide gradient

gels and electroblotted to a PVDF membrane. The membrane was blocked for at least 60

min in 5% non-fat dry milk dissolved in a Tris-buffered saline containing 0.1% Tween 20

(TBST). The membrane was then incubated in the appropriate primary antibody solution for

60 minutes: anti-SECRA2b, 1:500 (Affinity Bioreagents, Golden, CO); anti-PKG, 1:200

(Stressgen Bioreagents, Ann Arbor, MI); anti-PKA, 1:100 (Santa Cruz Biotechnology, Santa

Cruz, CA); anti-CaMKII 1:100 (Abcam, Cambridge, MA). An anti-β-actin antibody

(1:1000, Abcam) was used as the internal standard. The membrane was washed three times

(10 min each) using TBST and incubated with the appropriate horseradish peroxidase (HRP)

secondary antibody for 60 min. The respective secondary IgG antibodies used against the

primary for SERCA2b, PKG, PKA, and CaMKII were: goat anti-mouse, 1:1000 (Santa

Cruz); goat anti-rabbit, 1:1000 (Santa Cruz); donkey anti-goat. 1:1000; goat anti-rabbit,

1:1000 (Santa Cruz). The membrane was subsequently washed three times (10 min each)

using TBST. Chemiluminescence was used to detect each HRP labeled antibody using the

FluorChem (FC2) AlphaImager Documentation and Analysis System (Alpha Innotech

Corp., San Leandro, CA). Band densitometry was analyzed using the AlphaImager and

normalized to β-actin.

Scanning Electron Microscopy

The distal end (3 cm in length) of each artery was opened longitudinally and fixed with 5%

glutaraldehyde for 60 min. It was then post-fixed using 4% osmium tetroxide (OsO4) for an

additional 60 min. The specimens were dehydrated using ascending ratios of acetone/ethanol

(1:1, 2:1, 4:1) followed by descending ratios of acetone/hexamethyldisilazane (4:1, 2:1, 1:1).

They were then dried using a critical point dryer and sputter coated with gold particles. The
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luminal surface was observed using a PSEM II 2000 (ASPEX Corp., Delmont, PA) scanning

electron microscope as previously described (20).

Data Analysis

The resulting bands on the immunoblots were visualized using the FluorChem (FC2) digital

imager. Bands were analyzed using the spot densitometry program associated with the

AlphaImager Analysis System. The intensity of each band is expressed as a ratio of the

control group for each blot. Statistical analysis was conducted using SigmaStat 3.5 (SyStat

Software, Point Richmond, CA) and significance was defined at P≤0.05. When evaluating

two groups, a t-test was used. To assess the significance between more than two groups the

data was analyzed using a one-way ANOVA followed by Bonferroni’s post-hoc analysis.

Data are expressed as the mean±S.E.M. for the number (n) of pigs used.
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Fig. 1.
(a) The effect of estrogen on the protein expression of SERCA2b. The data represent the

ratio of the band intensity for the EtOH and estrogen (E2) groups compared to the untreated

group for each Western blot. The insert shows a representative raw Western blot for

SERCA2b and the loading control, β-actin. * indicates P < 0.05, n = 6. (b) SERCA2b

expression in the presence of estrogen and the estrogen receptor α/β antagonist, ICI

182,780. The data represent the ratio of the band intensity for the experimental groups

compared to the EtOH group for each Western blot. * indicates P < 0.05, n = 4. In both (a)

and (b) the endothelium was intact.
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Fig. 2.
The effect of estrogen on protein kinase A (PKA) expression in arteries with an intact

endothelium. The data represent the ratio of the band intensity for the EtOH and estrogen

(E2) groups compared to the untreated group for each Western blot. The insert shows a

representative raw Western blot for PKA and the loading control, β-actin. * indicates P <

0.05, n = 6.
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Fig. 3.
Protein kinase G (PKG) expression in the presence of physiological concentrations of

estrogen. The data represent the ratio of the band intensity for the EtOH and estrogen (E2)

groups compared to the untreated group for each Western blot. The insert shows a

representative raw Western blot for PKG and the loading control, β-actin. The data are from

endothelial intact arteries. * indicates P < 0.05, n = 5.
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Fig. 4.
(a) Inhibition of protein kinase G (PKG) attenuates the estrogen (E2)-induced increase in

SERCA2b. The data represent the ratio of the band intensity for the E2 and E2 + KT5823

groups. (b) The protein kinase A inhibitor, KT5720, did not significantly inhibit the E2-

mediated increase in SERCA2b expression. The data represent the ratio of the band intensity

for the E2 and E2 + KT5720 groups. For both (a) and (b) there was no difference (P > 0.05)

between the vehicle solvents (EtOH and DMSO) for E2 and the kinase inhibitors. Both sets

of data are from endothelial intact arteries. * indicates P < 0.05, n = 6.

Hill and Muldrew Page 14

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.
Scanning electron micrograph image of the luminal surface of a coronary artery. (A) The

arterial endothelium was left intact and several red blood cells are visible. (B) The

endothelium was rubbed off using a wooden toothpick and the elongated smooth muscle

cells are clearly present.
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Fig. 6.
The effect of the endothelium on SERCA2b and protein kinase G (PKG) expression in the

presence of estrogen (E2). The data for SERCA2b (a) and PKG (b) represent the ratio of the

band intensity for E2 compared to EtOH in the presence and absence of the endothelium. *

indicates P < 0.05, n=7 (a) and n=6 (b).
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