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Abstract
The sarco/endoplasmic reticulum calcium ATPase (SERCA) is essential for the control of
intracellular free Ca2+ levels. Recently, SERCA has been identified as an important effector of nitric
oxide (NO) action in vascular cells. NO stimulates the uptake of cytosolic Ca2+ via SERCA by
adducting glutathione to the reactive cysteine-674 thiol. Mutation of this single amino acid prevents
the stimulation of Ca2+ uptake by NO, as well as its ability to decrease Ca2+ and cell migration. NO
function is impaired in a variety of cardiovascular diseases, including diabetes and atherosclerosis,
which are associated with irreversible oxidation of SERCA cysteine-674. Targeting the sources of
oxidants in vascular diseases to prevent SERCA oxidation and/or increasing the expression of
SERCA may impede vascular disease.

Introduction
The sarco/endoplasmic reticulum calcium ATPase (SERCA) is a 97–115 kDa membrane
protein expressed in the ER/SR of all cells as the product of three genes [1]. SERCA1 is present
in fast twitch skeletal muscle, SERCA2a in heart and slow twitch skeletal muscle, SERCA2b
in all cells including smooth muscle cells (SMC), endothelial cells (EC), and platelets, and
SERCA3 in non-muscle cells including platelets and EC. SERCA2a is also expressed in
proliferating SMC [2;3]. The major SMC isoform, SERCA2b, is an alternatively spliced form
that differs from SERCA2a by having an elongated C-terminus within the SR lumen. In
SERCA3 an even longer C-terminus is thought to decrease the Ca2+ affinity of the protein,
enabling it to increase the concentration of Ca2+ in the stores to a greater degree than the other
isoforms [4].

The sarcoplasmic reticulum stores contain the bulk of intracellular Ca2+. Although it contains
only a small fraction of the total, it is cytosolic free Ca2+ which is accountable for regulating
the function of Ca2+-dependent proteins that regulate cell function. As the major mechanism
for uptake of Ca2+ into the stores, SERCA is essential. SERCA is also important because the
level of Ca2+ in the stores inversely regulates influx of Ca2+ from the extracellular space into
the cytosol by a mechanism called store-operated Ca2+ entry. Thus, SERCA-mediated Ca2+

uptake into stores plays a key role in maintenance of intracellular free Ca2+ levels within a
physiological range. In addition, during contractions caused by elevated levels of intracellular
Ca2+, accelerated sequestration of Ca2+ by SERCA mediates smooth, cardiac, and skeletal
muscle relaxation. In non-contractile cells, such as proliferating smooth muscle cells or
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endothelium, SERCA regulates many cellular processes, including cell growth, apoptosis, and
migration.

Nitric oxide (NO), the free radical which is the biologically active component of endothelium-
derived relaxing factor, has critical roles in the maintenance of vascular homeostasis. Under
normal conditions, a major and immediate action of NO in all cells is to decrease intracellular
calcium, which can inhibit cellular functions, including growth, proliferation, adhesion, and
contractility. In intact arteries, the immediate consequence of the reduction of intracellular
Ca2+ in smooth muscle cells (SMC) by NO is relaxation. NO relaxes vascular SMC via both
cyclic GMP-dependent and -independent mechanisms (Figure 1A). By a cyclic GMP-
dependent pathway, NO activates guanylyl cyclase to increase cyclic GMP which in turn
activates protein kinase G (PKG) and regulates its downstream targets (eg. contractile proteins,
ion channels) to relax SMC. NO can also relax SMC by cyclic GMP-independent mechanisms,
including by direct modifications of SERCA protein (Figure 1B).

Redox regulation of SERCA by NO
NO can stimulate the uptake of cytosolic Ca2+ by SERCA [5]. By reacting with superoxide
anion, NO forms the more thiol reactive oxidant, peroxynitrite, which in turn can adduct
glutathione (GSH) to SERCA cysteine thiols. The reaction of NO with superoxide anion is
required as indicated by the fact that mouse arteries in which superoxide dismutase is
overexpressed relax less to NO [5]. The majority of the GSH on SERCA is bound to the most
reactive thiol on cysteine-674, and mutation of this single cysteine prevents not only formation
of most of the GSH adducts, but also stimulation of Ca2+ uptake by NO. In atherosclerotic
arteries, NO could not stimulate SERCA activity because of the irreversible oxidation of the
cysteine-674 thiol caused by the high levels of oxidants accompanying the disease [5] (Figure
1B).

