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 Physiological importance of sarco/endoplasmic 
reticulum Ca 2 �  -ATPase 

 SERCA is an intracellular membrane-bound enzyme that 
utilizes the free energy of ATP to transport Ca 2 �   against a 
concentration gradient. The physiological role of SERCA 
is to sequester cytosolic Ca 2 �   into membrane-bound intra-
cellular compartments. SERCA-mediated Ca 2 �   uptake 
into stores plays a key role in the maintenance of intracel-
lular free Ca 2 �   levels within the physiological range. Ca 2 �   
uptake into SR via SERCA is responsible for the removal 
of 90% of Ca 2    �   from the cytoplasm [8]. In addition, 
following contractions caused by elevated levels of intra-
cellular Ca 2 �  , accelerated sequestration of Ca 2 �   by SERCA 
mediates smooth, cardiac, and skeletal muscle relaxation. 
In noncontractile cells such as proliferating smooth 
muscle cells or endothelium, SERCA modulates many 
cellular processes via alteration of intracellular Ca 2 �  , 
including cell growth, apoptosis, and migration [9,10].   

 Sarcoplasmic reticulum Ca 2 �  -ATPase isoforms 

 SERCA is a 97 – 115 kDa membrane protein expressed in 
the ER/SR of all cells as the product of one of three genes 
[11]. SERCA1 is present in fast twitch skeletal muscle, 
SERCA2a in heart and slow twitch skeletal muscle, SER-
CA2b in all cells including smooth muscle cells (SMCs), 
endothelial cells (ECs), and platelets, and SERCA3 in 
nonmuscle cells including plateles and EC. SERCA2a is 
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  Abstract 
 The review deals with impairment of Ca 2 �  -ATPases by high glucose or its derivatives in vitro, as well as in human diabetes and experi-
mental animal models. Acute increases in glucose level strongly correlate with oxidative stress. Dysfunction of Ca 2 �  -ATPases in diabetic 
and in some cases even in nondiabetic conditions may result in nitration of and in irreversible modifi cation of cysteine-674. Nonenyzmatic 
protein glycation might lead to alteration of Ca 2 �  -ATPase structure and function contributing to Ca 2 �   imbalance and thus may be involved 
in development of chronic complications of diabetes. The susceptibility to glycation is probably due to the relatively high percentage of 
lysine and arginine residues at the ATP binding and phosphorylation domains. Reversible glycation may develop into irreversible modi-
fi cations (advanced glycation end products, AGEs). Sites of SERCA AGEs are depicted in this review. Finally, several mechanisms of 
prevention of Ca 2 �  -pump glycation, and their advantages and disadvantages are discussed.  

  Keywords:   polyol   pathway  ,   glycation  ,   cysteine-674  ,   nitrotyrosine  ,   diabetes   

  Introduction 

 Calcium ATPases, sarco/endoplasmic reticulum ATPase 
(SERCA), and plasma membrane calcium ATPase 
(PMCA) play key roles in calcium homeostasis and cell 
signaling. These calcium pumps have been suggested to 
represent major targets that are readily damaged by 
ROS/RNS [1,2]. In the majority of cases the oxidation 
of one or two amino acids has a minimal eff ect on 
protein function, altering neither the stability nor the 
function of the protein [3,4]. In contrast, some proteins 
are selectively oxidized at critical sites that regulate 
their function in a reversible manner. In this respect, 
SERCA and PMCA belong to proteins, with selectively 
oxidized unique sites associated with alterations their 
function observed in many human diseases and experi-
mental models on animals [5 – 7]. 

 This review is focused on the impairment of Ca 2 �  -
pumps by high glucose (HG) and diabetes. Hyperglyce-
mia is the most important factor in the onset and progress 
of diabetic complications. The mechanisms by which 
hyperglycemia may lead to complications of long-term 
diabetes include polyol activation, formation of glycated 
proteins resulting in advanced glycation end products 
(AGEs), and an increase in oxidative stress. Inactivation 
of Ca 2 �   pumps contributes to variety of pathologies. 
Modulation of calcium pumps may off er a new therapeu-
tic tool in the treatment of several human diseases, 
including diabetes.  
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also expressed in proliferating SMCs [12,13]. The major 
SMC isoform, SERCA2b, is an alternatively spliced 
form that diff ers from SERCA2a by having an elongated 
C-terminus within the SR lumen. SERCA3 isoforms diff er 
with respect to SERCA1 only slightly in many functional 
aspects, including those determining the apparent affi  nity 
for cytoplasmic Ca 2 �  . However, with respect to the 
dephosphorylation of E2P, which could be critical for 
the lumenal Ca 2 �   concentration, a modulatory role of 
the C terminus was found: the longer the C-terminal 
extension, the faster dephosphorylation proceeded [14]. 
Individual pumps diff er in their regulatory and kinetic 
properties, allowing for optimized function in the tissue 
where they are expressed [15].   

 SERCA dysfunction 

 Ca 2 �  -ATPase dysfunction has been detected in experi-
mental and human pathology [16,17] including heart fail-
ure [18], diabetes [19], atherosclerosis [20], and restenosis 
[21], as well as in the aging skeletal muscle [22] reviewed 
by Jia Ying et   al. [23]. A common feature of these patho-
logical situations is the increased and prolonged produc-
tion of reactive oxygen species (ROS) [24], to which 
SERCA is susceptible owing to critical active site of 
cysteines. 

