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Ayaz, Murat, and Belma Turan. Selenium prevents diabetes-
induced alterations in [Zn2�]i and metallothionein level of rat heart
via restoration of cell redox cycle. Am J Physiol Heart Circ Physiol
290: H1071–H1080, 2006. First published October 7, 2005;
doi:10.1152/ajpheart.00754.2005.—Intracellular free zinc concentra-
tion ([Zn2�]i) is very important for cell functions, and its excessive
accumulation is cytotoxic. [Zn2�]i can increase rapidly in cardiomyo-
cytes because of mobilization of Zn2� from intracellular stores by
reactive oxygen species (ROS). Moreover, ROS have been proposed
to contribute to direct and/or indirect damage to cardiomyocytes in
diabetes. To address these hypotheses, we investigated how elevated
[Zn2�]i in cardiomyocytes could contribute to diabetes-induced alter-
ations in intracellular free calcium concentration ([Ca2�]i). We also
investigated its relationship to the changes of metallothionein (MT)
level of the heart. Cardiomyocytes from normal rats loaded with
fura-2 were used to fluorometrically measure resting [Zn2�]i (0.52 �
0.06 nM) and [Ca2�]i (26.53 � 3.67 nM). Fluorescence quenching by
the heavy metal chelator N,N,N�,N�-tetrakis(2-pyridylmethyl)ethyl-
enediamine was used to quantify [Zn2�]i. Our data showed that
diabetic cardiomyocytes exhibited significantly increased [Zn2�]i

(0.87 � 0.05 nM ) and [Ca2�]i (49.66 � 9.03 nM), decreased levels
of MT and reduced glutathione, increased levels of lipid peroxidation
and nitric oxide products, and decreased activities of superoxide
dismutase, glutathione reductase, and glutathione peroxidase. Treat-
ment (4 wk) of diabetic rats with sodium selenite (5 �mol �kg body
wt�1 �day�1) prevented these defects induced by diabetes. A compar-
ison of present data with previously observed beneficial effects of
selenium treatment on diabetes-induced contractile dysfunction of the
heart can suggest that an increase in [Zn2�]i may contribute to
oxidant-induced alterations of excitation-contraction coupling in dia-
betes. In addition, we showed that oxidative stress is involved in the
etiology of diabetes-induced downregulation of heart function via
depressed endogenous antioxidant defense mechanisms.

intracellular zinc; intracellular calcium; Type 1 diabetes; antioxi-
dant; oxidant stress

CARDIAC DYSFUNCTION, independent of arteriosclerosis, is one of
complications in diabetes mellitus, and diabetic cardiomyopa-
thy causes a wide range of structural and functional abnormal-
ities (21, 27). Alteration of Ca2� signaling via changes in
critical processes that regulate intracellular free Ca2� concen-
tration ([Ca2�]i) has become a hallmark of cardiomyopathy.
Although the regulation of the [Ca2�]i in the myocardium is a
critical determinant of contractile performance, current contro-
versies and conclusions are available regarding the specific
alterations in Ca2� signaling pathways that contribute to these
cardiac defects during diabetes mellitus (30, 48). Thus the
molecular mechanisms of cardiac dysfunction in diabetes are
not fully clarified.

Reactive oxygen species (ROS) are continuously produced
in most cells under physiological conditions, and a number of
enzymes and physiological antioxidants regulate their levels.
Evidence implicates hyperglycemia-derived oxygen free radi-
cals and dysregulation of nitric oxide (NO) as mediators of
diabetic complications (6, 9, 43). However, as the production
of ROS becomes excessive, oxidative and nitrosative stress
will develop, causing functional alterations of biological tissue,
and are implicated in the pathogenesis of heart failure in
diabetes (12, 23, 32, 50). A number of ways have been
suggested in which the damaging effect of hyperglycemia can
be mediated or enhanced by ROS. For instance, hyperglycemia
stimulates the production of advanced glycosylated products
and enhances the polyol pathway, leading to increased super-
oxide anion formation (49, 55), and degrades antioxidant
enzyme defenses, thereby allowing ROS to damage other
enzymes and structural proteins (11, 12).

Although there are no direct data related with the alteration
of concentration and distribution of intracellular free Zn2�

concentration ([Zn2�]i) and increased oxidative stress, nitrosa-
tive stress, and dysregulation of NO in isolated cardiomyocytes
from diabetic rats, Bossy-Wetzel et al. (8) have also discussed
the cross talk between NO and Zn2� pathway to cell death
involving p38-activated K� channels due to formation of
peroxynitrite and consequent Zn2� release from intracellular
stores. Zinc, having multiple functions, is an essential element
for living organisms. It is likely that any mechanism that alters
the concentration and distribution of [Zn2�]i in cardiomyocytes
will cause profound functional effects. Evidence for this was
provided by extracellular Zn2� influx and attendant increases
in [Zn2�]i of some cell types (1). We and other researchers (36,
40, 42, 56) previouly showed that [Zn2�]i could also increase
rapidly in cardiomyocytes and endothelial cells as a result of
the mobilization of Zn2� from intracellular stores by ROS (36,
40, 42, 56). All these observations can demonstrate a close
relationship between both increased and deleterious effects of
[Zn2�]i and oxidant stress under diseased states of the heart.
Desilet’s laboratory (57) also has demonstrated the importance
of increased [Zn2�]i in cardiomyocytes due to its contribution
to oxidant-induced alterations of excitation-contraction cou-
pling and, if overlooked, its significant role in overestimation
of [Ca2�]i (57). Therefore, a study on [Zn2�]i in cardiomyo-
cytes isolated from diabetic rats will provide important and
further information related to current controversies and con-
clusions regarding the specific alterations in Ca2� signaling
pathways to contribute to these cardiac defects during diabetes.

