
Abstract

Aims/hypothesis. Local overproduction of nitric oxide
is seen in early stages of diabetes, which can react
with superoxide (O2

−) to form peroxynitrite (ONOO−).
The aim of this study was to examine the effect of
scavengers for nitric oxide, O2

−, ONOO− and NOS co-
factor tetrahydrobiopterin (BH4) on high glucose-in-
duced cardiac contractile dysfunction.
Methods. Ventricular myocytes were cultured for 
24 h with either normal (N, 5.5 mmol/l) or high
(25.5 mmol/l) glucose, with or without the nitric 
oxide scavengers haemoglobin (100 nmol/l), 
PTIO (100 µmol/l), the NOS inhibitor L-NMMA
(100 µmol/l), superoxide dismutase (SOD, 500 U/ml),
the ONOO− scavengers urate (100 µmol/l), MnTABP
(100 µmol/l), BH4 (10 µmol/l) and its inactive 
analogue NH4 (10 µmol/l), and the GTP cyclohydro-
lase I inhibitor DAHP (1 mmol/l). Myocyte mechan-
ics, NOS protein expression and activity were evaluat-
ed.

Results. High glucose myocytes showed reduced peak
shortening, decreased maximal velocity of shorten-
ing/relengthening (± dL/dt), prolonged relengthening
(TR90) and normal shortening duration (TPS) associat-
ed with reduced cytosolic Ca2+ rise compared to nor-
mal myocytes. The high glucose-induced abnormali-
ties were abrogated or attenuated by urate, MnTBAP,
L-NMMA, BH4, and SOD, whereas unaffected by
haemoglobin, PTIO and NH4. L-NMMA reduced peak
shortening while PTIO and DAHP depressed ± dL/dt
and prolonged TPS or TR90 in normal myocytes. High
glucose increased NOS activity, protein expression of
eNOS but not iNOS, which were attenuated by L-
NMMA and BH4, respectively.
Conclusion/interpretation. These results suggested
that NOS cofactor, NO and ONOO− play a role in glu-
cose-induced cardiomyocyte contractile dysfunction
and in the pathogenesis of diabetic cardiomyopathy.
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Cardiovascular diseases are among the leading causes
of high morbidity and mortality in diabetic popula-
tions [1]. Diabetic cardiomyopathy often develops in
diabetes and is characterized by systolic and diastolic
dysfunctions independent of coronary macrovascular
disease [2, 3]. Impaired diastolic function is the most
prominent mechanical abnormality manifested as pro-
longed relaxation and decreased compliance. Several
mechanisms have been proposed for the pathogenesis
of impaired cardiac excitation-contraction (E-C) cou-
pling, including prolonged action potential duration
and altered function of Ca2+-regulating proteins such
as Na/Ca exchanger and sarco(endo)plasmic reticu-
lum Ca2+-ATPase [4, 5, 6]. However, whether these
cellular defects progress as a result of hyperglycae-



mia or indirectly via glucose toxicity-induced second-
ary cellular alterations has not been understood com-
pletely.

Nitric oxide, an extremely reactive gas with chemi-
cal properties of a free radical, is synthesized by a vari-
ety of cell types including cardiac, vascular and endo-
thelial cells. It plays an important physiological role in
the regulation of cardiac function such as dilation of
coronary artery, inhibition of platelet aggregation and
biphasic modulation of cardiac contractile function [7,
8]. Nitric oxide also participates in a cascade of patho-
physiological processes when formed in excess or in
the presence of other pro-oxidants [9]. Enhanced en-
dogenous production of nitric oxide or addition of nitric
oxide donors have resulted in compromised cardiac
function and enhanced apoptosis [9, 10] illustrating the
potential toxic properties of nitric oxide. The toxicity of
nitric oxide is believed to be associated with its interac-
tion with iron-sulfur-centered enzymes of the respirato-
ry cycle [11]. This is further complicated by superoxide
anion (O2

−), a ubiquitous reaction product of cardiac
myocytes during mitochondrial oxidative metabolism.
Nitric oxide and O2

− react rapidly (second-order rate
constant =6.7×109 M/s) to generate peroxynitrite
(ONOO−), which rapidly decomposes to highly oxidant
species such as nitronium ion (NO2

