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EXPERIMENTAL STUDY

Impaired endothelium-dependent and -independent relaxation

of aorta from diabetic rats

Yakubu MA, Sofola OA, Igbo I, Oyekan AO

Vascular Biology Unit, Center for Cardiovascular Diseases, College of Pharmacy and Health Sciences, Texas
Southern University, Houston, USA. yakubu_ma@tsu.edu

Abstract: Vascular complication in diabetes has been reported to be due to the effects of chronic high blood glu-
cose on the vascular system. Different relaxation mechanisms exist in the vasculature and effect of chronic high
glucose on vascular relaxation mechanisms is not clearly understood. We assessed the effect of streptozotocin
(STZ, 70 mg/kg, for 12 wks)-induced diabetes on vascular reactivity to isoproterenol (Isop, 10°-10° M), a cAMP-
dependent agent, acetylcholine (ACh, 10°—10° M), a stimulant of NO (nitric oxide) synthase, sodium nitroprusside
(SNP, 10'°-10 M), NO donor, or bradykinin (BK, 10°-10-° M) in the rat isolated aortic ring. Isop, ACh, SNP, or BK
dose-dependently relaxed phenylephrine (PE, 107 M) pre-constricted ring producing a maximum relaxation of 82
% for Isop (10° M), 85 % for ACh (10-° M), 100 % for SNP (10 M), and 30 % for BK (10 M) respectively. STZ
attenuated Isop, ACh, and BK-induced relaxation by 45 % (n=7, p<0.05), 38 % (n=9, p<0.05), and 19 % (n=7,
p<0.05) respectively. Tension-induced by PE was significantly greater in STZ rats. SNP-induced relaxation was
enhanced at the lower concentrations (from 10°—10® M) in the STZ treated group. These data suggest that con-
ditions involving chronic high glucose sensitize the vasculature to vasoconstriction and selectively impairs vascu-
lar relaxation mechanisms that involve cGMP, NOS, but not that mediated by cAMP. Thus, STZ-induced impaired
vasodilation may be mediated via chronic hyperglycemia-induced alteration of the vascular smooth muscle recep-
tor proteins that may involve that recognized by BK, isoproterenol as well as their second messenger systems in
addition to impairment of NO-dependent system. These findings suggest that distinct mechanisms may mediate
the impaired responses to endothelium-independent agonists and such impairment could be due to the extent and

duration of blood glucose dysregulation (Fig. 5, Ref. 24). Full Text in PDF www.elis.sk.
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Different mechanisms mediate vascular relaxations to vasoac-
tive agents. These mechanisms may be selectively compromised
following pathological conditions in vascular diseases. In the pe-
riphery, diabetes-induced vascular dysfunction has been noted to
be characterized by alterations in nitric oxide (NO) biosynthesis,
release, or bioactivity (Taylor et al, 1995). Changes in the biosyn-
thetic process of NO have formed the bedrock of the endothelial
basis of vascular dysfunction following chronic hyperglycemia.
Most studies that examined the impairment of endothelial va-
sodilator function associated with diabetes have focused on the
role of NO. And the large majority of these studies demonstrate
an impaired vasodilatation to endothelium-dependent agonists in
the presence of preserved responses to endothelium-independent
vasodilatators. This suggests that the diabetic state does not cause
a generalized reduction in the sensitivity of the smooth muscle to
endothelium-derived relaxing factors. Such assumptions often lead
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to conflicting conclusions (De Vriese et al, 2000). In a few stud-
ies, decreased responses to nitrovasodilators have been reported in
diabetic rats (Dai et al, 1993). However, information on the effects
of chronic elevation of glucose on other dilatory mechanisms other
than the endothelium-dependent mechanism is limited and not so
certain. In the vascular system, dilatory processes mediated through
prostanoids, cAMP, hyperpolarizing factors, or cGMP are known
to play prominent roles in maintaining the vascular integrity. But
the role of these dilatory pathways in the development of diabetic
vasculopathy is still not clearly understood —especially the mecha-
nisms that have their origin in the vascular smooth muscle cells.
We have investigated the hypothesis that chronic hyperglycemia-
induced by STZ impaired vascular dilatory mechanisms beyond
the NO-/endothelium dependent dilatory signals.