In relatively recent studies (13, 45, 61), authors demon-
strated that Zn2� inhibited ryanodine binding to sarcoplasmic
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reticulum vesicles in cardiac muscle and has an inhibitory
effect in intracellular Ca2� release mechanisms in both smooth
and skeletal muscle preparations as well as cardiomyocytes.
One recent and important study (19) pointed out the loss of
membrane potential and elevation of ROS in rat brain by an
increased level of Zn2�. In a minireview article, Viarengo and
Nicotera (60) discussed the cytotoxic effects of heavy metals
such as Zn2� on the disturbance of Ca2� homeostasis (i.e.,
inhibition of the activity of Ca,Mg-ATPase) due to oxidation of
SH groups of the proteins. Parallel to these studies, Nasu (46)
also mentioned the blockage of intracellular Ca2� release in
guinea-pig taenia caeci by Zn2�.

All above-metioned studies directly and/or indirectly show
that there is a close relationship between an increase of [Zn2�]i

and an alteration of [Ca2�]i handling in cardiomyocytes from
diseased animals. In an interesting and supporting article by
Maret (41), the cross talk of Ca2� and Zn2� in cellular Ca2�

signaling pathways was discussed in detail. Moreover, Maret
and coworkers showed that intracellular Zn2� fluctuations
could modulate protein tyrosine phosphate activity in insulin/
insulin-like growth factor-1 signaling (26).

Furthermore, it has been reported that metallothioneins
(MTs) have important roles in connection with the protective
function of cells by reducing damage from ROS (33). Some
chemicals that stimulate the production of ROS can also
increase MT levels (5, 33). Either overexpression of MT or
direct MT administration could reduce diabetic cardiomyopa-
thy and protect the cell against increased [Zn2�]i toxicity via
inhibiting ROS production (10, 38, 40, 63).

Moreover, the administration of trace elements and other
antioxidants has been proposed as a therapeutic adjuvant in
the treatment of diabetes (12, 15). Recently, Da Ros et al.
(17) discussed the importance of antioxidant therapy, as
well as new treatments for diabetic complications. In our
previous studies, we (2, 3, 58) have also shown that treatment
of streptozotocin (STZ)-induced diabetic rats with sodium
selenite (5 �mol/kg) could protect the ultrastructure of the
heart against diabetes-induced alterations and also restored the
altered mechanical and electrical activities of the diabetic rat
hearts, partially related to the restoration of the cell glutathione
redox cycle.

Therefore, in the present study, from the likely involvement
of oxidative stress-induced alterations in cardiac functions, our
first attempt was to monitor the diabetes-induced mobilization
of [Zn2�]i in cardiomyocytes by using fura-2 with its relation-
ship with the changes of levels of oxidant stress and antioxi-
dant defense mechanisms. Our data for the first time showed
that diabetic cardiomyocytes exhibited significantly increased
[Zn2�]i and [Ca2�]i, decreased levels of MT and reduced
glutathione, and increased levels of lipid peroxidation (LPO)
and NO products (NOPs), as well as decreased activities of
superoxide dismutase, glutathione reductase (GR), and gluta-
thione peroxidase (GPx). Treatment (4 wk) of the diabetic rats
with sodium selenite (5 �mol �kg body wt�1 �day�1) prevented
these defects induced by diabetes. Our data indicate that
oxidant stress with a shift of cell glutathione redox cycle can
modulate [Zn2�]i metabolism and can play important roles in
oxidant-induced alterations of excitation-contraction coupling
in diabetes via effecting changes in [Ca2�]i in diabetic rat
heart.

METHODS

Experimental Procedures

Wistar rats of both sexes (weighing 200–220 g) were housed
separately according to their groups in a room with controlled tem-
perature, humidity, and a 12-h:12-h light-dark period and received
food and tap water ad libitum throughout the experiment. The rats
were randomly divided into four groups. In the control group, the
vehicle 0.1 M citrate buffer (pH 4.5) used to dissolve STZ was
injected (0.2 ml ip) once to all rats. Some of the control group rats
were treated with sodium selenite (5 �mol �kg body wt�1 �day�1 ip;
treated control group), whereas some of them were treated with 0.1 ml
volume of sodium selenite vehicle (distilled water) for 4 wk (untreated
control group). Diabetes was induced by a single injection of STZ (50
mg/kg body wt ip). A week after injection of STZ, blood glucose
levels were measured, and rats with blood glucose of at least three
times higher than the preinjection levels were used in the experiments.
Once the presence of diabetes was confirmed, diabetic rats were
randomly separated into two groups: untreated diabetic group (rats
injected with 0.1 ml distilled water) and treated diabetic group (rats
injected with 50 mg/kg body wt sodium selenite) for 4 wk. The plasma
glucose level of all animals was measured by using a glucose analyzer
(Glucotrend, Roche). Plasma selenium levels were measured by using
graphite-furnace atomic absorption spectrometry (AAS; AA-30/40
Varian atomic absorption spectrometer equipped with a GTA-96
Graphite Tube Atomizer, DS-15 Data Station). Plasma zinc levels
were measured colorimetrically. All experimental protocols were
approved by the Medical Faculty Ethics Committee on Animal Re-
search at the Ankara University and were performed in accordance
with the position of the American Heart Association on research
animal use.

Isolation of Cardiomyocytes

Hearts were removed rapidly, and the aorta was cannulated on a
Langendorff apparatus and then perfused retrogradely through the
coronary arteries with a Ca2�-free solution containing (in mM) 145
NaCl, 5 KCl, 1.2 MgSO4, 1.4 Na2HPO4, 0.4 NaH2PO4, 5 HEPES, and
10 glucose at pH 7.4, bubbled with 100% O2 at 37°C. Hearts were
perfused for 3–5 min to be cleaned and then perfused with the same
solution containing 1 mg/ml collagenase (collagenase A, Boehringer)
for 30–35 min. After perfusion was completed, ventricles were
removed and minced into small pieces and gently massaged through
a nylon mesh, and dissociated cardiomyocytes were washed with the
collagenase-free solution. The percentage of viable cells was �70% in
all groups. Subsequently, Ca2� in the medium was increased in a
graded manner to a concentration of 1.3 mM. Cells were kept in this
solution at 37°C until used in the experiments. Only these Ca2�-
tolerant cells were used in the experiments.

