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degrees of insulin deficiency, and a wide spectrum of micro-
and macrovascular, neurologic, ocular, and cardiac com-
plications (1). It is because of this wide diversity in the
manifestations of the diabetes syndrome that it has been
considered a phenotypic heterogeneous condition. How-
ever, cumulative evidence reveals that abnormal-cell Ca2+

([Ca2+]i) homeostasis is a ubiquitous finding common to all
tissues of animal and human diabetes. Consequently,
abnormalities in cell Ca2+ metabolism may be a basic
pathology in type 2 diabetes and may be of significance for
many of the manifestations of the disease (2). These defects
in cell Ca2+ regulation may be of significance for the
impaired insulin secretion, and the impaired insulin action
seen in type 2 diabetes, and may play an important role in
the associated vascular complications, such as atheroscle-
rosis and hypertension, as well as in the pathogenesis of
some of the microvascular, ocular, and neurologic compli-
cations. Therefore, changes in cell Ca2+ homeostasis could
be a common pathology that could link between most of the
diverse features of the type 2 diabetes syndrome (2–5).

Cell Ca2+ Regulation

Most tissues share some common mechanisms for the
maintenance of [Ca2+]i homeostasis, although there is also
a tissue specificity (2,6–8). [Ca2+]i is maintained at a level
that is 104 times lower than the extracellular Ca2+ levels by
a complex, well-orchestrated interplay among Ca2+ trans-
porters responsible for Ca2+ extrusion out of the cell, the
Na+/Ca2+ exchanger, the calmodulin- (CaM) dependent
Ca2+-ATPase, and the different Ca2+ channels that regulate
Ca2+ entry into the cell (9–13). In the cell, Ca2+ is stored
mainly in organelles, the endoplasmic sarcoplasmic reticu-
lum (ER/SR), and the mitochondria (13). The ER is more
active than the mitochondria in [Ca2+]i regulation (10). Ca2+

release from the ER can be mediated by inositol triphos-
phate (Ip3), by Ca2+-mediated Ca2+ release via ryanodine
receptors (9–13), and by cyclic adenosine triphosphate-
ribose (cADP-ribose) (14). Entry of Ca2+ into the ER is

Cumulative evidence reveals that diabetes is a condi-
tion in which cell Ca2+ homeostasis is impaired.
Defects in cell Ca2+ regulation were found in erythro-
cytes, cardiac muscle, platelets, skeletal muscle, kid-
ney, aorta, adipocytes, liver, osteoblasts, arteries, lens,
peripheral nerves, brain synaptosomes, retinal tissue,
and pancreatic β cells, confirming that this defect in
cell Ca2+ metabolism is a basic pathology associated
with the diabetic state. Though different defects in a
variety of functions that regulate cell Ca2+ homeostasis
were described in diabetes, the most common finding
is an increase in [Ca2+]i levels. However, it is not clear
whether the defect in cell Ca2+ metabolism in diabetes
precedes or succeeds the overt diabetic condition. It
is also not clear which of the multiple functions
involved in cell Ca2+ regulation has the primary defect.

Defects in cell Ca2+ metabolism may be significant for
the observed pathologies in insulin secretion and insu-
lin action in diabetes. They may also play an important
role in the vascular complications seen in this condi-
tion, such as hypertension, atherosclerosis, and micro-
angiopathy. Therefore, better understanding of the
impairment in cell Ca2+ metabolism in diabetes may
markedly enhance our understanding of this condition.
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Introduction

Type 2 diabetes mellitus is a systemic disease character-
ized by a significant level of insulin resistance, varying