 Previous studies showed that oxidative stress reduced 
SERCA activity by nitration of tyrosine [6,25] and oxida-
tive modifi cation of Cys674 leading to a reduced level of 
GSS-SERCA, the activated form of SERCA [20,26]. As 
mentioned above, two susceptible SERCA tyrosines (294, 
295) were also nitrated. Mass spectrometry and antibody 
studies indicate that these tyrosines are nitrated under the 
same conditions in which Cys674 is oxidized [23,27]. 
Posttranslational modifi cation of amino acid residues of 
SERCA [28] by ROS may aff ect the structure of the Ca 2 �   
transporter and consequently aff ect its function resulting 
in elevation of cytosolic Ca 2    �     concentration [29].    

 Hyperglycemia and diabetes 

 Hyperglycemia is the most important factor in the onset 
and progression of diabetic complications. Mechanisms 
of hyperglycemia underlying complications of long-term 
diabetes include polyol activation, formation of glycated 
proteins resulting in AGEs, and an increase in oxidative 
stress. HG levels are known to cause impairment of Ca 2 �  -
ATPase activity which can be prevented by compounds 
that are also known to be protective against diabetic 
pathology.  

 Polyol pathway and cardiac dysfunction in 
relation to SERCA  

 Polyol pathway in diabetic patients and animals.   The 
polyol pathway has been implicated in the pathogenesis of 
various diabetic complications [30,31]. In this metabolic 

pathway, glucose is reduced to sorbitol by aldose reductase 
(AR; EC 1.1.1.21) with the oxidation of its co-factor 
NADPH to NADP  �  , and sorbitol is then converted to 
fructose by sorbitol dehydrogenase (SDH: EC 1.1.1.14) 
with concomitant reduction of NAD  �   to NADH [32]. In 
hyperglycemia, increased fl ux of glucose through the 
polyol pathway leads to the depletion of NADPH and 
NAD  �  . The decrease in the level of NADPH is thought to 
lead to a decreased level of reduced glutathione (GSH) 
because NADPH is also the co-factor for glutathione 
reductase (GR), which regenerates GSH from glutathione 
disulfi de (GSSG) [33]. 

 Studies in acute hyperglycemic hearts also showed that 
activation of the polyol pathway increases the NADH/
NAD ratio, which was found to stimulate the NADH 
oxidase (EC 1.6.99.3) to generate ROS [34,35] and the 
increased ROS concentration can inhibit SERCA by 
oxidizing the cysteine thiols, interfering with the ATP-
binding site and inhibiting hydrolysis of ATP [36]. 

 Further evidence for interaction of the polyol pathway 
and SERCA comes from work by Tang et   al. [16], who 
found that high-glucose perfusion led to increased nitra-
tion of SERCA and an increased level of SERCA Cys674-
SO3H (sulfonic acid), suggesting that reduction of 
SERCA activity was due to high glucose-induced oxida-
tive stress. Addition of either aldose AR or SDH inhibi-
tor to the high-glucose perfusate reduced the levels of 
nitrated SERCA and SERCA Cys674-SO3H and normal-
ized SERCA activity, indicating that the polyol pathway 
is the major contributor to high glucose-induced oxida-
tive stress and the cause of high glucose-induced inacti-
vation of SERCA, leading to contractile dysfunction.   

 Polyol pathway in nondiabetic subjects.   The polyol path-
way has been reported to be activated in hearts following 
ischemia/reperfusion injury (I/R) even in nondiabetic 
animals [37], which may relate to the observation in 
humans that up to half of nondiabetic patients with acute 
myocardial infarction have high blood glucose levels 
when admitted to hospital, presumably as a consequence 
of stress [38]. A recent study reported that in the I/R-
treated hearts of nondiabetic rats the polyol pathway-
mediated depletion of NAD  �   led to increased oxidative 
damage [39], resulting in cardiac dysfunction [40]. These 
authors showed that in this model the polyol pathway 
contributed to the impairment of SERCA and the ryano-
dine receptor (RyR), two players in Ca 2    �   signaling that 
regulate cardiac contraction. Polyol pathway activities 
increased the level of peroxynitrite, which enhanced the 
tyrosine nitration of SERCA and irreversibly modifi ed it 
to form SERCACys674/SO3H. Rat hearts perfused in 
high-glucose medium (33.3 mM) for 2 h compared with 
those perfused with normal glucose medium (11.1 mM) 
showed increased apoptosis and increased superoxide 
and nitrotyrosine levels, indicating that oxidative stress 
occurs within a short period of hyperglycemia [41]. 
In general, acute increases in glucose level strongly 
correlated with oxidative stress in diabetic patients and 
animals [41,42]. 
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 Thus, bringing together this evidence, it appears that 
oxidative stress induced by the polyol pathway can reduce 
SERCA activity either by irreversible modifi cation of 
cysteine-674 to form the sulfonic acid or nitration of 
tyrosine, and this could also play a role in nondiabetic rats 
and patients with cardiovascular I/R.    

 Vascular complications related to SERCA impairment in 
the presence of high glucose 

 Under normal conditions, a major action of NO in all cells 
is to decrease intracellular calcium, which can inhibit cel-
lular functions, including growth, proliferation, adhesion, 
and contractility. An immediate consequence of the reduc-
tion of intracellular Ca 2 �   in smooth muscle cells (SMCs) 
by NO is relaxation. NO relaxes vascular SMCs via both 
cyclic GMP-dependent and GMP-independent mecha-
nisms. The second mechanism includes direct modifi ca-
tion (activation) of SERCA protein by S-glutathiolation of 
the most reactive thiol, Cys674 [43]. 