Spectrofluorometric Determinations of [Zn2�]i and [Ca2�]i

[Zn2�]i and [Ca2�]i were determined in membrane-permeant flu-
orophore fura-2 acetoxymethyl ester (fura-2 AM)-loaded cardiomyo-
cytes by measuring the ratio of fluorescence intensities, centered at
505 nm, in response to excitation at 340 nm and 380 nm. Loading
conditions consisted of 30-min incubation of cardiomyocytes at 37°C
in a HEPES-buffered solution containing 4 �M fura-2 AM. The cells
were then washed twice and kept in fresh HEPES-buffered solution
until use. Fura-2 fluorescence was recorded according to a method
described in our previous study (57) by using a PTI Ratiomaster
microspectrophotometer (Photon Technology International). Unless
otherwise specified, we acquired data at a sampling rate of 60 Hz. The
excitation scans were obtained for wavelengths from 320 to 400 nm,
with measurements taken every nanometer for the duration of 0.5 s at
each nanometer. Background fluorescence at the two different exci-
tation wavelengths was measured before loaded cells were inserted
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and was subsequently subtracted from the respective signals. Calcu-
lations of the fluorescence intensity ratios, as well as further data
analysis ([Zn2�]i and [Ca2�]i), were performed by using FELIX
software (Photon Technology International).

To quantitate [Zn2�]i and [Ca2�]i, [Zn2�]i was brought to zero by
the inclusion in the superfusate of 30 �M N,N,N�,N�-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), a membrane-permeant Zn2�

chelator that does not chelate Ca2�, and the residual fluorescence ratio
(F340/380) was used to determine [Ca2�]i. [Zn2�]i was then calculated
from the F340/380 measured in the absence of TPEN.

The cardiomyocytes, placed into a small superfusion chamber
mounted on the stage of the inverted microscope, were stimulated at
0.2 Hz from small platinum electrodes placed in the chamber with 20-
to 30-V square pulses with 10-ms duration. Amplitude (difference
between basal and peak F340/380 ratios), time to peak (TP), and
half-decay time (DT50) were determined from Ca2� transients evoked
by field stimulation. Background fluorescence was subtracted from all
recordings before the calculation of ratios.

Biochemical Assay

Sample preparation. Tissues for antioxidant enzyme section were
homogenized and centrifuged at 18,000 g for 60 s at 4°C. Superna-
tants were collected and stored in �85°C until analysis. For other
parts of the experiments, tissues were homogenized in 0.25 M sucrose
solution. The homogenate was then centrifuged at 18,000 g for 20 min
at 4°C. Supernatants were collected and stored at ultracold conditions.
Total protein assay of homogenates was done by Lowry’s method
(39). All the enzyme activities for each sample were normalized per
milligram of protein.

LPO. LPO assay is based on the reaction of a chromogenic reagent,
N-methyl-2-phenylindole, with malondialdehyde (MDA) and 4-hyro-
doxyalkenals at 45°C. One molecule of either MDA or 4-hydroxy-
alkenal reacts with two molecules of reagent N-methyl-2-phenylin-
dole in acetonitrile to yield a stable chromophore with maximum
absorbance at 586 nm. For simultaneous determination of MDA and
4-hydroxyalkenals, we use the procedure utilizing methanesulfonic
acid as the acid solvent. The procedure in which HCl is used will only
detect MDA, because the 4-hydroxyalkenals do not form a chro-
mophore with reagent N-methyl-2-phenylindole under those condi-
tions. With the use of the standard curve, measured activities were
given (in mU/g protein).

SOD. SOD measurement is based on the SOD-mediated increase in
the rate of autoxidation of 5,6,6a,11b-tetrahydro-3,9,10-rihydroxy-
benzo[c]fluorene in aqueous alkaline solution to yield a chromophore
with maximum absorbance at 525 nm. The SOD activity is determined
from the ratio of the autoxidation rates in the presence (Vs) and in the
absence (Vc) of SOD. The Vs-to-Vc ratio as a function of SOD activity
is independent of the type of SOD (Cu/Zn-SOD, Mn-SOD, Fe-SOD)
being measured (47).

Glutathione reductase. Measurement of glutathione reductase
(GR) is based on the oxidation of NADPH to NADP�, catalyzed by
a limiting concentration of GR. The GR-340 assay is based on the
oxidation of NADPH to NADP�, catalyzed by a limiting concen-
tration of GR. One GR activity unit is defined as the amount of
enzyme catalyzing the reduction of 1 �mol/min of GSSG at pH 7.6
and 25°C. One molecule of NADPH is consumed for each molecule
of GSSG reduced. Therefore, the reduction of GSSG is determined
indirectly by the measurement of the consumption of NADPH, as
demonstrated by a decrease in absorbance at 340 nm (A340) as a
function of time.

Glutathione peroxidase. Glutathione peroxidase (GPx) assay is an
indirect measure of the activity of cellular c-GPx (51). GSSG pro-
duced on reduction of organic peroxide by c-GPx is recycled to its
reduced state by the enzyme GR. The oxidation of NADPH to
NADP� is accompanied by a decrease in A340, providing a spectro-
photometric means for monitoring GPx enzyme activity. The molar

extinction coefficient for NADPH is 6,220 M�1 �cm�1 at 340 nm. To
assay c-GPx, a cell or tissue homogenate is added to a solution
containing glutathione, GR, and NADPH. The enzyme reaction is
initiated by adding the substrate tert-butyl hydroperoxide, and the
A340 is recorded. The rate of decrease in the A340 is directly propor-
tional to the GPx activity in the sample.