2 EndocrineAbnormal Cellular Ca2+ in Diabetes/Levy

mediated by a CaM-independent Ca2+-ATPase (9–13). Ca2+

flooding into the cytoplasm, secondary to its release from
cellular stores, is a mediator in a panoply of cellular
responses (12). Then this excess Ca2+ is pumped out of the
cell and back into the ER by the Ca2+-ATPase pumps.
Because repeated such cycles may deplete the Ca2+ stores
to replenish the ER, Ca2+-specific Ca2+ channels in the
plasma membrane, open to allow a small amount of Ca2+ to
enter the cell and to be pumped into the Ca2+ stores. A Ca2+

influx factor and the cytoplasmic Ca2+ levels determine the
rate of this Ca2+ entry (10,12). Additional mechanisms that
regulate [Ca2+]i include those that affect [Na+]i such as
the (Na+ + K+)-ATPase and the Na+/H+ exchanger (15).
Increase or decrease in [Na+]i will inhibit or stimulate the
Na+/Ca2+ exchanger and increase or decrease [Ca2+]i lev-
els. Consequently, abnormalities in any of the above mecha-
nisms could disrupt [Ca2+]i homeostasis (2) and may impair
Ca2+-regulated ligand functions. It is important to empha-
size, however, that the calcium signal is very specific to the
particular stimuli involved. This specificity is achieved
since two factors determine the “calcium language”: (1) the
amplitude of the change in [Ca2+]i level, and (2) the dis-
tance that this change spreads. These two determinants cre-
ate a specific pattern of change in the level and distribution
of the cation in the cell, and make each Ca2+ signal unique
to the specific stimuli (10,13,16).

Abnormal-Cell Ca2+ Regulation in Diabetes

Although [Ca2+]i is important for vital functions in all
cells, some of its effects are tissue-specific, such as con-
traction in muscle and secretion in glands (2–5). Conse-
quently, defects in [Ca2+]i homeostasis might be expressed
differently in the different tissues involved. Further, since
the mechanisms that regulate [Ca2+]i are tightly interre-
lated, a defect in one mechanism may impair the function
of the other mechanisms, making the identification of the
primary defect a difficult task. Indeed, various abnormali-
ties in [Ca2+]i regulation were described in animal models
of diabetes and obesity and in obese and diabetic patients
(2). These include pathologies in function of the plasma
membrane and the ER/SR Ca2+-ATPase, (Na+ + K+)-ATPase,
Na+-Ca2+ exchanger, Ca2+-induced Ca2+ release from the
ER, the tissue total calcium content, and the actual [Ca2+]i
levels (2,17). Defects in cell Ca2+ homeostasis were
described in erythrocytes, cardiac muscle, platelets, skel-
etal muscle, kidney, aorta, adipocytes, liver, osteoblasts,
arteries, lens, peripheral nerves, brain synaptosomes, reti-
nal tissue, and in pancreatic β cells (2,17–21). However,
there is marked variability with regard to the described
specific defect in each of the [Ca2+]i regulatory functions.
For example, basal [Ca2+]i levels have been described to be
high, low, or normal in cardiomyocytes in diabetes (22–25).
Similarly, basal activity of the plasma membrane Ca2+-ATPase
was described to be high, low, or normal (26–28). How-

ever, even when basal functions were normal, dynamic
studies that tested responses of the [Ca2+]i regulatory func-
tion to an agonist were abnormal (22,26–28), suggesting
that dynamic studies might be more sensitive in identifying
early defects in cell Ca2+ homeostasis in diabetes and obe-
sity. Since the functional state of the [Ca2+]i regulatory
mechanisms, such as the ATPases, depends on many fac-
tors, such as the membrane phospholipid content, level of
Mg2+, free fatty acids, cholesterol, and glucose (29–33),
and these conditions were not standardized in the different
studies, it is not surprising that what sometimes seem to be
conflicting results were obtained in the different reports.
However, the most frequently described defect in cell
[Ca2+]i homeostasis in diabetes and obesity is an increase in
the level of [Ca2+]i (2).