 Nitric oxide has an important eff ect on SERCA in 
SMCs, as illustrated by the review of Tong et   al. [44]. NO 
can stimulate the uptake of cytosolic Ca 2 �   via SERCA by 
adducting glutathione to the reactive Cys674. In SMC ’ s 
exposed to high glucose, NO produced less glutathione 
adducts on SERCA Cys674 thiol. Thiol labeling studies 
showed that the Cys674 thiol was oxidized by high 
glucose. In addition, the sequence-specifi c antibody that 
stained sulfonic acid at Cys674 SERCA also detected 
that the thiol was oxidized in SMC. These studies indicate 
that failure of NO to inhibit migration in SMCs exposed 
to HG is due to irreversible oxidation of the SERCA reac-
tive Cys674 [45]. 

 The mechanisms of abnormal vascular SMC migration 
in type 2 diabetes were studied also in the obese Zucker 
rat, a model of obesity and insulin resistance [46], SERCA 
nitrotyrosine-294, 295 and cysteine-674 (Cys674)-SO3H 
were found to be increased in Zucker rat SMCs, indicating 
oxidative or nitrative stress. The authors propose that the 
abnormal response to NO in Zucker rat SMCs is caused 
by redox regulation of SERCA, in the same way as 
described above for cultured cell studies. Nitration of 
tyrosine 294 and 295 is known to occur under the same 
conditions as oxidation of Cys674 [23,27], but may be less 
important in mediating eff ects of NO, as a Cys674S mutant 
SERCA has normal calcium uptake activity and only lacks 
stimulation of activity by NO. This indicates that oxida-
tion of the single thiol Cys674 is suffi  cient for SMCs to 
be insensitive to NO and that its restitution can restore the 
response. Overall, these fi ndings suggest that the respon-
siveness of SERCA to NO is of key importance in modu-
lating SMC behaviour [46]. 

 NO function is impaired in a variety of cardiovascular 
diseases, including diabetes, hypercholesterolemia, and 
atherosclerosis, which are all associated with SERCA dys-
function caused by the increased oxidative balance in 
these diseases [44]. In these pathological states, SERCA 
dysfunction could be attributed to excess production of 
peroxynitrite, which may result in both tyrosine nitration 

and thiol oxidation. In the diabetic and insulin-treated 
Wistar rat aorta, an increase in tyrosine nitration of aortic 
SERCA2b correlated with impaired aortic relaxation to 
acetylcholine, which is characteristic of the diabetic state 
[47]. Interestingly, prolonged treatment of diabetic rats 
with insulin also impaired aortic relaxations attributed to 
dysfunction of the smooth muscle, and were caused, at 
least in part, by SERCA dysfunction [47]. Similarly, in 
established diabetes, the presence of excess insulin may 
cause both ONOO- formation and an increase in nitroty-
rosine in SERCA protein via increased production of 
superoxide O2    �  and NO. Enhancement of vascular dis-
ease can occur independently through high-insulin and 
high-glucose levels [48,49]. 

 The diabetic hypercholesterolemic (HC) pig aorta has 
been reported to contain more sulfonated SERCA2b 
(Cys674 in sulfonic acid) than healthy control aorta, an 
increase that was prevented by insulin [23]. Interestingly, 
the irreversible oxidation of SERCA in the diabetic pig 
aorta was not primarily associated with a 110 kDa SERCA, 
but with a lower molecular mass SERCA protein of 
approximately 70 kDa and by higher molecular mass 
aggregates [23]. These studies suggest that SERCA oxida-
tion may result in degradation, which could play a role in 
the progression of diabetic vascular disease [23]. A num-
ber of studies support the concept that increased aggrega-
tion of platelets contributes to the pathogenesis and 
progression of vascular complications of diabetes. 
SERCA2 in platelets from patients with type 2 diabetes 
mellitus showed increased platelet-free Ca 2 �   levels and 
elevated tyrosine nitration accompanied by inactivation of 
SERCA. In platelets from healthy volunteers, tyrosine 
nitration of SERCA2 could be evoked by peroxynitrite 
 in vitro , suggesting the importance of the oxidation of 
SERCA in diabetic patients [50]. 

 A major fi nding of Randriamboavonjy et   al. [50], is 
that type 2 diabetes mellitus is associated with the deg-
radation of platelets through a mechanism involving 
tyrosine nitration of SERCA2, inactivation of SERCA2, 
and increase in intracellular Ca 2 �   level. The tyrosine 
nitration of SERCA2  in vitro  in platelets from healthy 
volunteers could be evoked by peroxynitrite.  In vitro , the 
eff ects of peroxynitrite on SERCA activity appear to be 
biphasic because short-term application of low concen-
trations of peroxynitrite increased platelet Ca 2 �  -ATPase 
activity. These observations are in line with a previous 
report in native vascular smooth muscle cells in which 
peroxynitrite (10 – 50  μ M) increased SERCA activity via 
S-glutathiolation of critical cysteine residues [20]. Higher 
concentrations of peroxynitrite, on the other hand, 
enhanced tyrosine nitration of SERCA2 in platelets from 
nondiabetic individuals and decreased platelet Ca 2 �  -
ATPase activity.   