Total glutathione. Measurement of total glutathione is based on a
chemical reaction, which proceeds in two steps. The first step leads to
the formation of substitution products (thioethers) between a patented
reagent, 4-chloro-1-methyl-7-trifluromethyl-quinolinium methylsul-
fate (R1), and all mercaptans (RSH) that are present in the sample.
The second step is �-elimination reaction, which takes place under
alkaline conditions. This reaction is mediated by reagent NaOH (30%,
R2), which specifically transforms the substitution product (thioether)
obtained with GSH into a chromophoric thione, which has a maximal
absorbance wavelength at 400 nm.

GSH. Measurement of GSH is based on the formation of a chro-
mophoric thione (French Patent No. 9115868; United States Patent
No. 5,817,520). The absorbance measured at 420 nm is directly
proportional to the GSH concentration. There are three steps to the
reaction. First, the sample is buffered, and the reducing agent tris(2-
carboxyethyl)phosphine is added to reduce any GSSG to the reduced
state. The chromogen R1 is added, forming thioethers with all thiols
present in the sample. With the addition of base raising the pH �13,
a �-elimination specific to the GSH-thioether results in the chro-
mophoric thione. The amount of GSSG is calculated by subtracting
the measured GSH from the measured total glutathione.

NOPs. Measurement of NOPs is based on the determination of
nitrite. Spectrophotometric determination of nitrite using Greiss re-
agent is straightforward and sensitive but does not measure nitrate,
causing a possible underestimation of NO. To eliminate the underes-
timation, granular cadmium metal for chemical reduction of nitrate to
nitrite was done. In acid solution, nitrite is converted to nitrous acid
(HNO2), which diazotizes sulfanilamide. This sulfanilamide-diazo-
nium salt is then reacted with N-(1-naphthyl)-ethylenediamine to
produce a chromophore, which is measured at 540 nm.

MT. Determination of MT is made by Ag saturation method. The
amount of Ag� in the supernatants was estimated by using Z-8200
Hitachi flame AAS (53). Briefly, the estimation of MTs by the Ag�

saturation method exploits the high Ag�-binding capacity and heat
stability of MTs. The amount of Ag� in the final supernatant fraction
is proportional to the amount of MTs present. In addition to that, MT
can potentially bind to 20 mol Ag�/mol protein. Calculations of MT
protein were done by 1 �g Ag� representing 3.55 �g MT.

Chemicals and Statistical Evaluation of Data

All chemicals used were purchased from Sigma (Sigma-Aldrich
Chemie, Steinheim, Germany), except for fura-2 AM, which was
purchased from Molecular Probes (Eugene, OR), and collagenase
A, which was purchased from Boehringer Mannheim (Roche
Diagnostics, Mannheim, Germany). Two groups were compared
with Student’s t-test. P � 0.05 was taken as significant. Data are
means � SE.

RESULTS

General Characteristics of Animals

Sodium selenite treatment significantly affected weight gain
only in the treated diabetics compared with the untreated
diabetics (Fig. 1). The average body weight was significantly
lower in diabetic rats compared with that in the control rats at
5 wk after STZ injection (Table 1). Moreover, sodium selenite
treatment could prevent deleterious weight loss seen in un-
treated diabetic rats. Sodium selenite treatment caused a small
but significant increase in blood glucose level (P � 0.05 vs.
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untreated control group). Treatment of the diabetic animals
with sodium selenite did decrease high blood glucose level
with a small but significant (P � 0.05) level compared with
that in the untreated diabetic group.

After the first week of STZ injection, 24% of diabetic rats
died during the 4-wk experimental period and 20% from the
sodium selenite-treated diabetic group. On the other hand,
there was no loss in numbers from either untreated or treated
control groups. Neither diabetes nor 4 wk of sodium selenite
treatment of these rats could significantly induce any change in
both plasma selenium and zinc levels (Table 1).

Measurement of [Zn2�]i in Cardiomyocytes

To quantitate [Zn2�]i, we followed the procedure that was
published previously (57). Briefly, apparent dissociation con-
stants were determined by in vitro experiments while minimum
and maximum fluorescence ratios (Rmin and Rmax, respec-
tively) were measured directly from fura-2-loaded cardiomyo-
cytes (57). The apparent dissociation constants used here were
1.3 and 330 nM for Zn2� and Ca2�, respectively. As observed
by others (59), the excitation spectra demonstrated a shift of

the isosbestic wavelength from 361 nm in the presence of Ca2�

to 374 nm in the presence of Zn2� (data not shown). In the
physiological pCa range, the addition of as little as 10 nM
Zn2� had a substantial inhibitory effect on the fura-2 re-
sponse to Ca2� as expected from the 	250-fold higher
affinity of fura-2 for Zn2� than for Ca2� (59).

We determined intracellular Rmin and Rmax,Zn values using
the protocol illustrated in Fig. 2A. For Rmax,Zn, the myocytes
were exposed to the zinc ionophore Zn-pyrithione (1 �M). The
resulting increase in F340/380 reached a steady-state maximum
value of 1.07 � 0.01 (n 
 19 rats) after 5 min, representing the
highest ratio that can be elicited by saturating concentrations of
intracellular free Zn2� (Fig. 2A, right). The assumption that 1
�M Zn-pyrithione was sufficient to elevate [Zn2�]i to saturat-
ing levels is supported by our previous observations (57). The
addition of the membrane-permeant Zn2� chelator TPEN (30
�M) caused a rapid decrease of fluorescence ratio to a level
lower (0.34 � 0.01) than that measured under control condi-
tions (0.43 � 0.01), verifying that the increased ratio was
attributable to zinc.