+) [12]. ONOO− can
directly initiate lipid peroxidation, protein tyrosine ni-
tration and DNA strand breakdown, as well as interact
with iron-sulfur-centered enzymes of the respiratory cy-
cle. It has been implicated that ONOO− can mediate the
toxic action of nitric oxide. Paradoxically, nitric oxide
also protects against apoptosis and O2

−-mediated cell
death [13]. Inhibition of nitric oxide synthase (NOS) re-
sults in enhanced O2

− and H2O2 production [14], sug-
gesting that a critical balance between nitric oxide and
O2

− is required for normal myocyte function.
Altered nitric oxide signalling and enhanced oxida-

tive stress have been suggested to play a role in the
pathogenesis of diabetic cardiac complications [15,
16]. Diabetes could alter the activity and expression of
NOS [17, 18, 19]. Local overproduction of nitric oxide
has been suggested to play an important role in beta-
cell damage and in inducing diabetes. Oxidative stress
due to interactions between nitric oxide and oxygen-
derived radicals has been speculated to represent a
common pathological mechanism in increased cardio-
vascular risk. Recent evidence has suggested that NOS
function could be altered in diabetes due to deficiency
of tetrahydrobiopterin (BH4), a critical cofactor for
eNOS [20, 21]. Nitric oxide synthase activity is strictly
dependent on BH4, the deficiency of which would re-
sult in the production of O2− rather than nitric oxide;
this phenomenon can be referred to as “eNOS uncou-
pling” [22]. Peroxymitrite oxidation of BH4 could re-
present a major pathogenic cause of “eNOS uncou-
pling” [22]. Both hyperglycaemia and impaired cardio-
vascular contractile function in diabetes have been
shown to be reconciled with the use of NOS inhibitors,

superoxide dismutase (SOD) or other antioxidants such
as alpha-tocopherol [15], confirming the role of nitric
oxide and other reactive oxygen radicals in diabetic
heart complications. However, a complete understand-
ing of the mechanisms underscoring the role of nitric
oxide in diabetic cardiomyopathy is hampered because
few data are available regarding the role of nitric ox-
ide, NOS and nitric oxide-related reactive oxygen spe-
cies in the onset of diabetic cardiac dysfunctions. We
thus took advantage of a cardiac myocyte culture mod-
el developed in our laboratory, where the diabetic car-
diomyopathy could be phenotypically replicated in
normal myocytes by culturing in a high glucose medi-
um [23, 24, 25]. The abnormal cardiac E-C coupling is
apparent in high glucose-treated myocytes reminiscent
of those from in vivo diabetes [3]. The NOS inhibitor,
nitric oxide cofactor and pharmacological scavengers
for nitric oxide, O2

− and ONOO− were tested to exam-
ine the role of nitric oxide, NOS and ONOO− in the
glucose toxicity-induced cardiac mechanical dysfunc-
tion simulating diabetic cardiomyopathy.

Methods

Isolation and culture of isolated ventricular myocytes. The ex-
perimental procedure used in this study was approved by the
Animal Use and Care Committee at University of North Dako-
ta and University of Wyoming. Briefly, adult male Sprague-
Dawley rats (200–250 g) were anaesthetized with ketamine/xy-
lazine (5:3, 1.32 mg/kg i.p.). Hearts were rapidly removed and
perfused (at 37°C) with Krebs-Henseleit bicarbonate (KHB)
buffer (mmol/l: NaCl 118, KCl 4.7, MgSO4 1.2, KH2PO4 1.2,
NaHCO3 25, N-[2-hydro-ethyl]-piperazine-N’-[2-ethanesul-
fonic acid] (HEPES) 10, glucose 11.1, pH 7.4). The heart was
then perfused for 20 min with KHB containing 223 U/ml colla-
genase (Worthington Biochemical, Freehold, N.J., USA) and
0.5 mg/ml hyaluronidase (Sigma Chemical, St. Louis, Mo.,
USA). After perfusion, the left ventricle was removed and
minced. The cells were further digested with 0.02 mg/ml tryp-
sin (Sigma) before being filtered through a nylon mesh
(300 µm). Extracellular Ca2+ was added incrementally back to
1.25 mmol/l. Isolated myocytes were then cultured in normal
(5.5 mmol/l) or high glucose (25.5 mmol/l) medium supple-
mented with or without one of the following drugs; the nitric
oxide synthase (NOS) inhibitor L-NG-monomethyl-arginine
(L-NMMA, 100 µmol/l), the nitric oxide scavenger haemoglo-
bin (100 nmol/l), the nitric oxide trap 2-(4-carboxyphenyl)-
4,4,5,5-tetramethyl imidazoline-1-oxyl 3-oxide (carboxy-
PTIO, 100 µmol/l) which reacts with nitric oxide to form PTI,
superoxide (O2