 Ca 2 �  -ATPase glycation 

 ATPase activity of erythrocyte membranes is known to 
be decreased in diabetic patients with elevated blood 
glucose [51,52] and in red blood cells treated  ex vivo  
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with glucose [53], and there is evidence to suggest that 
such eff ects relate to glycation of the Ca 2 �  -ATPase. 
Gonzales-Flecha [54] demonstrated incorporation of 
radioactively labeled glucose into PMCA in erythrocyte 
membranes and formation of covalent interaction between 
glucose and PMCA. Glycation of only one out of the 
80 lysine residues accessible outside the transmembrane 
domains of PMCA was suggested to decrease the Vmax 
of ATP hydrolysis without aff ecting PMCA affi  nities for 
Ca 2 �  , ATP, or calmodulin [55]. Glycation of the corre-
sponding lysine residue in the ATP binding domain of 
SERCA in hearts of diabetic rats has been observed by 
Bidasee et   al. [56] (Figure 1). 

 On the contrary to glycation of PMCA, normal extru-
sion of calcium by the intact red blood cells incubated 
with 30 mM glucose  ex vivo  was reported [57], and later, 
Bookchin et   al. concluded that PMCA is not glycated in 
diabetes, based on a lack of change of calcium extrusion 
in intact erythrocytes of diabetic and nondiabetic persons 
[58]. In fact, no change in calcium extrusion could be 
caused by switch of calcium extrusion from PMCA to 
sodium/calcium exchanger [59,60]. ATPase activity was 
not measured, and no direct assessment of glycation, for 
example by mass spectrometry or glucose labeling studies 
was made in intact RBC in addition to Ca extrusion exper-
iments. Thus, there is little evidence whether PMCA gly-
cation occurs in intact RBC.   

 Advanced glycation end products, in sarco/endoplasmic 
reticulum Ca 2 �  -ATPase and plasma membrane 
Ca 2 �  -ATPase 

 Several studies have reported that biomolecules like pro-
teins, lipids, and nucleic acids are able to react  in vivo  
with glucose to generate advanced glycation end-
products (AGEs), which seems to be an important patho-
genic mechanism of almost all diabetes complications 

and of aging [61,62]. The fi rst steps of this reaction are 
reversible and begin with the addition of a primary amino 
group of the biomolecule to the carbonyl group of glu-
cose, and the rearrangement of the Schiff  base to form 
an Amadori product. The Amadori products undergo 
a series of irreversible intermolecular reactions to 
produce AGEs [63]. Both the early products and the 
end-products of glycation aff ect the physicochemical 
and biological properties of the target molecules [64], 
and they also interact with other biomolecules, resulting 
in alteration of their structure and function. Potential tar-
gets for glycation include the amine-containing lipids 
and proteins present in biological membranes such as the 
Ca 2 �  -pumps SERCA and PMCA. 

 AGEs include products formed by protein – protein 
crosslinking between Lys (lysine) and Lys or Arg 
(arginine) residues, as well as noncrosslinking modifi ca-
tions of Lys, Arg, and His (histidine) residues of protein 
[62]. The most frequent noncrosslinking AGEs formed on 
Ca 2 �  -pumps are pyrraline, N ε -(carboxymethyl)-lysine, 
1-carboxy alkyllysine at Lys residue, AFGP (1-alkyl-2-
formyl-3,4-glycosyl pyrrole) at Lys or His residues, and 
imidazolone A and B at Arg residues [56]. Crosslinking of 
two Ca 2 �  -pump proteins can occur between Lys residues 
as a crossline or as pentodilysine or between Lys and Arg 
as a pentosidine AGE [56,62] (Figure 2). 

 The group of Bidasee et   al. [56] was the fi rst to show 
that AGEs were formed on intracellular SR Ca 2 �  -ATPase 
(SERCA2a) during chronic diabetes, suggesting a mecha-
nism by which cardiac relaxation may be impaired during 
diabetes. They were also fi rst to pinpoint specifi c amino 
acid residues within the SERCA2a sequence where AGEs 
modifi cations occur, using MALDI-TOF MS analyses of 
heart SERCA2a from streptozotocin-induced diabetic rats 
to reveal several single noncrosslinked as well as cross-
linked AGEs of Lys and Arg. 

 Single AGEs like imidazolone A, imidazolone B, or 
AFGP (1-alkyl-2-formyl-3,4-glycosyl pyrrole molecule) 
were found in three cytoplasmic domains, referred to as 
A (actuator), N (nucleotide binding), and P (phosphoryla-
tion) domains (on Arg164, Lys 476 and 481, His 526, and 
Arg 636). Lysine residues within A, N, and P domains 
were cross-linked to arginine residues within the A and P 
domains via pentosidine AGEs (between Lys 135 and Arg 
164, between Lys 141 and Arg 677, between Lys 135 and 
Arg 655, between Lys 460 and Arg 636, and between Lys 
683 and Arg 619). None of these AGE adducts were found 
within the transmembrane helixes domain (Figure 3). 
Interestingly, in this study a two-week insulin treatment 
attenuated AGEs formation within the SERCA2a [56]. 
This fact confi rmed earlier fi ndings that the structure and 
function of Ca 2 �  -ATPase are restored to normal under 
good glycemic control by insulin [65]. 

 As yet, there appear to be no reports in the literature of 
AGE-modifi cation of PMCA, but as SERCA and PMCA 
are functionally and structurally similar, it is likely that 
such modifi cations may occur  in vivo  during relevant 
pathological conditions. Further studies of PMCA are 
required to investigate this.    