Sodium Selenite Treatment of Diabetic Rats Prevents
Increases of Basal [Zn2�]i and [Ca2�]i of Cardiomyocytes

As shown from Fig. 2, B–D, the average [Zn2�]i and [Ca2�]i

values of diabetic rat cardiomyocytes are 0.87 � 0.05 nM and
49.66 � 9.03 nM, respectively, and significantly higher than
the respective control values (0.52 � 0.06 nM and 26.53 �
3.67 nM, respectively). Sodium selenite treatment (4 wk) of the
diabetic rats caused a significant normalization of these values
to the control values. As seen from Fig. 2, these values for
[Zn2�]i and [Ca2�]i are 0.69 � 0.05 nM and 23.67 � 4.34 nM
(Fig. 2C), respectively. The treatment of the normal rats with
the same amount of sodium selenite for the same period has no
significant effects on these parameters (0.57 � 0.04 nM and
24.27 � 3.78 nM for [Zn2�]i and [Ca2�]i, respectively).

The measurement of Rmin necessitated the hyperperme-
abilization of the cell membrane to wash out all intracellular

Table 1. Characteristics of control and diabetic rats with or
without sodium selenite treatment

Groups Body Weight, g
Blood Glucose,

mg/dl
Plasma Se,

ng/ml
Plasma Zn,

�g/dl

Control groups

Untreated 235.2�1.8 101.8�0.5 113.85�0.5 191.5�26.8
n 19 19 9 9

Treated 234.9�2.1 129.2�3.5* 126.7�5.8 198.7�15.8
n 19 19 10 10

Diabetic groups

Untreated 203.0�3.6* 469.2�10.7* 107.1�10.8 201.1�11.7
n 23 23 9 9

Treated 226.5�1.8 333.5�15.5*† 138.3�8.8 213.3�18.9
n 18 18 8 8

Values are means � SE; n, number of animals. Control groups, rats with a
single dose of citrate buffer-injected injection; diabetic groups, rats with a
single dose of streptozotocin injection; treated subgroups, rats treated with
sodium selenite for 4 wk starting 1 wk after single dose of streptozotocin or
citrate buffer injection; Se and Zn, plasma selenium and zinc levels of groups,
respectively. Student’s t-test was used. *P � 0.001 vs. untreated control group;
†P � 0.01 vs. untreated diabetic group.

Fig. 1. Time courses of body weights (A) and blood glucose levels (B) of
groups for 5 wk. Value are means � SE of rats used in the experiments. Zero
represents day before streptozotocin (STZ) or vehicle injection, whereas 1–4
are the weeks after STZ injection. Untreated control group (Con) were normal
rats injected with single dose of citrate buffer. Untreated diabetic group (DM)
were rats with single dose of STZ injection. Treated diabetic group (DM � Se)
were rats treated with sodium selenite for 4 wk starting 1 wk after single dose
of STZ injection. Treated control group (Se) were rats treated with sodium
selenite for 4 wk starting 1 wk after single dose of citrate buffer injection.
Student’s t-test was used. *P � 0.001 vs. untreated control group; #P � 0.01
vs. untreated diabetic group.
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Zn2� and Ca2�. Exposure of fura-2-loaded cells to mem-
brane-permeabilizing digitonin, in combination with EGTA
and the heavy metal chelator nitrilotriacetic acid (NTA),
decreased the basal F340/380 by 20 – 40% to a steady-state
minimum level of 0.25 � 0.01 (n 
 8), confirming that the
membrane became permeable to the ion chelators (data not
shown).

In summary, the values utilized for the determination of
[Zn2�]i and [Ca2�]i using the equation mentioned in our
previous publication (57) are 1.79 nM and 3.75 �M for the
apparent dissociation constants of Zn2� and Ca2�, 1.07 and 2.2
for Rmax,Zn and Rmax,Ca, and 0.25 for Rmin. As shown in the
Fig. 2A, exposure to TPEN (either with Zn-pyrithione exposure
or electric-field stimulation) caused a decrease of the F340/380

below basal levels, indicating the presence of measurable
intracellular free Zn2� levels. Figure 2D could give the com-
puted values measured from cells exposed to TPEN only (i.e.,
without pyrithione treatment). As shown in the bar graphs, the
highly significant TPEN-induced decrease in F340/380 from 0.43
to 0.34 indicated an average [Zn2�]i value of 0.52 � 0.06 nM.
This resulted in a calculated [Ca2�]i value of 26.54 � 3.67 nM
instead of the apparent 40.17 � 3.73 nM that would have
been estimated in the absence of the confounding Zn2� effect
(Fig. 2C).

Effect of Sodium Selenite Treatment and Diabetes on
Ca2� Transients

The effects of sodium selenite treatment of rats and
diabetes in the presence of normal extracellular Ca2� (1.8
mM) on electrically field-stimulated cardiomyocytes were
also examined. Figure 3 illustrates the effect of diabetes and
sodium selenite treatment of both diabetic and control rats
on F340/380 values recorded from cardiomyocytes superfused
with 1.8 mM Ca2� and stimulated under field effect without
TPEN exposure. As can be seen from the original traces in
Fig. 3A, the amplitude and kinetic parameters of the traces
from diabetic cardiomyocytes are significantly different
from the controls. These two traces are put together in the
same scale for comparison. The average value of the am-
plitude of Ca2� transients recorded from diabetic rat cardio-
myocytes is significantly smaller than the control (Fig. 3C).
Both TP (Fig. 3B) and DT50 (Fig. 3D) of Ca2� transients of
cardiomyocytes isolated from diabetic rats are significantly
slower than those from control rats. As can be seen from the
bar graphs, sodium selenite treatment of diabetic rats can cause
a complete restoration in the amplitude and a significant effect
on prolonged DT50 but no significant effect on prolonged TP.
On the other hand, sodium selenite treatment (4 wk) of the