Injury, such as that induced by a balloon angioplasty catheter, results in SMC dedifferentiation
and migration. This process accounts in large part for arterial restenosis after angioplasty. NO
donors normally inhibit SMC migration. To test whether NO inhibits cell migration through
redox regulation of SERCA activity, expression of either wild type (WT) or a serine mutant
of SERCA cysteine-674 (C674S) was accomplished by stable transfection of HEK 293 cells
or adenoviral expression of the proteins in rat aortic SMCs. In the cells expressing the mutant
SERCA, labeling of free reactive thiols with biotinylated-iodoacetamide (BIAM) was nearly
eliminated, validating the mutant. In addition, biotinylated-glutathione adducts of SERCA
induced by NO were eliminated, and NO failed to increase SERCA activity or decrease Ca2+

influx, consistent with the single cysteine SERCA mutant mediating NO-dependent activation.
In the absence of NO, fetal bovine serum stimulated migration of HEK cells or SMC expressing
WT or C674S SERCA at similar rates. The NO donors, S-nitrosopenicillamine (SNAP) or
DETA NONOate, inhibited migration of cells with WT SERCA, but had no effect on the
migration of either cell type expressing C674S mutant SERCA. When iNOS was induced by
interleukin-1β, the endogenous NO inhibited migration of SMC expressing WT, but not the
mutant SERCA. This result may be relevant to proliferating SMC in injured arteries in which
iNOS expression is induced by cytokines. Blocking cyclic GMP does not prevent the inhibition
of migration by NO. These results indicate that the cyclic GMP-independent, redox regulation
of SERCA cysteine-674 is required for the inhibition of cell migration by both exogenous and
endogenously generated NO [6].

NO and SERCA dysfunction in cardiovascular diseases
NO-induced vasodilatation is impaired in patients with a variety of cardiovascular diseases,
including diabetes, hypercholesterolemia and atherosclerosis [5;7;8]. In diseased blood vessels
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high levels of reactive oxygen species (ROS) are produced by vascular cells and leukocytes
and these contribute importantly to the vascular dysfunction [9–11]. Potential sources of
vascular ROS production include NADPH oxidases, xanthine oxidase, lipoxygenase,
mitochondrial electron transport, and NO synthases (NOS). NADPH oxidases appear to be the
principal source of excess vascular superoxide anion in several animal models of vascular
disease. Vascular dysfunction may occur because NO is destroyed or consumed by reactions
with ROS. Attempts to restore endothelium-dependent relaxation in arteries from
hypercholesterolemic animals by incubating them for a few hours with antioxidants [12;13] or
by adenovirus-mediated gene transfer of superoxide dismutase (SOD) [11] have largely failed.
This may be due to the fact that the excess oxidants may irreversibly impair the function of
proteins that are directly regulated by NO in aortic SMC, such as SERCA [5;13].

Early studies showed that hypercholesterolemia (HC) impairs acetylcholine-induced relaxation
of the rabbit aorta but had little effect on that caused by the NO donor, sodium nitroprusside
(SNP), suggesting that acetylcholine released less NO from the endothelium in HC[9].
However, the relaxation to authentic NO gas was found to be also impaired in HC aorta,
indicating the importance of an abnormal SMC response[13]. A selective guanylyl cyclase
inhibitor, ODQ, eliminated SNP-induced relaxation, but only partially blocked NO-induced
relaxation of both normal and HC aorta. In arteries treated with ODQ, the residual relaxation
to NO was still less in HC and, in both normal and HC aorta, was abolished by concomitant
administration of the SERCA inhibitor, cyclopiazonic acid. SERCA activity was markedly
decreased in HC, although SERCA 2 protein expression did not change [13]. These studies
indicate that while the cyclic GMP pathway is preserved in HC animal arteries, the redox
stimulation of SERCA by NO to cause relaxation is impaired, and can account for the abnormal
response to acetylcholine-induced release of NO. By using mass spectrometry and sequence-
specific antibodies to detect oxidized amino acid residues, the abnormal SERCA function in
the hypercholesterolemic rabbit aorta can be attributed to extensive oxidant-induced tyrosine
nitration and thiol oxidation of SERCA [8;14]. Both tyrosine nitration and thiol oxidation may
be attributed to excess production of peroxynitrite, the chemical product of NO and superoxide
[8;14].