  Figure 1.     Simplifi ed scheme of PMCA structure with sites modifi ed 
by high glucose. Transmembrane regions are numbered 1 – 10. 
Approximate positions of the phosphoryl-aspartate (D * ) and lysine 
(K) crucial for ATP binding are shown. In the C-terminal region, 
tyrosine (Y) residue is indicated. Its phosphorylation results in 
inactivation of the pump. Positions of particular residues are 
numbered according to the human PMCA4b sequence.  
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 Prevention of ca 2 �  -ATPase injury induced 
by glycation  

 Restoration of Ca 2 �  -ATPase expression or activity  

 IGF-1.   There is some evidence that IGF-1 (insulin-like 
growth factor 1) may possess therapeutic potential in 
the treatment of diabetes complications. Exogenous 
IGF-1 treatment restored the diabetes-induced decline 
of SERCA protein levels [66], and a benefi cial role of 
overexpression of IGF-1 in aged mice has also been 
reported Li et   al. [67]. In the latter study, reduced 
SERCA expression and activity with age were normal-
ized by the IGF-1 transgene, but interestingly the 
increased level of glycation end products and oxidative 
stress were not aff ected by IGF-1.   

 Taurine.   Taurine (2-aminoethanesulfonic acid) at physi-
ological concentrations (50 – 100  μ M) has been found to 
prevent signifi cantly the reduction of Ca 2 �  -ATPase 
activity in high glucose-treated red blood cells (RBCs) 
[68]. Taurine stimulated the pumping rate of the Ca 2 �  -
activated ATPase pump, possibly by increasing the turn-
over rate of the pump. Several other investigators also 
observed positive eff ects of taurine in high glucose-
treated cells. For example, taurine attenuated apoptosis 

of hyperglycemia-induced human umbilical vein endothe-
lial cells via ROS inhibition and Ca 2 �   stabilization [69]. 
Taurine also exhibited high reactivity with glucose and 
other aldehydes  in vitro  and may exert an inhibitory 
eff ect against protein modifi cation  in vivo  [70]. The 
eff ects described above for taurine could have relvance 
to mechanisms of diabetic pathology, as taurine is known 
to be decreased in plasma and platelets in diabetic 
patients, and supplementation can restore platelet func-
tion in this condition [71].   

 Exendin-4 .  Recently, Kim et   al. [72] demonstrated that 
pretreatment of beta-cells with Exendin-4, a glucagon-like 
peptide-1 analogue, had an anti-apoptotic eff ect through 
modulation of ER stress and ER Ca 2 �   replenishment by 
restoration of SERCA activity.   

 N-acetylcysteine.   N-acetylcysteine (NAC) administration 
has been found to ameliorate the eff ect of hyperglycemia 
on oxidative stress and activity of membrane transporting 
protein in the streptozotocin-induced rat model of diabetes 
type 1 [73]. Treatment with NAC signifi cantly improved 
lipid composition and lowered the hyperglycemia-induced 
lipid peroxidation, thereby restoring membrane fl uidity 
and activity of plasma membrane Ca 2 �  -ATPase and Na,
K-ATPase.    

  Figure 2.     Structures of noncrosslinking and crosslinking AGEs in Ca 2 �  -pumps. Formation of advanced glycation end-products through 
glucose-protein Schiff  base and Amadori rearrangement (a), and structures of noncrosslinking (b) and crosslinking (c) AGE molecules most 
frequently formed on Ca 2 �  -pumps.  
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 Phospholamban 

 An increase in the amount of phospholamban, a protein 
that decreases the affi  nity of SERCA for calcium, was 
also reported to contribute to the decrease in SR function 
[74]. A decrease in phospholamban expression may be 
another therapeutic approach to allow increased activity 
of SERCA in the diabetic cell, as overexpression of phos-
pholamban or expression of a nonphosphorylatable form 
of phospholamban leads to decreased SERCA activity 
[75], while a knockout of phospholamban results in 
increased SERCA activity.   

 Modulation of SERCA expression 

 PPAR- γ  (peroxisome proliferator-activated receptor-
gamma) is a receptor for the class of antidiabetic drugs 

that include rosiglitazone and pioglitazone, which have 
been reported to have some eff ects on the expression on 
Ca 2 �   pumps [76]. 

 For example, activation of PPAR-  γ  by pioglitazone 
prevented the loss of SERCA2b expression in pancreatic 
INS-1 cells exposed to HG and the cytokine IL-1 β , and 
was simultaneously able to prevent hyperglycemia and 
cytokine-induced elevations in cytosolic Ca 2 �   levels, 
insulin-secretory defects, and cell death [77]. In light of 
these results, the authors suggested that pioglitazone mod-
ulates SERCA2b expression through direct transcriptional 
regulation of the gene and indirectly through prevention 
of CDK5-induced phosphorylation of PPAR- γ . 