Fig. 2. Determination of intracellular minimum and maximum fluorescence ratio (F340/380) values for Zn2�. A: isolated cardiomyocytes were first superfused with
HEPES-buffered solution containing 0.1 mM CaCl2 and then perfused with 1.8 mM CaCl2 containing 2 mM EGTA for 2 min. No change in F340/380 was observed
during that time. Cells were then exposed at indicated times (arrows) to 1 �M zinc-pyrithione (ZnPT), followed by 30 �M N,N,N�,N�-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN) in same superfusate. As indicated by dashed lines, exposure to TPEN caused decrease of F340/380 to below basal level
(left). To test possibility of Zn2� transients under electric field stimulation, we exposed cells to TPEN and continued to record fluorescence changes by inducing
20- to 30-V pulses application with 10-ms duration at 0.2-Hz frequencies (right). B: basal values are means � SE of intracellular calcium concentration ([Ca2�]i)
without TPEN. C: [Ca2�]i with TPEN ([Ca2�]iTPEN). D: intracellular zinc concentration ([Zn2�]i) with TPEN. Specifications of groups are given in Fig. 1.
Student’s t-test was used. *P � 0.05 vs. untreated control group; #P � 0.05 vs. untreated diabetic group.
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control rats has no significant effects on these measured
parameters.

To be able to test a possible interference of Zn2� transients
under field stimulation, we exposed the cells to TPEN and then
measured all the parameters of Ca2� transients mentioned in
METHODS. The average values were put in Table 2. As can be
seen from these data (compared with the data in Fig. 3), there
are no Zn2� transients under field stimulation (Fig. 3A, left);
the transient data arise only from Ca2� transients without any
interference with Zn2� transients. These sets of experiments
demonstrated that Zn2� could mobilize from associated pro-
teins in diabetes chronically but not transiently, most probably,
via oxidative stress during a long period, and there is no
transient Zn2� release from cardiomyocytes under electric-
field stimulation either in control or in diabetic states.

Effect of Sodium Selenite Treatment on Diabetes-Induced
Oxidant Stress in Heart

MDA content, which is indicative of LPO, increased signif-
icantly in the diabetic rat heart with respect to the control
group. Sodium selenite treatment of the rats caused a complete
normalization in the diabetic group, whereas there was no
effect in the control group (Fig. 4A). We also measured NOPs,
which are indicative of oxidant stress in the cell. NOP levels

increased significantly in diabetic rat heart tissue, and sodium
selenite treatment of these diabetic rats prevented this increase
significantly, whereas there was no significant effect on the
control rats (Fig. 4B).

Fig. 3. Effect of sodium selenite on intracel-
lular Ca2� transients. A: representative intra-
cellular Ca2� transient traces of isolated car-
diomyocytes from Con, Se, DM, and DM �
Se without considering intracellular Zn2�.
Transients were induced by application of
20- to 30-V pulses with 10-ms duration at
0.2-Hz frequencies. Kinetic parameter values
are means � SE of Ca2� transients of iso-
lated cardiomyocytes from 4 groups. B: TP,
time to peak (maximum). C: maximum
�F340/380, peak F340/380 � basal F340/380. D:
DT50, decay time to 50% of peak. Values are
means � SE of 27–60 cells from at least 5
animals. Student’s t-test was used. *P � 0.05
vs. untreated control group; #P � 0.05 vs.
untreated diabetic group.

Table 2. Parameters of intracellular Ca2�

transients exposed to TPEN

Parameters TP, s MA, �F340/380 DT50, s

Control groups

Untreated 0.18�0.02 0.27�0.03 0.57�0.03
Treated 0.23�0.01 0.27�0.01 0.55�0.02

Diabetic groups

Untreated 0.22�0.01* 0.22�0.02* 0.67�0.04*
Treated 0.21�0.02† 0.31�0.02† 0.52�0.03†

Values are means � SE of 27–60 cells from at least 5 animals. Cells
exposed to N,N,N�,N�-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and
continued to record fluorescence changes by inducing 20- to 30-V pulses with
10-ms duration at 0.2 Hz. Mean kinetic parameters of Ca2� transients of
isolated cardiomyocytes from control and diabetic rats are given. MA, maxi-
mum amplitude (�F340/380 
 F340/380 peak � F340/380 basal); TP, time to peak
(maximum); DT50, decay time to 50% of peak. Specifications of groups are
given in Table 1. Student’s t-test was used. *P � 0.05 vs. untreated control
group; †P � 0.05 vs. untreated diabetic group.
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Both SOD and GR activities are depressed significantly in
the diabetic rat hearts, whereas GPx activity increased. These
three different enzyme activities, which play important roles in
the antioxidant defense system in the cell, were normalized
with sodium selenite treatment (Fig. 5, A–C, respectively).

Diabetes induced a significant reduction in GSH and an
increase in GSSG contents in cardiac tissue with respect to the
control group (Table 3). Treatment of the diabetic rats with
sodium selenite (4 wk) caused a significant attenuation in the
GSH-to-GSSG ratio, which is a good estimation of the redox
state as well as oxidative stress. The treatment of the rats from
the control group with the same amount of sodium selenite
surprisingly has a small but significant effect on this ratio
(Table 3).

Effect of Sodium Selenite Treatment on Heart MT Level

We measured in heart tissue an antioxidant protein MT
level, which is a cysteine-rich protein, can bind heavy ion such

as zinc, and has a strong effect in scavenging free radicals. As
can be seen from Table 3, diabetes can induce a significant
decrease in MT levels, and sodium selenite treatment of the
diabetic rats can prevent this decrease and normalize to the
control level. The treatment of the normal rats with sodium
selenite has no significant effect on MT level of the heart tissue.