Materials and methods

Experimental animals: Male Sprague-Dawley rats (300—
450 mg) were used for this study. The protocol for this study was
approved by the Animal Care Committee of the Texas Southern
University, Houston. Rats were maintained according to the NIH
Guidelines on Care for Animal Use in Research.

Induction of diabetes: Diabetes was induced in rats by a single
dose injection of streptozotocin (STZ; 70 mg/kg; ip), control rats
received equivalent volume of vehicle. The rats were maintained
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for 12 weeks with access to water and food ad libitum before vas-
cular reactivity to vasoactive agents was conducted.

Effects of diabetes on vascular reactivity: Following anesthe-
sia with urethane (1 mg/kg; ip), the chest cavity was opened, and
the thoracic aorta removed and placed in a petri-dish containing
cold Krebs’ (4 °C) solution of the following composition (mM):
NaCl 113,KCI1 4.7, NaHCO, 25.0, CaCl, 2.5, KH,PO, 1.2, MgSO,
1.2, and glucose 5, pH 7.4, and continuously gassed with 95 %
0,, 5 % CO,. The aorta was cleansed of connective tissue and cut
into 3—4 mm rings. The aortic ring was then mounted ina 10 mL
jacketed bath (World Precision Instruments-WPI, Sarasota, FL) at
37 °C. The ring was suspended in bath solution by means of two
hooks, the lower one fixed to the bottom of the bath while the upper
one was connected via a transbridge (model TBM4, World Preci-
sion Instruments, Sarasota, FL) data-acquisition system (DataQ
Instruments, Akron, OH) for recording of isometric tension devel-
oped to application of vasoactive agents. The rings were subjected
to a resting tension of 2 g and allowed to equilibrate for a period
of 90 min while being rinsed every 15 min. During the equilibra-
tion period, the rings were subjected to two challenges of 107 M
phenylephrine (PE), 30 min apart.

Cumulative dose-response curves: Following equilibration,
aortic rings were pre-constricted with PE (107 M). The concentra-
tion of PE used was shown in preliminary experiments to produce
about 70 % of maximal contraction. The contraction to PE was al-
lowed to reach a plateau and stabilize (5—7 min) before relaxation
studies commenced. Relaxation responses to cumulative doses
of acetylcholine (ACh), bradykinin (BK), sodium nitroprusside
(SNP), or isoproterenol (10°—10 M) were determined. Changes
in tension were monitored via a force displacement transducer
connected to a DI-720 system (DATAQ software).

Statistical Analysis: Vascular relaxation responses are present-
ed as % change in relaxation of aortic ring from pre-constricted
values. Data are reported as mean + SEM and subjected to analy-
sis of variance (ANOVA) followed by Student Newman-Keul’s
post-hoc test. P<0.05 was considered significant.

Results

Aortic ring from STZ rats developed significantly greater spon-
taneous tension compared to the control and PE-induced tension
was significantly greater in this group of rats. Following PE 10~
M tension generated by the aortic rings was 901451 grams in the
control vs 1142+99 grams in STZ rats (Fig. 1) (p<0.05; n=21).

Figure 2 depicts the effects of STZ-induced diabetes on the
vascular relaxations to BK (10110 M). In the control BK dose-
dependently relaxed PE (107 M) pre-contracted aortic rings, the
relaxations were significantly (p<0.05) attenuated in the rings from
STZ rats by shifting the graph to the left. In the control group, the
highest concentration of BK (10-° M) employed relaxed the PE-
induced tension by 4146 % compared to the 21+4 % in the STZ
group (p<0.05; n=6—12).