 In patients with type 2 diabetes mellitus, rosiglitazone 
treatment for 12 weeks increased platelet SERCA2 expres-
sion and Ca 2 �  -ATPase activity, decreased SERCA2 
tyrosine nitration, normalized intracellular Ca 2 �   level, and 

  Figure 3.     Planar model of the primary and estimated secondary structure of rat SERCA2b isoforms highlighting AGEs formation and 
posttranslational modifi cations. The model is adapted from Dode et   al. [108] and based on the crystal structure of SERCA1. Each circle 
corresponds to an amino acid residue. Amino acids arginines R164, 636, lysines K476, 481, and histidine H526 are targets for noncrosslinking 
AGEs like imidazolone A, imidazolone B and AFGP (red circles with black letters). Between amino acids K135 and R164, K141 and R677, 
K135 and R655, K460 and R636, and between K683 and R619 crosslinking AGEs-like pentosidine ( dotted red circles  with  red letters ) are 
formed. Tyrosines Y294 and Y295 are documented sites for nitration (presented by  pink circles  and  pink letters ). Cysteine C674 is 
glutathionylated in the presence of NO ( blue letters  in  blue circles ). Asparagine N1035 is a potential glycosylation target ( orange circle  
with  orange letter ). Aspartic acid D351 ( black circle  and letter with the phosphate group indicated) represents the phosphorylation site. The 
nucleotide-binding domain spans from residue T357 to L599 (shown as  green circles  with  white letter ) and the most crucial amino acid 
residues for ATP binding are lysines K514, K492 and phenylalanine F487 ( green circles  with  black letters ). Amino acid residues contributing 
to Ca 2 �   ligand binding are shown as black circles with black letters in the high affi  nity Ca 2 �   binding site of the transmembrane domain on 
M4, M5, M6, and M8 helixes.  
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restored platelet sensitivity to nitric oxide synthase 
inhibition [50]. Rosiglitazone has also previously been 
reported to increase SERCA2 gene expression in cardiac 
myocytes [78] and in CD34 [79] bone marrow cells. The 
increase in SERCA2 expression in platelets from diabetic 
individuals was associated with decreased plasma nitroty-
rosine levels and tyrosine nitration of SERCA2. The action 
of rosiglitazone is most probably a combination of its 
eff ects on plasma glucose levels, ROS production, and 
platelet Ca 2 �   signaling.   

 Treatment by enzymes or enzyme inhibitors  

 Catalase and superoxide dismutase.   Studies of the thera-
peutic potential of cardiac-specifi c overexpression of 
catalase in the treatment of age-related diseases in mice 
have found signifi cantly reduced formation of AGEs, 
improved intracellular Ca 2 �   dysfunction through restora-
tion of Na�/Ca     2    �   exchanger level, but did not repair 
expression of SERCA2a in aged FVB mice hearts [80]. 
Interestingly, overexpression of another antioxidant 
enzyme, superoxide dismutase, has been reported to pre-
vent defective responses to NO in SMCs exposed to high 
glucose, where the oxidation of cysteine-674 was found 
to be a key factor the lack of response to NO. As super-
oxide dismutase detoxifi es superoxide and can also inhibit 
the expression of NADH oxidase it is feasible that over-
expression of superoxide dismutase would protect against 
oxidation of SERCA2a and therefore deleterious eff ects 
of hyperglycemia. However, further research is required 
to confi rm a direct link in these processes.   

 Inhibitors of aldose reductase and sorbitol dehydro-
genase.   As described above the polyol pathway, involv-
ing AR and SDH, have been reported to adversely aff ect 
Ca 2    �      pump function, and could be important in the 
mechanisms of I/R injury, hyperglycemia, and diabetes. 
There is evidence that treatment with AR and SDH 
inhibitors can signifi cantly ameliorate these conditions, 
and therefore AR and SDH present novel targets for 
pharmacological protection against I/R-induced injuries 
of the heart [40]. For example, inhibition of AR, the fi rst 
and rate-limiting enzyme of the polyol pathway, has been 
reported to attenuate contractile dysfunction in diabetic 
animals [16]. Cardiomyocytes incubated in high-glucose 
medium showed abnormal Ca 2 �   signaling due to 
decreased activity of SERCA, but inhibition of AR and 
SDH ameliorated contractile dysfunction, attenuated 
oxidative stress, and normalized Ca 2 �   signaling and 
SERCA activity.    

 Treatment by low molecular weight antioxidants  

 Butylated hydroxytoluene.   Preventing SERCA from being 
oxidized and/or increasing expression of SERCA may 
limit disease development and thus SERCA may be 
considered a potential target for treatment. An example 
may be the eff ect of the antioxidant butylated hydroxy-
toluene (BHT) in the HC rabbit aorta. BHT dramatically 

improved the smooth muscle response to NO as well as 
endothelium-dependent relaxation to acetylcholine, and in 
parallel it restored aortic SERCA activity which was 
decreased in hypercholesterolemia and decreased tyrosine-
nitrated SERCA without changing SERCA protein expres-
sion. It is known that improvement in NO bioactivity can 
limit the progression of atherosclerosis [44].   

 Green tea extract.   Babu et   al. [81] explored the cardiopro-
tective potential of green tea extract (GTE) in diabetes 
complications. The sum of epigallocatechin (EGC) and 
epigallocatechin-3-gallate (EGCG) represented more than 
70% of the catechin mixture in the GTE extract. Oral treat-
ment of diabetic rats with GTE lowered the level of blood 
glucose, lipid peroxidation, and protein glycation in the 
heart, improved the decrease of Ca 2 �  -ATPase activity and 
normalized the Ca 2 �   concentration in the heart.   

 Lipoic acid.   Lipoic acid is an organosulfur compound 
containing two sulfur atoms connected by disulfi de bond. 
It is reduced intracellularly to dihydrolipoic acid, which 
is more bioactive and responsible for most of the anti-
oxidant eff ects, probably due to the two free sulfhydryls. 
At least two cytosolic enzymes, glutathione reductase 
(GR) and thioredoxin reductase(Trx1), are able to reduce 
lipoic acid [82,83]. 