−) scavenger superoxide dismutase (SOD,
500 U/ml), the NOS cofactor BH4 (10 µmol/l) or peroxynitrite
(ONOO−) scavengers urate (100 µmol/l) and manganese (III)
tetrakis (4-benzoic acid) porphyrin (MnTABP, 100 µmol/l,
which is also a SOD mimetic). To further examine the role of
the NOS cofactor BH4, tetrahydroneopterin (NH4, 10 µmol/l),
an analogue of BH4, however, without any effect on NOS was
co-cultured with the myocytes (obtained from Schircks Labo-
ratories, Jona, Switzerland). In addition, the GTP cyclohydro-
lase I inhibitor 2,4-diamino-6-hydroxy-pyrimidine (DAHP,
1 mmol/l), which inhibits BH4 synthesis, was also incubated
with the N myocytes. Myocytes were maintained for 24 h be-
fore used [23].
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Cell shortening/relengthening. Mechanical properties of ven-
tricular myocytes were assessed using a video-based edge-
detection system (IonOptix, Milton, Mass., USA) [23]. In
brief, cells were superfused with a buffer containing (in
mmol/l): 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 10
HEPES, at pH 7.4. The cells were field stimulated at 0.5 Hz.
The myocyte was displayed on the computer monitor using an
IonOptix MyoCam camera, which rapidly scans the image area
at every 8.3 msec such that the amplitude and velocity of
shortening or relengthening is recorded with good fidelity.

Intracellular Ca2+ fluorescence measurement. Myocytes were
loaded with fura-2/AM (0.5 µmol/l) for 15 min and fluores-
cence measurements were recorded with an IonOptix dual-
excitation fluorescence photomultiplier system [23]. Myocytes
were imaged through an Olympus 40× oil objective. Cells
were exposed to light emitted by a 75 W lamp and passed
through either a 360 or a 380 nm filter (bandwidths were
±15 nm), while being stimulated to contract at 0.5 Hz. Fluores-
cence emissions were detected between 480 and 520 nm after
first illuminating cells at 360 nm for 0.5 s then at 380 nm for
the duration of the recording protocol (333 Hz sampling rate).
The 360 nm excitation scan was repeated at the end of the pro-
tocol and qualitative changes in intracellular Ca2+ concentra-
tion ([Ca2+]i) were inferred from the ratio of the fluorescence
intensity at two wavelengths.

Western blot analysis for protein expression of eNOS and
iNOS. Membrane proteins from normal or high glucose cul-
tured myocytes were extracted as described [26]. Myocytes
were collected, sonicated and the supernatants were centri-
fuged at 7000× g for 30 min at 4°C. Total cell homogenates
from the pellets were used for immunoblotting of eNOS and
iNOS. We confirmed that these membrane fractions did not
contain any detectable collagens. Membrane proteins
(50 µg/lane) were separated on 10% SDS-polyacrylamide gels
in a minigel apparatus (Mini-PROTEAN II, Bio-Rad) and
transferred to polyvinylidene difluoride membranes. The mem-
branes were blocked (4% Block Ace, Dainippon Pharmaceuti-
cal; Osaka, Japan) and then incubated for 12 h with anti-eNOS
or anti-iNOS mouse IgG monoclonal antibodies (1:1000, BD
Transduction Laboratories, Lexington, Ky., USA). Membranes
were then washed and incubated with a horseradish peroxi-
dase-conjugated anti-mouse IgG (1:5000) for 1.5 h. After im-
munoblotting, the film was scanned and the intensity of im-
muoblot bands was detected with a Bio-Rad Calibrated Densi-
tometer (Model: GS-800).