DISCUSSION

One of the major findings of the present study is that
diabetes induced a significant increase in basal [Zn2�]i parallel
to the increased basal [Ca2�]i. This is the first study to evaluate
both [Zn2�]i and [Ca2�]i of cardiomyocytes from diabetic rats
quantitatively and comparatively. These are the first important
data that demonstrate the beneficial effect of the antioxidant
sodium selenite on intracellular Ca2� metabolism of diabetic
rat heart. Previous studies from our laboratory (2, 3) have
already demonstrated that sodium selenite treatment (4 wk) of
diabetic rats has beneficial effects on both mechanical and

Fig. 4. Effect of sodium selenite on levels of oxidants in
heart tissues. Levels of lipid peroxidation (LPO; A) and
nitric oxide (NO) products (B) are significantly normalized
with selenium treatment of diabetic rats for 4 wk. Values
are means � SE of 7 rats. Specifications of groups are
given in Fig. 1. Student’s t-test was used. *P � 0.001 vs.
untreated control group; #P � 0.01 vs. untreated diabetic
group.

Fig. 5. Effect of sodium selenite on activities of
antioxidants in heart tissues. Activities of super-
oxide dismutase (A), glutathione peroxidase
(GPx; B), and glutathione reductase (GR, C) are
significantly normalized with selenium treatment
of diabetic rats for 4 wk. Values are means � SE
of 7 rats. Specifications of groups are given in
Fig. 1. Student’s t-test was used. *P � 0.001 vs.
untreated control group; #P � 0.01 vs. untreated
diabetic group.
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electrical activities due to a restoration of inhibited K� currents
via an effect in cell glutathione redox cycle. Therefore, the
present data can be considered as strong evidence of the roles
of increased basal [Zn2�]i in altered contractile activity due to
alteration of [Ca2�]i metabolisms. Second, the data can em-
phasize the involvement of oxidant stress in the etiology of
diabetes-induced cardiac dysfunction due to alteration of cel-
lular Ca2� handling and the close relationship between insulin
deficiency, or impaired insulin signaling, and alteration in
contractile activity of diabetic heart via depressed endogenous
antioxidant defense mechanism.

Oxidants Greatly Increase Basal [Zn2�]i

The present study showed that diabetes induced a significant
increase in basal [Zn2�]i. Our biochemical data also support
that this increase, as well as an increase in basal [Ca2�]i,
together with alterations in the parameters of [Ca2�]i tran-
sients, can be attributed mostly due to increased ROS produc-
tion in cardiomyocytes. Together with the other researches, we
have demonstrated that [Zn2�]i could also increase rapidly in
cardiomyocytes and endothelial cells as a result of the mobi-
lization of Zn2� from intracellular stores by ROS (36, 40, 42,
56). All these studies demonstrate a close relationship between
an increase and the deleterious effects of [Zn2�]i and oxidant
stress under diseased states of the heart. Furthermore, Bossy-
Wetzel et al. (8) have discussed the cross talk between NO and
Zn2� pathway to cell death due to formation of peroxynitrite
and consequent Zn2� release from intracellular stores. These
data also imply the contribution and importance of distribution
of [Zn2�]i due to increased oxidative and nitrosative stress in
diabetic rat heart.

Cardiac dysfunction is an important component of the ad-
verse effects of diabetes. Depression in contractile activity of
diabetic rats paralleled the reduced rise and decline rates of
[Ca2�]i transients (14). This study reports significant alter-
ations in Ca2� homeostasis that can account for the well-
known contractile dysfunction in such pathological conditions.
In the present study, we first confirmed the defective intracel-
lular Ca2� signaling with both lower amplitude and slower
kinetics of Ca2� transients. Furthermore, we clearly estab-
lished that increased basal [Zn2�]i might have an important
contribution to defects in contractile activity. In addition, the
present data showed that diabetes could induce and/or cause
oxidant stress, and, therefore, mobilization of Zn2� from in-
tracellular stores might contribute to oxidant-induced alter-

ations of excitation-contraction coupling in diabetic rat heart.
This hypothesis is supported by previously published data (3).
It is highly likely that [Zn2�]; or any mechanism that alters its
concentration and distribution will cause profound functional
effects in cardiomyocytes.

MT and Increased Basal [Zn2�]i

Our data showed that MT level of diabetic rat heart is
significantly reduced, whereas basal [Zn2�]i increased and the
plasma Zn2� level did not change significantly. It has been
reported that MT level has important roles in connection with
the protective function to cells by reducing damage from ROS
(33). Furthermore, it has been demonstrated that either over-
expression of MT or direct MT administration could reduce
diabetic cardiomyopathy and protect the cell against increased
[Zn2�]i toxicity via inhibiting ROS production (10, 40, 38, 63).
In addition, this very likely supports a close relationship
between an increase of [Zn2�]i and alteration of [Ca2�]i in
cardiomyocytes from diseased animals (29). Related with the
above hypothesis, the study by Maret (41) also discussed in
detail a cross talk of Ca2� and Zn2� in cellular Ca2� signaling
pathways. In addition, modulation of protein tyrosine phos-
phates activity with intracellular Zn2� fluctuations has been
shown in insulin/insulin-like growth factor-1 signaling (26).

Several studies (13, 19, 29, 45, 46, 61) support the role and
importance of the changes of [Zn2�]i in Ca2� metabolisms and
contractile activity of the heart. Recent studies (13, 45, 61)
demonstrated inhibition of intracellular Ca2� release mecha-
nisms by Zn2� and discussed the cytotoxic effects of Zn2� on
the disturbance of Ca2� homeostasis due to oxidation of SH
groups of the proteins (60). Therefore, involvement of oxidant
stress in the etiology of diabetes-induced increase of basal [Zn2�]i

and alterations of [Ca2�]i metabolism is confirmed by our data.
MT is a potent antioxidant enzyme and binds seven Zn2�

with sulfur ligands (33), and redox reagents are asymmetrically
involved in both directions of Zn2� transfer from enzymes to
thionein (25, 31). GSH mediates Zn2� transfer from enzymes
to thionein, whereas glutathione disulfide oxidizes MT with an
enhanced release of Zn2� and transfer of Zn2� to apoenzymes
(25, 31). This pathway seems true for our model due to the
increased GSSG and MT and the decreased GSH. Recent
studies (33, 64) demonstrated also that the controlled level of
MT is very important for the normal function of the organs
under disease states. Moreover, it is very important to consider
the toxic side of the possible increase of [Zn2�]i, which can
cause dysfunctions in cell systems even if in the level of gene
expression and apoptosis (1, 35). Therefore, our present data
point out the importance of the defense mechanisms of the
heart in diabetes.