 Lipoic acid supplementation has been found to be ben-
efi cial in preventing neurovascular abnormalities in dia-
betic neuropathy. HG treatment can cause glycosylation of 
proteins, resulting in signifi cantly lowered activities of 
Na  �  /K  �  -ATPase and Ca 2 �  -ATPase of red blood cells 
(RBCs). This can in turn aff ect the intracellular concentra-
tions of Na  �  , K  �  , and Ca 2 �  . Lipoic acid can lower protein 
glycosylation, lipid peroxidation and increase (Na  �   and 
K  �  ) Ca 2 �  -ATPase activities in RBCs exposed to high glu-
cose, suggesting a potential mechanism by which lipoic 
acid may delay or inhibit the development of neuropathy 
in diabetes [84].   

 Breviscapine.   Breviscapine, a fl avonoid extracted from 
Erigeron breviscapus, ameliorated cardiac dysfunction, 
and regulated myocardial Ca 2 �  -cycling proteins in strep-
tozotocin-induced diabetic rats. Myocardium contraction 
and relaxation are directly regulated by Ca 2 �  -cycling 
proteins such as the RyR, the SR Ca 2 �   ATPase pump 
(SERCA) and the Na  �  /Ca 2 �   exchanger. Heart failure is 
associated with alterations in Ca 2 �   handling via many of 
these proteins, including decreased expression of 
SERCA2 [85 – 87]. Diabetic rats showed impaired cardiac 
structure and function, and decreased expression of 
SERCA2. Breviscapine had a protective eff ect on dia-
betic cardiomyopathy and dose dependently regulated 
the expression of SERCA2 [87].   

 Vitamin E and stobadine.   Controversial eff ects have been 
reported for stobadine [88]. Stobadine alone signifi cantly 
increased microsomal Ca 2 �  -ATPase activity in the heart 
of normal rats. However, neither treatment with stobadine 
nor vitamin E alone, nor their combination did change 
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cardiac Ca 2 �  -ATPase activity in the diabetic heart. In 
normal rats, neither antioxidant had a signifi cant eff ect on 
hepatic Ca 2 �  -ATPase activity. Hepatic ATPase activity of 
diabetic rats was not changed by single treatment with 
stobadine, while vitamin E alone completely prevented 
diabetes-induced inhibition in microsomal ATPase activ-
ity in the liver [88]. 

 In other studies, the Ca 2 �  -ATPase activity was reduced 
not only in the heart of diabetic animals but also in the 
brain [89] and retina [90]. Ten-week vitamin E treatment 
(500 IU/kg/day, orally) prevented the decrease of Ca 2 �  -
ATPase activity in the brain of streptozotocin (STZ)-
induced diabetic rats and led to a signifi cant inhibition 
in blood glucose, protein glycosylation, and lipid peroxi-
dation [89]. Administration of supplemental dietary alpha-
tocopherol acetate for 2 months prevented the elevation of 
retinal TBARS and the decrease of Ca 2 �  -ATPase activity 
in retinas of diabetic animals without exerting any benefi -
cial eff ect on plasma TBARS [90].   

 Tempol, NOX-101.   In SMCs exposed to HG the anti-
oxidant Tempol prevented the eff ects of HG. Experi-
ments with SERCA C674 mutants indicated that the 
redox regulation of cysteine-674 was the key to the 
restoration of NO function. Overexpression of SERCA 
may achieve part of its therapeutic eff ect by mecha-
nisms involving redox regulation of Cys674, which can 
be preserved by antioxidants such as Tempol and BHT 
[45,91]. Long-term administration of NOX-101, an .NO 
scavenger, prevented the impairment of endothelial 
function seen in aortas from streptozotocin (S)-induced 
diabetic rats [91].   

 Enalapril .  In the streptozotocin-induced diabetic rat 
model, enalapril (the angiotensin-converting enzyme 
inhibitor) helped to prevent the diabetes – related impair-
ment of SERCA function in the aorta by controlling the 
excess ROS formation and normalizing the impaired 
aortic relaxation response to NO in diabetic rats [92]. 
The angiotensin II level found in the diabetic aorta 
probably impaired SERCA function and this impair-
ment led to a reduction in the relaxation normally 
induced by SERCA. Chronic treatment of diabetic rats 
with enalapril signifi cantly improved relaxation in the 
diabetic aorta [44].   

 Gene therapy .  Cardiomyopathy caused by reduced con-
tractility is associated with changes in calcium handling 
within myocytes in the diabetic state. Most of the cal-
cium involved in contraction of myocytes is derived from 
the sarcoplasmic reticulum, and SERCA activity has 
been reported to be reduced in diabetes. SR function/
calcium handling can be improved by the expression of 
SERCA and various other proteins using gene tranfer 
(e.g. adenovirus backbone as a vector for gene transfer). 
The advantage of using transgenic overexpression is in 
the application of diff erent promoters in front of the tar-
get gene (e.g. SERCA), which enhance expression of the 
target gene, independently of the natural promoter which 

may be subject to downregulation during the diabetic 
state. Improvement of the SERCA level/activity by using 
gene therapy may reduce/remove the contractile pheno-
type associated with the diabetic state. 