NOS activity. Nitric oxide synthase activity was evaluated by
the 3H-arginine to 3H-citrulline conversion assay as described
[10]. Briefly, ventricular myocytes were placed in Hanks' Bal-
anced Salt Solution (HBSS) medium containing 1 µCi/ml 3H-
arginine with Trasylol (0.2 KIU/ml). The cells were incubated
for 30 min before the reaction was terminated by aspiration of
the incubation medium and replacement with iced, HBSS con-
taining 5 mmol/l L-arginine and 4 mmol/l EDTA. Cells were
lysed with 20 mmol/l TRIS and centrifuged. An aliquot of the
supernatant was diluted with 1:1 (v/v) H2O/Dowex-50 W
(20–50, 8% cross-linked), and loaded on a polypropylene Bio-
Rad EconoColumn. The effluent was collected and 3H-citrul-
line was counted by scintillation.

Statistical analyses. Data are presented as means ± SEM. Sta-
tistical significance was ascertained by ANOVA. Appropriate
follow-up tests for multiple comparisons were chosen depend-
ing on whether significance (p<0.05) was identified in main ef-
fects and/or interaction terms. Data from each drug were anal-

ysed separately. Control groups (i.e., N and high glucose cells)
were always recorded on the same day as experimental groups
(i.e., with and without drugs) to control for any potential inter-
culture variability.

Results

Effect of urate, MnTBAP and SOD on high glucose-in-
duced mechanical abnormalities. Culturing myocytes
for 24 h with either high glucose or any drug tested in
this study had no overt effect on cell phenotype. Cell
shape, resting cell length, and presence of distinct stri-
ations were similar in cells among all groups. Repre-
sentative traces of cell shortening and relengthening
are shown in Fig. 1. Consistent with our previous re-
ports [23, 24], myocytes maintained in high-glucose
medium had a reduced peak shortening amplitude as-
sociated with decreased maximal velocity of shorten-
ing and relengthening (± dL/dt) (p<0.05), normal
time-to-peak shortening (TPS), and prolonged time-
to-90% relengthening (TR90) (p<0.05) compared to
those of normal myocytes. The reduced peak shorten-
ing, ± dL/dt and prolonged TR90 in high glucose myo-
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Fig. 1A–F. Representative traces of myocyte cell length from
normal glucose (NG: 5.5 mmol/l), high glucose (high glucose:
25.5 mmol/l), and high glucose with the ONOO− scavenger
MnTBAP (100 µmol/l) groups. B–F Contractile properties of
myocytes cultured for 24 h in normal or high glucose with or
without MnTBAP (100 µmol/l) or SOD (500 U/ml). Mechani-
cal indices are peak shortening (PS), maximal velocities of
shortening/relengthening (± dL/dt), time-to-peak shortening
(TPS) and time-to-90% relengthening (TR90). Means ± SEM,
n=40–57 cells/group, *p<0.05 vs respective normal group



cytes were abolished by co-incubation the cells with
the ONOO− scavengers urate (100 µmol/l) and
MnTBAP (100 µmol/l) as well as the O2

− scavenger
SOD (500 U/ml), with the exception that SOD did not
prevent the high glucose-induced prolonged TR90. In
addition, high glucose myocytes maintained with
urate showed a significantly increased peak shortening
(p<0.05) compared with urate-treated normal myo-
cytes. Urate, MnTBAP or SOD alone had no effect on
cell mechanics in normal myocytes (Figs. 1, 2).

Effect of L-NMMA, haemoglobin and PTIO on high
glucose-induced abnormal mechanical function. En-
hanced NOS activity has been shown in myocytes cul-
tured in a high glucose environment [19]. To demon-
strate if altered nitric oxide production plays a role in
the high glucose-induced mechanical dysfunction, the
membrane permeable NOS inhibitor L-NMMA and
the nitric oxide scavenger haemoglobin as well as the
nitric oxide trap PTIO were examined. L-NMMA
(100 µmol/l) unmasked a high glucose-induced poten-
tiation in PS and ± dL/dt, whereas it prevented high
glucose-induced prolongation in TR90 without affect-
ing TPS (Fig. 3). L-NMMA alone depressed peak
shortening in normal myocytes. On the other 
hand, both PTIO (100 µmol/l) and haemoglobin
(100 nmol/l) nullified the high glucose-induced de-
crease in peak shortening but depressed ± dL/dt and
prolonged TPS in normal myocytes (p<0.05). In addi-
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Fig. 2A–D. Contractile properties of myocytes cultured for
18–24 hours in N or high glucose with or without the ONOO−

scavenger urate (100 µmol/l) or the nitric oxide scavenger hae-
moglobin (100 nmol/l). A Peak shortening (PS); B maximal
velocities of shortening/relengthening (± dL/dt); C time-to-
peak shortening (TPS); D time-to-90% relengthening (TR90);
Mean ± SEM, n=42–50 cells/group, *p<0.05 vs respective nor-
mal group, #p<0.05 vs non-drug supplemented normal group