Impaired-Cell Ca2+ Homeostasis
and Insulin Secretion

Thus far, defects in β-cell [Ca2+]i homeostasis were
described only in animal models of diabetes and in islet
cells exposed to high glucose for a long time, but it is likely
that similar defects occur also in human diabetes. Islets
from db/db mice lack the initial reduction of [Ca2+]i and the
subsequent Ca2+ oscillations in response to glucose (17),
and islets from neonatal induced type 2 diabetic rats who
lack the insulin response to glucose, but respond to amino
acid stimulation (34) have selective defect in the increase
of [Ca2+]i in response to glucose (35). Also the L-type
voltage-dependent Ca2+ channel activities are increased in
β cells from these type 2 diabetic rats (36), and their
Ca2+-ATPase activity is decreased (21). Since oscillations
of [Ca2+]i are important for the pulsatile insulin secretion,
loss of these oscillations may play a significant role in the
loss of pulsatile insulin secretion seen early in type 2 dia-
betes (37–39). Finally, there is evidence that the “glucose
toxicity,” which selectively impairs insulin secretion in
response to glucose (and may play a significant role in the
β-cell dysfunction in diabetes) may be mediated in part by
a glucose-induced impairment in the β cells’ [Ca2+]i
homeostasis (6,40). Culture of rat islet cells in media that
contain high-glucose concentration cause a progressive,
dose- and time-dependent decrease in the membrane
Ca2+-ATPase activity of the islet cells (21). In turn, the
significance of the Ca2+-ATPase for normal insulin secre-
tion has recently been reviewed (41).

Impaired-Cell Ca2+ Regulation
and Glucose Homeostasis

Glucose homeostasis is determined mainly by the rate of
glycolysis, gluconeogenesis, glycogen synthesis, and gly-
cogenolysis. All these pathways are Ca2+-regulated (9,42)
and may be affected by abnormal [Ca2+]i. The key enzyme
in glycolysis, phosphofructokinase (PFK), becomes activated
when it is bound to the cytoskeleton. This is a Ca2+- and



3Abnormal Cellular Ca2+ in Diabetes/LevyVol. 10, No. 1

CaM-regulated process, and high [Ca2+]i inhibits the PFK
binding and decreases glycolysis (42). Abnormal [Ca2+]i
may also affect gluconeogenesis, since an initial transient
rise in [Ca2+]i initiates hepatic gluconeogenesis from
glutamine (43). Finally, glycogen synthase, a key enzyme
for glycogen synthesis, is inactivated in its phosphorylated
form, and high [Ca2+]i inhibits the dephosphorylation of the
enzyme (44). In contrast, the glycogen phosphorylase, a
key enzyme for glycogenolysis, is activated in its phospho-
rylated state. Binding of Ca2+ to the calmodulin subunit of
phosphorylase kinase activates the kinase, leads to the phos-
phorylation of glycogen synthase and glycogen phospho-
rylase, and thus leads to a simultaneous decrease in
glycogen synthesis and an increase in glycogenolysis
(9,44). In diabetes in which increased [Ca2+]i is the most
common defect in [Ca2+]i homeostasis, glycogen synthase
is inhibited, and neither insulin nor glucose stimulates the
enzyme in a physiologic manner, causing glucose resis-
tance in addition to the insulin resistance (2). In turn, gly-
cogenolysis is facilitated (9,44). Finally, high [Ca2+]i may
affect also glucose transport by decreasing the intrinsic
activity of the Glut 4 transporter (45).

Impaired-Cell Ca2+ Homeostasis
and Insulin Action

Several lines of evidence suggest that insulin action is
mediated in part by [Ca2+]i. Insulin may increase or decrease
[Ca2+]i in its target cells, and there is an optimal range of
[Ca2+]i levels for insulin action, whereas chelation of [Ca2+]i
inhibits insulin bioeffects (5,46–48). Ca2+ is required for
the internalization of the insulin receptor (49), and high
[Ca2+]i inhibits dephosphorylation of the insulin receptor
(44). Insulin high-affinity binding and insulin sensitivity
are also increased by Ca2+ binding to the insulin receptor
(50). Ca2+ also affects postbinding insulin actions (50).
Insulin phosphorylates and stimulates the membrane
Ca2+-ATPase in a dose-dependent manner and anti-
Ca2+-ATPase monoclonal antibodies (MAbs), which block
insulin regulation of the ATPase, decrease insulin bioeffects
(46,51,52). Insulin also regulates CaM gene expression (53).