Beneficial Effect of Selenium on Increased Basal [Zn2�]i

and [Ca2�]i

We observed significantly increased [Zn2�]i and [Ca2�]i,
depressed antioxidant defense system together with depressed
MT level in diabetic rat hearts. Sodium selenite treatment of
the diabetic rats could profoundly protect the diabetic heart
against functional dysfunction (3) due to its antioxidant role in
this defense system together with its other important roles in
intracellular metabolic pathways, including MAP kinases, that
are normally activated with insulin (28, 54).

Table 3. Effects of selenium treatment on biochemical
parameters of control and diabetic rats

Groups n
GSH,

�M/g tissue
GSSG,

�M/g tissue GSH/GSSG
MT,

�g/g tissue

Control groups

Untreated 8 68.2�0.4 3.2�1.0 21.5�3.5 39.0�1.8
Treated 7 59.7�0.3 5.4�0.9* 11.1�3.4* 37.7�6.9

Diabetic groups

Untreated 8 47.6�1.2* 8.7�1.7* 5.5�1.8* 24.4�4.0*
Treated 8 57.1�4.1 5.2�1.4* 11.1�2.9† 43.2�7.0

Values are means � SE; n, number of animals. MT, metallothionien.
Specifications of groups are given in Table 1. Student’s t-test was used. *P �
0.001 vs. untreated control group; †P � 0.01 vs. untreated diabetic group.
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Alterations of antioxidant enzymes SOD, GPx, and GR and
increases of LPO, GSSG, and NOPs support the idea of altered
Ca2� metabolisms in the heart due to increased oxidant stress
in diabetes. In addition, a significant increase of [Zn2�]i and a
decrease of MT level also support the above idea. Treatment of
these animals with sodium selenite could normalize almost all
these altered parameters that are parallel with previously pub-
lished data (7, 24, 44). Once more, our data strongly show the
alteration of Ca2� metabolisms due to increased oxidant stress
and depressed antioxidant defense mechanism and, moreover,
the increase of [Zn2�]i due to mobilization of Zn2� from
intracellular stores. Although there are no direct data, several
studies (1, 13, 19, 29, 45, 46, 60, 61) discussed in detail the
roles of increased [Zn2�]i in cell functions due to oxidation of
SH groups by Zn2� and/or cytotoxic effects of Zn2� in [Ca2�]i

metabolisms. All these studies demonstrate the close relation-
ship between the increase of [Zn2�]i and the alteration of
[Ca2�]i metabolisms in cardiomyocytes from diseased animals
as well as altered insulin pathways (26, 41). Moreover, the
importance of antioxidant therapy in subcellular remodeling
and heart dysfunction in diabetes is emphasized in review
articles (17, 18). Schaffer et al. (52) also showed a normaliza-
tion of enhanced platelet Ca2� response in diabetics by an
antioxidant glutathione and demonstrated that this alteration in
Ca2� signaling by diabetes was due to increased formation of
superoxide anions and reduced NO production.

Is the Beneficial Effect of Selenium Due to Its Insulin
Mimetic Effect in STZ-Induced Diabetic Rats?

The mechanisms of sodium selenite-mediated normalization
of altered mechanical and electrical activities of diabetic rat
heart are not fully understood at this time. However, our
hypothesis of antioxidant effect via glutathione involvement is
supported by recent studies (6, 9, 17, 18, 37, 43, 62, 63). These
studies demonstrated that exogenous application of glutathione
and other antioxidants, such as SOD, catalase, or their mimetic
compounds, protected the heart of diabetic rats via insulin-
signaling cascade. Therefore, it is quite tempting to suggest the
possible roles of this signaling pathway in controlling the
intracellular redox state and the normal function of cardiac
myocytes. Therefore, previously published data offer further
insight into the mechanisms at play in this model. Under in
vitro conditions, it has been shown that sodium selenate treat-
ment of adiposities could increase glucose uptake and phos-
phorylation, as well as the activity of several signaling proteins
that are normally activated with insulin (20, 28, 54). Thus,
when evaluating the published data with the present findings, it
seems likely that sodium selenite treatment affects the diabetes-
induced heart dysfunction through its effect on cell GSH, which,
in turn, is closely related with the insulin-signaling cascade.

Moreover, sodium selenite administration to the normal rats
caused a slight but significant increase in blood glucose level
and a significant decrease in plasma insulin level. Previously,
we (4) have also shown some important alterations in the
kinetics of Ca2� and K� currents due to the effect of selenium
on insulin-signaling cascade via alterations in the cell redox
status. Although there are no direct data, some authors (22, 34,
37) showed that either external or internal application of GSSG
leads to changes in ionic channels and is related to altered
GSSG levels and coupled to insulin-signaling cascade. There-

fore, under these implications, our data showed that sodium
selenite can affect some functions of normal rats via a change
in cellular GSH level due to increased blood glucose level and
decreased plasma insulin level. Additional studies are needed
to determine whether small doses of selenium compounds may
be useful and/or prooxidant when used as supplements in
normal human diets.

In conclusion, all the above observations demonstrate the
current controversies on this subject, but it is clear that the
impaired contractility of intact diabetic hearts can be due to
defects in cellular Ca2� metabolisms of an individual cardio-
myocyte. It can be concluded that there is a lack of complete
clarification in the molecular mechanisms of cardiac dysfunc-
tion in diabetes, for which further studies are needed.
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