Fig. 3A–D. Graphs illustrate contractile properties of myocytes
cultured for 24 h in normal or high glucose medium with or
without the NOS inhibitor L-NMMA (100 µmol/l) or the nitric
oxide scavenger PTIO (100 µmol/l). Mechanical indices are
peak shortening (PS, panel A), maximal velocities of shorten-
ing/relengthening (± dL/dt, Panel B), time-to-peak shortening
(TPS, panel C) and time-to-90% relengthening (TR90, panel D).
Means ± SEM, n=40–57 cells/group. *p<0.05 vs respective nor-
mal group, #p<0.05 vs non-drug supplemented normal group

tion, the high glucose-induced prolongation of TR90
was not affected by either PTIO or haemoglobin
(Figs. 2, 3).

Effect of BH4, NH4 and DAHP on myocyte mechanics
and NOS protein expression. Diabetes has been shown
to lead to reduced concentration of the NOS cofactor
BH4 [21]. Our study shows that supplementation of
BH4 (10 µmol/l) abrogated the high glucose-induced
decline in ± dL/dt and prolongation in TR90, whereas it
exerted little effect on mechanical properties in normal
myocytes (Fig. 4). However, the BH4 analogue pteri-
dine NH4, an antioxidant but not a NOS cofactor, 
did not affect the high glucose-induced myocyte me-
chanical dysfunction at equal molar concentration
(10 µmol/l). To further examine the role of BH4 in
myocyte mechanics, the GTP cyclohydrolase I inhibi-
tor DAHP (1 mmol/l), which inhibits BH4 synthesis
[20], was co-incubated with normal myocytes for 24 h.
Of interest, DAHP depressed ± dL/dt, prolonged both
TPS and TR90 (p<0.05) without affecting peak shorten-
ing in normal myocytes (Fig. 5). In addition, high glu-
cose induced significant increase in protein expression
of eNOS (p<0.05), which was nullified by BH4. high
glucose did not alter protein expression of iNOS al-
though BH4 itself lowered the iNOS protein expression
in high glucose myocytes (p<0.05) (Fig. 4).



Fig. 5A–D. Effect of the BH4 analogue NH4 (10 µmol/l) on
contractile properties in myocytes cultured for 24 h in normal
or high glucose medium. Myocytes were also co-incubated
with the GTP cyclohydrolase I inhibitor DAHP (1 mmol/l) for
24 h in nromal medium to inhibit BH4 synthesis. A Peak short-
ening (PS); B maximal velocities of shortening/relengthening
(± dL/dt); C time-to-peak shortening (TPS); D time-to-90% re-
lengthening (TR90); Mean ± SEM, n=48–50 cells/group.
*p<0.05 vs normal group, #p<0.05 vs non-drug supplemented
normal group
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Fig. 4A–F. Effect of the NOS cofactor BH4 (10 µmol/l) on con-
tractile properties and NOS protein expression in myocytes
cultured for 24 h in normal or high glucose medium. A Peak
shortening (PS); B maximal velocities of shortening/relength-
ening (± dL/dt); C time-to-peak shortening (TPS); D time-to-
90% relengthening (TR90); E Representative gels depicting im-
munostaining using anti-eNOS and anti-iNOS antibodies; F
Protein abundance of eNOS and iNOS in normal and high glu-
cose myocytes incubated with or without BH4 from three isola-
tions. Means ± SEM, n=58–62 cells/group for panel A–D and
n=3 for panel F. *p<0.05 vs normal group