Studies in diabetic and insulin-treated diabetic Wistar rat aorta also correlated an increase in
tyrosine nitration of aortic SERCA2b with impaired aortic relaxation to acetylcholine which
is also a characteristic of the diabetic state [15]. Prolonged treatment of the diabetic rat with
insulin also impaired aortic relaxations that were attributed to dysfunction of the smooth
muscle, and were caused, at least in part, by SERCA dysfunction [15]. In the streptozotocin-
induced diabetic rat model, increased plasma angiotensin II and peroxynitrite levels impaired
cyclic GMP-independent aortic relaxation, apparently by inhibiting SERCA [16].
Additionally, diabetic hypercholesterolemic pig aorta contained SERCA2b in which the
cysteine-674 thiol was oxidized, and this was prevented in pigs treated with insulin.
Interestingly, the irreversible oxidation of SERCA in the diabetic pig aorta corresponded to
less intact 110 kDa SERCA protein and a lower molecular mass SERCA protein of
approximately 70 kDa [14]. The lower molecular mass SERCA was confirmed by mass
spectrometry. These studies suggest that SERCA degradation is associated with its oxidation
and may play a role in progression of diabetic vascular disease [14].

A number of studies support the concept that increased aggregation of platelets contribute to
the pathogenesis and progression of the vascular complications of diabetes. SERCA2 in
platelets from patients with type 2 diabetes mellitus showed increased tyrosine nitration and
was accompanied by inactivation of SERCA, elevated platelet free Ca2+ levels, and activated
μ-calpain. The tyrosine nitration of SERCA2 and the activation of μ-calpain in platelets from
healthy volunteers could be evoked by peroxynitrite in vitro, implicating the importance of the
oxidation of SERCA in the diabetic patients [17].
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Recent studies indicate that NO fails to inhibit migration of SMC cultured in high glucose (HG)
to mimic the diabetic state. This is due to irreversible oxidation of SERCA cysteine-674 caused
by ROS produced by upregulated expression of NADPH oxidase [18;19]. After exposure of
SMC to HG for 3 days, NO failed to inhibit migration as it does in normal glucose (Figure 3),
nor did it decrease Ca2+-dependent association of calmodulin with calcineurin, indicating that
NO failed to decrease intracellular free Ca2+ levels. In SMC exposed to HG, NO produced far
fewer glutathione adducts on the SERCA C674 thiol. Thiol labeling studies showed that the
C674 thiol was oxidized by HG, and the sequence-specific antibody that recognized sulfonic
acid oxidation of the C674 SERCA thiol in diseased arteries mentioned above, also detected
that the thiol was oxidized in SMC. These results indicate that failure of NO to inhibit migration
in SMC exposed to HG is due to irreversible oxidation of the SERCA cysteine-674 reactive
thiol [18].

In SMC cultured in HG it was also noted that the mRNA levels of Nox1 and Nox4 as well as
the protein level of Nox4 were significantly increased. These two proteins are isoforms of
gp91phox, termed Nox2, the cytochrome containing component of the leukocyte NADPH
oxidase. Studies in which either Nox1 or Nox4 siRNA was used to selectively knockdown
protein expression showed that both Nox isoforms played a role in producing oxidants that
were responsible for the failure of NO to inhibit SMC migration caused by HG [19].

SERCA as a therapeutic target to prevent vascular disease development
Targeting the oxidant sources in vascular diseases to prevent SERCA oxidation and/or
providing new SERCA protein may improve vascular disease development. As an example,
in a study of impaired endothelium-dependent relaxations in HC rabbit aorta, the antioxidant
t-butylhydroxytoluene (BHT) dramatically improved the smooth muscle response to NO, and
this was mirrored by improved endothelium-dependent relaxation to acetylcholine, suggesting
that the beneficial effects of the antioxidant depends on improvement in the SMC response to
NO (Figure 2) [8]. BHT also restored the decreased aortic SERCA activity in HC and decreased
tyrosine-nitrated SERCA without changing SERCA protein expression. These beneficial
effects may depend on decreasing the direct effects on SERCA of ROS that are augmented in
HC [8]. In addition, improvement of endothelium-dependent relaxation precedes the regression
of atherosclerosis caused by cholesterol lowering or antioxidant treatments, suggesting that
improvement of the response to NO can limit the progression of atherosclerosis. The
improvement in SMC function is associated with decreased oxidative modification of SERCA
protein and improved Ca2+ uptake activity. This suggests that preservation of SERCA function
may be regarded as a new target for the treatment of impaired vascular function.