 SERCA2b protein and mRNA levels are dramatically 
reduced in the liver of obese mice. Overexpression of 
SERCA2b from Adenovirus-SERCA2b construct in the 
liver of obese and diabetic mice alleviates ER stress, 
increases glucose tolerance, and signifi cantly reduces 
the blood glucose level [93]. In a type 2 diabetes rat 
model, left ventricular diastolic dysfunction charac-
terized by a slow rate of ventricular relaxation is 
accounted for by decreased SERCA2a protein expres-
sion. Transcoronary gene transfer with an adenoviral 
vector to overexpress SERCA2a increased coronary 
blood fl ow and decreased cardiomyocyte hypertrophy 
[94]. Currently, a number of clinical trials of SERCA2a 
gene therapy are being performed for treatment of 
patients with heart failure [95,96].   

 Kallikrein.   Kallikrein-kinin system (KKS) components 
are locally expressed in the heart [97], and streptozotocin-
iduced diabetes results in a decrease of active cardiac 
tissue kallikrein levels [98], in turn resulting in increased 
thickness of the left ventricle wall and cardiac hypertro-
phy [99]. Expression of human tissue kallikrein from 
Adenovirus-SERCA2a construct in rats increases SER-
CA2a and phosphorylated phospholamban levels and 
reduces elevated blood glucose levels induced by strepto-
zotocin treatment of rats.    

 Ca 2 �  -ATPases modulate insulin secretion 

 Leucine, which induces insulin secretion in the absence of 
glucose, suppressed pancreatic islet Ca 2 �  -ATPase activity 
[100]. Kulkarni et   al. [101] reported that deletion of IRS-1 
(insulin receptor substrate) in knockout mice islets dra-
matically reduced expression of SERCA2b and  �    3 genes. 
Furthermore, some studies demonstrated that IRS-1 and 
SERCA were localized in ER vesicles from beta-cells and 
could interact directly with one another [102]. These 
authors found that pharmacological inhibition of SERCA 
in beta-cells resulted in enhanced secretion of insulin 
[102] and chronic activation of insulin receptor signaling 
by IRS-1 overexpression in beta-cells inhibited gene 
expression of SERCA [103]. In insulin-dependent diabe-
tes of acute and chronic streptozotocin rat models a 30% 
decrease of the SERCA mRNA level was also described 
[104]. These fi ndings support the hypothesis that Ca 2 �  -
ATPases are involved in the specifi city of islet response 
and in insulin secretion.   

 Critical comments on preventing eff ects 
of hyperglycemia 

 To summarize, in the prevention against glucose-induced 
Ca 2 �  -ATPase, several mechanisms can operate: 1. Res-
toration of Ca 2 �  -ATPase level by SERCA expression 
(rosiglitazone and pioglitazone), 2. Increasing SERCA 
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activity. SERCA activity may be increased by lowering 
lipid peroxidation, or by other antioxidant eff ects, 
furthermore also by knock out of phospholamban expres-
sion, which decreases the affi  nity of SERCA for calcium. 
3. Ability of some agents to react with glucose, as found 
with taurine and rosiglitazone. In this respect it is neces-
sary to take into consideration also the side eff ects of the 
compounds decreasing the glucose level. For example, 
increased vascular complications and mortality of 
rosiglitazone-treated patients were reported [105]. Even 
glucose level lowered by insulin was shown to increase 
myocardial injury (cardiac troponin I) and infl ammation 
(high sensitivity CRP) markers [106]. The authors 
observed that when the glucose-lowering rate is too high, 
the infl ammatory system may be overactivated and can 
induce myocardial injury and adverse eff ects on the car-
diovascular system. Thus, vascular/cardiac complica-
tions should be considered before using of compounds 
decreasing the level of blood glucose as it is diffi  cult to 
precisely control fl uctuations of glucose concentration in 
blood. 4. Modulation of enzyme levels related to oxida-
tive stress. Good examples are the expression of catalase 
and SOD, and inhibition or inhibited expression of AR, 
SDH, and NADH oxidase. However, a certain level of 
ROS is crucial to keep a normal function of enzymes. 
Imbalance in oxidative status of particular cells/tissue 
may result in metabolic and calcium distribution defects, 
which results in onset of pathological processess. Addi-
tionally, there is evidence that decreasing the level of 
ROS may not be benefi cial in cancer cells, where 
increased ROS is crucial for suppression of proliferation. 
5. Improvement of the SERCA level/activity by using 
gene therapy. The major advantage of the gene therapy 
is its relative inexpensiveness and the fact that high lev-
els of target gene can be reached. However, possible inte-
gration of the transgene into the site in the genome which 
is crucial for tissue specifi city or function belong to dis-
advantages of gene therapy. Moreover, levels of trans-
gene expression may be aff ected by site of transgene 
integration. In addition, gene delivery systems carrying 
inserted genes can induce immune responses, which may 
result in noneffi  cient gene expression or side eff ects 
[107]. So far, agents with diff erent preventive mecha-
nisms of action against Ca 2 �  -ATPase glycation have not 
been not evaluated in the same experimental model. 
Therefore it is not possible to compare experimentally 
their preventive eff ects against glycation or the eff ects of 
HG treatment. It can be supposed that compounds with 
manifold eff ects may be most eff ective. An example of 
an agent with manifold eff ect is taurine, which prevented 
reduction of Ca 2 �  -ATPase by stimulating the turnover 
rate of the pump, exhibited high reactivity with glucose 
and attenuated appoptosis via ROS inhibition and Ca 2 �   
stabilization. Another example of a manifold eff ect may 
be GTE. Oral treatment of diabetic rats with GTE low-
ered the level of blood glucose, lipid peroxidation and 
protein glycation in the heart, improved the decrease of 
Ca 2 �  -ATPase activity and normalized the Ca 2 �   concen-
tration in the heart.      
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