Influence of MnTBAP, PTIO and SOD on high glu-
cose-induced intracellular Ca2+ abnormalities. Our
previous studies have shown that the high glucose-in-
duced mechanical dysfunction is caused by abnormal
intracellular Ca2+ homeostasis [23, 24, 25]. To evalu-
ate the potential mechanism of action involved in high
glucose-induced cardiac defects, the influence of
MnTBAP, PTIO and L-NMMA on intracellular Ca2+

properties was tested. Resting [Ca2+]i, electrical stimu-
lus-induced increase in intracellular Ca2+ (∆[Ca2+]i),
and cytosolic free Ca2+ decrease rate (tau) were evalu-
ated in fura-2 loaded myocytes. High glucose myo-
cytes showed similar resting [Ca2+]i, reduced ∆[Ca2+]i
associated with slowed cytosolic-free Ca2+ decrease
compared to normal myocytes (p<0.05), consistent
with reduced peak shortening and prolonged TR90.
MnTBAP (100 µmol/l) and L-NMMA (100 µmol/l)
abolished the high glucose-induced reduction of
∆[Ca2+]i and prolonged cytosolic free Ca2+ decrease
(Fig. 6). PTIO (100 µmol/l) reduced ∆[Ca2+]i in nor-

Fig. 6A–D. Intracellular Ca2+ transient properties in fura-2-
loaded ventricular myocytes cultured for 24 h in normal or
high glucose medium, with or without MnTBAP (100 µmol/l),
PTIO (100 µmol/l) or L-NMMA (100 µmol/l). A Representa-
tive traces of fura-2 fluorescence ratio in myocytes from nor-
mal, high glucose and high glucose+MnTBAP group; B Base-
line intracellular Ca2+ concentrations; C Increase in intracellu-
lar Ca2+ transient in response to electrical stimulus; D rate of
cytosolic free Ca2+ decrease (tau). Means ± SEM. n=48–55
cells/group. *p<0.05 vs respective normal group, #p<0.05 vs
non-drug supplemented normal group



glucose-induced cardiomyocyte dysfunction was fur-
ther substantiated by the fact that blockade of BH4
synthesis with the GTP cyclohydrolase I inhibitor
DAHP can directly impair cell mechanics in a manner
somewhat reminiscent of those induced by high glu-
cose. Increased eNOS but not iNOS protein abun-
dance was observed in association with enhanced
NOS activity in high glucose myocytes. These data
suggested that NOS, nitric oxide, O2

−, and their reac-
tion product ONOO− could play an important role in
the glucose toxicity-induced cardiac contractile dys-
function, and possibly in the pathogenesis of the ear-
ly-stage of diabetic cardiomyopathy.

Hyperglycaemia is the most important predisposing
factor for diabetic cardiomyopathy characterized by
reduced contractility and prolonged relaxation [1, 3,
5]. This is supported by the reduced peak shortening,
± dL/dt and prolonged TR90 in high glucose myocytes
observed in our study, which could be underscored by
reduced intracellular Ca2+ rise and slowed intracellu-
lar Ca2+ clearing (Fig. 6) consistent with earlier re-
ports [23, 24, 27, 28]. Although speculations have
been made towards the glucose-induced cardiac dys-
function including activation of protein kinase C [29]
and altered lipid messenger such as ceramide [30], the
role of NOS/nitric oxide signalling in diabetic heart
complications did not receive much support over the
past years considering that treatment with the NOS in-
hibitor Nω-nitro-L-arginine methyl ester (L-NAME)
attenuated hyperglycaemia [31, 32] and improved
ventricular function [33] in diabetes. Nevertheless, the
direct effect of diabetes on nitric oxide synthesis is
still controversial, with either increased [17, 34, 35] or
decreased [17, 36, 37] nitric oxide synthesis. En-
hanced cardiac NOS protein expression and activity
were reported under diabetes in conjunction with ele-
vated nitric oxide production [17, 18, 19, 33], consis-
tent with our current observation that high glucose en-
hanced the expression and activity of NOS, and the re-
versal of cardiomyocyte dysfunction with the NOS in-
hibitor L-NMMA. High glucose has been shown to
elicit an overt increase in eNOS mRNA in endothelial
cells [17, 34]. No change in cardiac NOS mRNA
(eNOS and iNOS) was found at initial stages of diabe-
tes [18, 38], indicating that increase in cardiac NOS
mRNA could be a consequence rather than cause of
metabolic defects due to hyperglycaemia. Our find-
ings showed enhanced eNOS but not iNOS protein ex-
pression in high glucose myocytes, suggesting a po-
tential temporal separation in glucose-induced re-
sponse between the two enzymes. The expression or
activity of NOS and nitric oxide synthesis might not
accurately reflect the bioavailability of nitric oxide
due to the rapid inactivation of nitric oxide by free
radicals [34, 35].