In the streptozotocin-induced diabetic rat model, elevated plasma angiotensin II levels are
improved by treatment with the angiotensin-converting enzyme inhibitor, enalapril. As
angiotensin II is a powerful inducer of NADPH oxidase, it is likely that enalapril helps prevent
the diabetes-related impairment of SERCA function in the aorta by suppressing ROS formation
[16].

The enhanced tyrosine nitration and inactivation of SERCA2 in platelets from type 2 diabetic
patients mentioned above were restored by treating the patients with the peroxisome
proliferator-activated receptor-γ agonist, rosiglitazone. This was accompanied by
improvements in platelet [Ca2+]i and aggregation, indicating the importance of SERCA
oxidation in platelet function in diabetic patients. Rosiglitazone also partially restored
inhibition of platelet aggregation by NO, consistent with improvements in SERCA redox
function [17].

In a type 2 diabetic rat model, left ventricular diastolic dysfunction characterized by a slow
rate of ventricular relaxation is accounted for by decreased SERCA2a protein expression.
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Transcoronary gene transfer with an adenoviral vector to overexpress SERCA2a increased
coronary blood flow and decreased cardiomyocyte hypertrophy [20]. The increased coronary
blood flow observed may have been due to the increased SERCA2a gene expression in vascular
EC and SMC in coronary arteries.

SERCA 2a and SERCA 2b isoforms are expressed in a ratio of 30:70 in the media of carotid
artery of adult male Sprague-Dawley rats[21]. However, two weeks after balloon-catheter
injury, SERCA2a protein expression fell dramatically in both the media and the neointima,
while SERCA2b was unchanged [22]. Preventing the loss of SERCA2a in the injured carotid
arteries by infection with adenoviral-SERCA2a blocked the neointima formation observed in
uninfected injured carotids or those infected with a β-galactosidase control vector [22].
Furthermore, overexpression of SERCA2a prevented the proliferation-induced changes in
phenotype and apoptosis compared with the controls [22]. By lowering the cytosolic Ca2+

level, increased SERCA2a expression and activity can inactivate calcium/calmodulin-
dependent serine/threonine-specific protein phosphatase 2b and its downstream signaling,
resulting in decreased nuclear factor of activated T lymphocytes (NFAT) transcriptional
activity [22]. Although SERCA 2a and 2b do not differ in structure around cysteine-674 and
would therefore both be expected to be similarly redox-regulated, studies in the authors’
laboratory have been performed with the SERCA 2b isoform. The stability of its expression
in injured arteries suggest that redox regulation of the 2b isoform may be key to SERCA
function in diseased arteries in which it may be the sole isoform. Currently, there are a number
of clinical trials of SERCA2a gene therapy for the treatment of patients with heart failure using
adeno-associated vectors [23]. Even though these trials are targeting patients with heart failure,
their safety profile may pave the way for SERCA2a gene therapy for the treatment of vascular
diseases.

In studies of SMC exposed to HG, the antioxidant, Tempol, or adenoviral mediated
overexpression of SOD prevented the effects of HG (Figure 3) [18]. Overexpression of
SERCA2b WT, but not the SERCA2b C674S mutant, also preserved the ability for NO to
inhibit migration despite exposing the cells to HG (Figure 3). This indicates that despite the
fact that the C674S mutant has normal basal activity, that the redox regulation of cysteine-674
is key to the restoration of NO function. Interestingly, HG still oxidized 70% of the cysteine-674
thiol in the overexpressed SERCA WT protein. However, the remaining 30% amounted to a
2.5-fold excess in the total reduced thiol on SERCA that was available for S-glutathiolation
and stimulation of activity compared to uninfected cells. These experiments indicate that
overexpression of SERCA may achieve part of its therapeutic effect by mechanisms involving
the redox regulation of cysteine-674, which can be preserved by antioxidants such as Tempol
and BHT, increasing the expression of antioxidant enzymes, or inhibiting the expression of
NADPH oxidase. Notably, Tempol has been shown to prevent the excess restenosis observed
in the fructose-induced Type 2 diabetic rat [24] perhaps in part via its effects on SERCA.

Recent experiments performed on insulin-resistant Zucker obese rats indicate that upregulation
of NADPH oxidase expression in vivo leads to oxidation of SERCA cysteine-674, making it
insensitive to NO. Interestingly, the increased oxidants and impaired responsiveness to NO
persisted when the SMC from the Zucker obese rats were cultured, whereas SMC from lean
Zucker control rats functioned normally. This phenomenon appears to be explained by
persistent excess production of ROS that oxidize SERCA.