Figure 3 shows the effects of STZ on the relaxations to isopro-
terenol (10110~ M), dose-dependent relaxations to isoproterenol
in the control were attenuated (p<0.05) by STZ treatment shifting
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Fig. 1. Effects of STZ-induced diabetes on the vascular contraction to
PE (107 M). Data are presented as mean + sem; * p<0.05 compared to
the control, t-Test, n=21 from different rats.
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Fig. 2. Effects of STZ-induced diabetes on the vascular relaxations to
BK (10°-10-° M) of aortic ring pre-constricted with PE (107 M). Data

are presented as mean + sem; * p<0.05 compared to the control, *
p<0.05 compared to control, ANOVA, n=7 from different rats.
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Fig. 3. Effects of STZ on the relaxations to isoproterenol (10°-10° M),
of aortic ring pre-constricted with PE (107 M). Data are presented as

mean + sem; * p<0.05 compared to the control, * p<0.05 compared to
control, ANOVA, n=7 from different rats.
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the graph to the left. The highest concentration of isoproterenol
employed relaxed the PE pre-constricted rings by 82+3% compared
to 48+7 % relaxation observed in the STZ group (p<0.05; n=6).
Figure 4 shows the effects of STZ on the relaxation of aortic
rings induced by application of ACh. In the control ACh dose-
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Fig. 4. Effects of STZ on the relaxations to ACh (10°-10-° M), of aortic
ring pre-constricted with PE (107 M). Data are presented as mean +

sem; * p<0.05 compared to the control, ** p<0.05 compared to control,
ANOVA, n=7 from different rats.
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Fig. 5. Effects of STZ on the relaxations to SNP (10'-10° M), of aortic
ring pre-constricted with PE (107 M). Data are presented as mean +
sem; * p<0.05 compared to the control, ** p<0.05 compared to control,
ANOVA, n=7 from different rats.

dependently relaxed PE-induced contraction of the aortic rings;
these relaxations were significantly attenuated (p<0.05) in the
rings from diabetic rats. The graph was shifted to the left with the
highest concentration of ACh (10-° M) employed causing 80+8%
in the control as compared to 35+8 % in the STZ treated group
(p<0.05; n=0).

Figure 5 shows the effects of STZ on relaxation of the aortic
ring to SNP. In the control, SNP dose-dependently relaxed PE-in-
duced tension, the relaxation was significantly enhanced (p<0.05)
at the lower concentrations in the STZ group. The graph was shifted
to the right by producing enhanced relaxations of 53+14 % in STZ
vs 1345 % in the control at 10° M, 72+11 % in STZ vs 4116 %
in the control at 10-* M, 92+4 % in STZ vs 62+14 % in the control
at 10¥M (p<0.05; n=5). The rightward shift of the graph in STZ
rat was normalized at the higher concentrations of SNP employed.

Discussion

The key findings of the present study are that, in addition to the
well reported diabetes-induce endothelial dysfunction character-
ized by attenuation of NO-mediated endothelium-dependent relax-
ation, we now report that STZ: 1) also attenuated isoproterenol and

bradykinin but not forskolin-induced relaxations, 2) SNP-induced
relaxations at the lower concentrations were enhanced shifting the
dose-response curve rightward, and 3) ACh, Isoproterenol, and
BK resistant tensions were relaxed by SNP or forskolin. Thus,
STZ-induced impaired vasodilation may be mediated via chronic
hyperglycemia-induced alteration of the vascular smooth muscle
receptor proteins that may involve that recognized by BK, iso-
proterenol as well as their second messenger systems in addition
to impairment of NO-dependent system. These findings suggest
that distinct mechanisms may mediate the impaired responses to
endothelium-independent agonists and such impairment could
be due to the extent and duration of blood glucose dysregulation.
Thus, our present results are consistent with that reported in hu-
mans and that such duration of treatment is necessary to provide
comparable disease conditions in humans.