The mechanism behind the increased expression or
activity of NOS in diabetic hearts is still not known.
The high glucose-induced up-regulation of eNOS pre-
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mal myocytes. MnTBAP and PTIO both increased the
resting [Ca2+]i in normal myocytes (p<0.05).

Influence of L-NMMA, PTIO and MnTBAP on NOS
activity in N and high glucose myocytes. To evaluate
the effect of high glucose on NOS activity, NOS activ-
ity was measured with 3H-arginine to 3H-citrulline
conversion assay in normal and high glucose myo-
cytes with or without L-NMMA, PTIO, or MnTBAP
(100 µmol/l each). None of these drugs elicited any
significant effect on the uptake of 3H-arginine into the
myocytes as determined by the radioactivity in the 3H-
loaded cell pellets after centrifugation. Consistent
with the observation from western blot analysis
(Fig. 4), high glucose increased NOS activity
(p<0.05). L-NMMA (100 µmol/l) inhibited NOS ac-
tivity in myocytes from both groups (p<0.05), as ex-
pected. PTIO did not alter NOS activity in either nor-
mal or high glucose group. MnTBAP enhanced NOS
activity in normal myocytes (p<0.05) but did not af-
fect NOS activity in high glucose myocytes, therefore
nullifying the disparity in NOS activity between nor-
mal and high glucose groups (Fig. 7).

Discussion

Our findings confirmed that glucose toxicity contrib-
utes to the development of cardiac E-C coupling dys-
function reminiscent of in vivo diabetic cardiomyopa-
thy. More importantly, the high glucose-induced cardi-
ac mechanical dysfunctions could be alleviated by the
NOS inhibitor L-NMMA, the NOS cofactor BH4, the
O2

− scavenger SOD and the ONOO− scavengers urate
and MnTBAP (also a SOD mimetic) although not the
nitric oxide scavenger haemoglobin nor the nitric ox-
ide trap PTIO. The high glucose-induced myocyte ab-
normalities were unable to be reconciled by the BH4
analogue pteridine NH4, an antioxidant but not a co-
factor for NOS. The involvement of BH4 in the high

Fig. 7. NOS activity in ventricular myocytes cultured for 24 h
in normal or high glucose medium, with or without L-NMMA
(100 µmol/l), PTIO (100 µmol/l) or MnTBAP (100 µmol/l).
Means ± SEM. n=13 assays. *p<0.05 vs respective normal
group, #p<0.05 vs non-drug supplemented normal group



vented by the antioxidant lipoic acid and H2O2 could
directly induce eNOS mRNA [18], suggesting the po-
tential role of the redox state in the induction of NOS
mRNA. ROS has been speculated to play a key role in
the pathogenesis of diabetic cardiomyopathy [15]. Pa-
rameters of oxidative stress such as lipid hydroperox-
ides, thiobarbituric acid substances and isoprostanes
have been documented in high amounts in diabetic
hearts [15, 39]. High glucose has been shown to in-
duce generation of ROS, probably through glucose au-
toxidation, formation of advanced glycation end-prod-
ucts and activation of NADPH-oxidase [18, 40, 41].
The high glucose-induced ROS especially O2

− is able
to quench nitric oxide at a rate that is three times fast-
er than the ability of SOD to degrade O2

−. This could
explain the observation that the nitric oxide scavenger
haemoglobin and the nitric oxide trap PTIO failed to
prevent the high glucose-induced cardiac defect, since
nitric oxide is quickly quenched by surrounding O2

−

molecules to form ONOO− before getting scavenged
or trapped by haemoglobin or PTIO. Our data also
showed that L-NMMA depressed contractile ampli-
tude (peak shortening) whereas haemoglobin and
PTIO depressed ± dL/dt and prolonged TPS in normal
myocytes, indicating that tonic nitric oxide release
could be essential for normal cardiac contractile func-
tion [7, 8]. These data, in conjunction with the obser-
vation that the NOS inhibitor L-NMMA prevented
high glucose-induced cardiac dysfunctions, suggested
that nitric oxide release, rather than its removal, is
more likely to be involved in the glucose toxicity-
induced cardiac mechanical dysfunction. Therefore,
regulation of NOS activity could contribute, at least in
part, to high glucose-induced mechanical dysfunction.
Our rationale of enhanced nitric oxide inactivation by
O2