In conditions of insulin resistance, such as diabetes, obe-
sity, and aging, the insulin effect on [Ca2+]i homeostasis is
impaired (2,54). Insulin loses its ability to increase [Ca2+]i
in fat cells from obese or aged rats (5), and to regulate the
Ca2+-ATPase in tissues from type 2 diabetes and obesity
animal models (27,28). Also, improvement in insulin action
is associated with regained ability of insulin to regulate the
ATPase (55). Thus, the abnormal [Ca2+]i regulation seen in
obesity and aging (2,56) may contribute to the increased
incidence of type 2 diabetes in obesity and with age. Insulin
was found to induce Ca2+ transport in vascular smooth
muscle cells, and this effect is impaired in hypertension and
diabetes (57). Insulin also induces Ca2+ transport in lipo-
somes (58), and attenuates the Ca2+ and contractile response

of vascular smooth muscle to a number of agonists, includ-
ing endothelin (59). Thus, insulin regulation of cell Ca2+

metabolism is of significance for vascular physiology.

Impaired-Cell Ca2+ Homeostasis
and Cardiovascular Disease

Recent evidence suggests that cell Ca2+ overload may
contribute to the pathogenesis of hypertension, atheroscle-
rosis, and cardiomyopathy (2,24,60–65). Therefore, the
commonly observed increased [Ca2+]i in diabetes may
explain, at least in part, the increased incidence of these
complications in the diabetes syndrome (2). Diabetes is
characterized by increased vascular reactivity (66). Though
the exact mechanisms of this pathology are not clear,
abnormal [Ca2+]i in the smooth muscle cells was suggested
as an explanation by several investigators (67–70). It
has been shown that changes in Ca2+-ATPase activity and
in L-type Ca2+ channels occur in cardiac tissue in diabetes
(70–72). These changes were considered to be of signifi-
cance for the development of cardiomyopathy in this
condition (72,73).

Atherosclerosis is characterized by increased endothe-
lial permeability, monocyte infiltration, intimal smooth
muscle cell proliferation, platelet aggregation, and accu-
mulation of lipids, calcium, and extracellular matrix com-
ponents in the vessel wall (74–76). Although the precise
mechanisms for these pathologies have yet to be elucidated,
it was suggested that these changes depend heavily on
abnormal cell calcium metabolism (74–77). Evidence also
exists for a significant interrelationship between the effects
of cholesterol and cell Ca2+ metabolism to accelerate the
atherosclerosis process (32,78,79).

Impaired-Cell Ca2+ Homeostasis
and Microvascular Disease

Diabetic microangiopathy, a generalized pathology in
diabetes that can affect all tissues (80), is characterized by
basement membrane thickening and increased capillary
permeability (81–85). Abnormal-cell Ca2+ homeostasis
may contribute to both components of this pathology.

The basement membrane is composed of laminin,
fibronectin, entactin, and proteoglycans (2,86–89), which
are synthesized and secreted by the endothelial cells
(90,91). Since both these processes, the synthesis and the
secretion, are Ca2+-regulated (92,93), increased [Ca2+]i, as
seen in diabetes, can affect the production and secretion of
these proteins, leading to the observed changes in basement
membrane composition and width (2,85,94). Also, the
increased Ca2+ binding to the basement membrane, as is
seen in diabetes, can increase laminin aggregation and the
formation of laminin–entactin complexes, and thus, change
the basement membrane structure (95). These changes in
the laminin metabolism can also impair the proteolitic
digestion of the protein and may aggravate the effect of
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glucose to impede the degradation of the basal membrane
proteins, further contributing to its increased width (2,96).

Changes in [Ca2+]i may also increase the porosity of the
capillaries (2) by enhancing the contraction of the endo-
thelial cells (96–98). Adjacent endothelial cells contract-
ing away from each other increase the porosity of the
capillaries (97,99).