Conclusions
In summary, NO normally stimulates Ca2+ uptake activity of SERCA by increasing S-
glutathione adducts on the reactive cysteine-674 thiol. This reactive SERCA thiol also
undergoes irreversible oxidation caused by increased ROS in vascular disease. Antioxidant
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scavengers or inhibiting excess ROS production can prevent the irreversible oxidation of
SERCA and maintain vascular function. Expressing new functional SERCA protein in diseased
cardiovascular tissues may improve function, and may in part rely upon restoration of sufficient
reduced thiol on cysteine-674 to allow for its redox regulation. Recognition that both
physiological and pathophysiological levels of ROS regulate cell functions by direct
modifications of SERCA not only brings new understanding of the way in which ROS regulate
cell function, but also may suggest new strategies to prevent vascular disease development.
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Figure 1.
A. NO relaxes vascular smooth muscle (SMC) in part by redox regulation of SERCA.
Nitrovasodilators activate guanylyl cyclase and increase cyclic GMP which activates protein
kinase G (PKG), which in turn regulates its downstream targets to relax smooth muscle. Unlike
guanylyl cyclase-dependent nitrovasodilators, authentic NO activates SERCA and refills
intracellular Ca2+ stores. Consequently, store-operated cation channels (SOC) are inhibited
and the decrease in intracellular free Ca2+ relaxes smooth muscle. The latter mechanism is
predominantly cyclic-GMP-independent. B. Under physiological conditions (left) · NO and
O2

−• form the reactive nitrogen species, peroxynitrite (OONO−), which increases glutathione
(GSH) adducts (GSS-) primarily on cysteine(C)-674 of SERCA. This adduct increases Ca2+

uptake activity of SERCA. Under pathophysiological conditions (right) higher levels of O2
−•

and H2O2 increase the destruction and consumption of · NO, and produce OONO− which can
irreversibly oxidize the reactive SERCA C674 thiol (-SO3H). This prevents its reversible
glutathiolation and blocks the stimulation of SERCA by · NO. Thus, the redox status of C674
can determine physiological and pathophysiological changes in vascular tone as well as SMC
and endothelial cell (EC) migration. From reference [5].
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Figure 2.
Impaired acetylcholine (ACh)- (A) and exogenous NO-induced (B) relaxation of
hypercholesterolemic (HC) rabbit aorta is prevented by treatment with the antioxidant,
butylated hydroxytoluene (BHT). Panel A shows ACh (normal [n=12], HC [n=11], and HC
+BHT [n=9]), and panel B shows NO (normal [n=12], HC [n=10], and HC+BHT [n=9]).
*P<0.05 by ANOVA. Both ACh-induced relaxations in rings with endothelium (E+) and NO-
induced relaxations in rings without endothelium (E−) were markedly reduced in HC, and
treatment with BHT Prevented the impairment. C. Preincubation with the SERCA inhibitor
thapsigargin (10 μmol/L, 1 hour) decreased NO-induced relaxation in aortas from normal and
BHT-treated rabbits but not from HC rabbits. Thapsigargin also eliminated the differences
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among the 3 groups, suggesting that SERCA-dependent relaxation to NO is selectively
inhibited in HC and that BHT improves it. Panel C shows NO (normal [n=8], HC [n=8], and
HC+BHT [n=8]). *P<0.05 vs normal; †P<0.05 vs HC. Data from reference [8].
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Figure 3.
Overexpression of SERCA WT, but not SERCA C674S mutant, or application of the
antioxidant, Tempol, preserves the ability of the NO donor, S-N-acetyl penicillamine (SNAP)
to inhibit migration of SMC exposed to high glucose. SNAP inhibits serum-induced migration
of SMC exposed to normal glucose (5.5 mmol/L), but of those exposed to high glucose (25
mmol/L). Overexpression of SERCA WT, but not SERCA C674S preserves the ability of
SNAP to inhibit migration in SMC exposed to HG. N = 6 (mean ± S.E.M.). *P < 0.05, paired
t-test between cells treated with or without SNAP. In uninfected SMC exposed to high glucose,
treatment with Tempol has no effect on migration of cells in the absence of SNAP, and protects
the ability of SNAP to inhibit migration of cells exposed to HG. N = 3, *P < 0.05, two-way
ANOVA. Data from reference [18].
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