− in high glucose myocytes is supported by the abil-
ity of urate, MnTBAP and SOD to attenuate or pre-
vent the high glucose-induced cardiac contractile de-
fects and intracellular Ca2+ dysregulation. Both
ONOO− and O2

− can exert direct cardiac depressive
actions [12] and their productions are enhanced in dia-
betes [42]. Although the direct effects of ONOO− and
O2

− on cardiac myocyte mechanics are beyond the
scope of this study, our results provided evidence of
the involvement of ONOO− and O2

− in the glucose
toxicity-induced cardiac E-C coupling. It is not sur-
prising that PTIO failed to affect NOS activity since it
traps nitric oxide instead of acting on NOS enzyme.
The enhanced NOS activity in response to MnTBAP
is not known but could be related to relieve of the oxi-
dation of ONOO− on NOS. Moreover, our fura-2 fluo-
rescent recording data indicated that regulation of in-
tracellular Ca2+ homeostasis could underscore the me-
chanical effects of the nitric oxide and ONOO− regu-
lators in the high glucose-induced ventricular dysfunc-
tion in cardiac myocytes.

Of interest, the NOS cofactor BH4 restored high
glucose-induced mechanical dysfunctions and pre-

vented a high glucose-elicited increase in eNOS ex-
pression. This is further supported by the observation
that depletion of BH4 by the GTP cyclohydrolase I in-
hibitor DAHP directly impaired cell mechanics some-
what similar to high glucose (such as prolonged
TPS/TR90 and reduced ± dL/dt). The fact that DAHP
did not exactly duplicate the high glucose-induced
myocyte dysfunction (such as in peak shortening and
TPS) indicates that mechanism(s) other than NOS co-
factor could also participate in the regulation of car-
diomyocyte mechanical function. Deficiency of BH4
has been shown in diabetes [21]. This could be related
to the fact that BH4 is a major target of oxidation by
ONOO−, the amount of which is significantly in-
creased in diabetes [42]. Treatment with BH4 was re-
ported to restore endothelial dysfunction in diabetes
[43]. Without sufficient BH4, the electrons flowing
from the reductase domain to the oxygenase domain
on eNOS can be diverted to O2 molecule rather than
L-arginine, resulting in the production of O2

− rather
than nitric oxide, or “eNOS uncoupling” [22]. Our da-
ta suggests that “eNOS uncoupling” could play a role
in glucose toxicity-associated cardiac dysfunctions.
The observation that the BH4 analogue NH4 failed to
modify high glucose-induced cardiac dysfunctions
suggests that BH4-induced improvement in cardiac
mechanical dysfunction under high glucose toxicity
could reflect a specific effect on eNOS enzyme rather
than being the consequence of a nonspecific antioxi-
dant action.

Experimental limitations. Diabetes mellitus is a com-
plex metabolic disease and its cardiac complications
are likely due to multiple factors in addition to hyper-
glycaemia (such as dyslipidaemia and insulin resis-
tance). It is not possible to replicate these factors all in
the same cell culture model. In addition, the enzymat-
ic myocyte isolation procedure could induce iNOS ex-
pression and create an artificial effect on iNOS ex-
pression in the ventricular myocytes studied. Thus,
caution should be taken when extrapolating the cur-
rent findings to in vivo diabetes or when applying
polymixin B to absorb endotoxin during cell isolation
to minimize any artificial effects on iNOS. Although
in vitro models allow us to change one factor at a time
and to evaluate the resultant cellular consequences,
obvious disadvantages must be considered such as
lack of the in vivo settings of haemodynamics from
cardiac as well as non-cardiac vasculatures.

In conclusion, our study suggests that NOS, nitric
oxide, O2

− and ONOO− could play roles in the glucose
toxicity-induced cardiac dysfunction simulating dia-
betic cardiomyopathy. Our data indicates that altered
NOS signalling related to BH4 deficiency or dysfunc-
tion, formation of O2

− or ONOO− and accelerated ni-
tric oxide inactivation could be permissive to high
glucose-induced contractile and intracellular Ca2+ dys-
regulations.
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