The Cause for the Abnormal-Cell Ca2+ Regulation
in Diabetes

There are no available data to determine whether the
impairment in [Ca2+]i regulation is a primary defect in dia-
betes. This issue becomes further complicated by observa-
tions that high glucose per se can impair [Ca2+]i regulation.
It inhibits Ca2+-ATPase activity in erythrocytes and pan-
creatic islet cells, decreases Ca2+ uptake by vascular smooth
muscle cells, and inhibits the Ca2+ signal in kidney tissue
(21,40–42). Other metabolites, such as free fatty acids, trig-
lycerides, and cholesterol, can also affect Ca2+-ATPase
activity (2,46). Thus, a vicious cycle may be created in
which abnormal [Ca2+]i may contribute to the impaired car-
bohydrate tolerance, whereas the impaired carbohydrate
tolerance can further impair [Ca2+]i homeostasis. One
approach to resolving the question of which defect is the
primary one is to conduct studies that will evaluate cell
Ca2+ homeostasis in populations that are genetically at
increased risk to develop diabetes-like siblings of diabetic
parents before the appearance of overt diabetes. Another
approach is to conduct studies on cultured cells obtained
from tissues of type 2 diabetic patients and, thus, to elimi-
nate the potential effect of the diabetic metabolic milieu on
cell Ca2+ metabolism. Such studies might help to answer
the question of whether the defects in cell Ca2+ metabolism
precede or succeed the diabetes state. It will also help to
determine whether the abnormalities in cell Ca2+ in diabe-
tes are genetically determined. However, there are still
several questions that must be addressed first.

1. Which tissue may be the best representative for such studies?
2. Which function in cell Ca2+ homeostasis should be stud-

ied first?
3. Should these studies be performed by investigating abnor-

malities in functional mechanisms of cell Ca2+ homeosta-
sis (such as enzyme activities or Ca2+ transport) or by
evaluating specific genes with a key role in maintaining
cell Ca2+ homeostasis, like ATPase genes.

However, these kinds of investigations are further com-
plicated by the fact that abnormal-cell Ca2+ homeostasis is
observed in a variety of other common conditions, such as
aging (5,56), hypertension (70), and obesity (28), which are
also associated with impaired insulin action/insulin resis-
tance even in the absence of diabetes. However, what is
unique to the diabetes condition and differentiates this
condition from obesity or hypertension is the decrease in
function of the pancreatic β cells. Therefore, the specific

defect in cell Ca2+ homeostasis in this tissue may better
represent the defect in cell Ca2+ homeostasis in diabetes,
which might be different from that seen in obesity or hyper-
tension. Understanding this defect may enable us to under-
stand the key pathology in cell Ca2+ homeostasis in diabetes.
This defect might be different from the initial defect in cell
Ca2+ homeostasis seen in the other conditions (obesity,
hypertension, aging), even though in all of them the end
result is an impairment in cell Ca2+ homeostasis and
increased [Ca2+]i levels.

Since it is almost impossible to carry out studies on pan-
creatic β cells in large populations, we first have to deter-
mine which of the more easily accessible cells, like
adipocytes, fibroblasts, or blood elements, can best repre-
sent the pancreatic β cells. This task is not easy, since so far
different pathologies in different functions of cell Ca2+

homeostasis were described in diabetes, and tissue speci-
ficity exists.

Thus, it seems that although it is clear that cell Ca2+

homeostasis is impaired in diabetes, our current knowledge
of the nature of the abnormalities in cell Ca2+ homeostasis
is in its infancy. However, the significance of better under-
standing of this pathology might prove to be of extreme
significance.

Summary

Evidence reveals that impaired cell Ca2+ homeostasis is
a ubiquitous finding in the diabetes syndrome. It may cause
or contribute to the known defects in insulin secretion, insulin
action, and most of the vascular and other complications seen
in the diabetes syndrome. It is further aggravated by the
hyperglycemia and other metabolic abnormalities seen in
diabetes. However, the nature of the primary defect in cell
Ca2+ homeostasis and whether it is acquired or genetically
determined is still unknown.
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