In the vascular system, multiple pathways mediate vascu-
lar dilation. These pathways involve both endothelial and non-
endothelial derived vasoactive agents (Hoepfl, 2002; Cines et
al, 1998; Ignarro, 1990; Moncada et al, 1991). The endothelium
derived agents play an important role in the maintenance of vas-
cular tone; the agents produced by the endothelial cell interact
with the smooth muscle cells to cause relaxation (Moncada et
al, 1991; Cines et al, 1998). The agent-smooth muscle cell in-
teract generate secondary message culminating in the dilation of
vascular bed. Principal among the dilatory agents produced and
released by the endothelium includes nitric oxide, prostacyclin,
endothelium-derived hyperpolarizing agents etc (Moncada et al,
1991; Cines et al, 1998; Hoepfl et al, 2002). The relative impor-
tance and vulnerability to modulation of these dilatory pathways
under physiological and pathphysiological condition varies and
depend on their individual characteristics. . NO has been shown to
be one of the most important and widely regulated of these agents,
especially in the large vessels ((Moncada et al, 1991; Cines et al,
1998; Chan et al, 2000; Ignarro 1990).

Under pathological conditions, selective alteration of different
vascular dilatory mechanisms may result. The severity of such al-
teration depends on numerous factors, principal among which is the
duration and severity of the perturbing factors, and the vulnerability
of the dilatory mechanism that may be altered. Other vasoactive
agents not produced by the endothelium may activate membrane
receptors and/ or second messengers on the vascular smooth muscle
to cause dilation. All these mediators may become target for regu-
lation under different conditions. Acute and to some extent chronic
high glucose has been reported to alter NO-dependent relaxation
(Sobrevia and Mann, 1997; Taylor et al, 1995; Tesfamariam et
al, 1991, Tesfamariam and Cohen, 1992, Gutterman 2002). But,
relatively none or very few information is available on the effects
of chronic high glucose on NO-/ endothelium-independent relax-
ations. We had previously reported that acute high glucose resulted
in attenuated ACh-mediated dilation, while relaxations to SNP and
isoproterenol were unaffected (Yakubu et al, 2003). In the pres-
ent study, we found that following chronic high glucose in STZ-
induced diabetic rats, endothelium-dependent dilation mediated by
NO as well as non-endothelium-dependent mediated relaxations
to isoproterenol and bradykinin were significantly impaired but
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not those relaxations to SNP and forskolin. The results presented
show that following prolong chronic exposure of the vasculature to
high glucose; impairment of the vascular function spread beyond
the endothelial dysfunction to none endothelial mediated dilatory
mechanisms. The present finding is very significant as it shows that
vascular complications observed in diabetes cannot be completely
explain by the endothelial dysfunction hypothesis. The present
results shows that following chronic exposure of the vasculature
to hyperglycemic conditions, dysfunction of the vascular system
goes beyond the endothelium and probably involves non-NO/non-
endothelium dependent dilatory processes. In the present study,
chronic hyperglycemia apart from attenuation of NO-mediated
relaxation, simultaneously argument vascular smooth muscle re-
sponsiveness to SNP. This augmentation is presumably mediated
via a cGMP-mediated mechanism. Enhanced cGMP reactivity
can result following chronic suppression of NO production or
availability in the presence of SNP a NO donor akin to starvation
hypersensitivity of the vascular smooth muscle.

The mechanism behind STZ-induced diabetes alteration of
vascular function has been the subject of investigation for a long
time and results from such studies have mostly reported dysfunc-
tion of endothelium and /or dependent vasodilation (ref). Various
mechanisms have been proposed for the vascular dysfunction ob-
served and one of the principal mechanisms advanced has been
increased oxidative stress. Increased oxidative stress has been the
hallmark of diabetes and consequent generation of free radicals
has been widely reported (Brodsky et al, 2001; Cosentino et al,
1997; Giuliano et al, 1996; 1997; Inoguchi et al, 2000). Interac-
tions of NO with the excessively produced oxygen radicals neu-
tralize the NO dilatory mechanism resulting in blunted vascular
dilation. The attenuated effects could have occurred as a result of
reduction in NO bioavailability and/ or reduction in NO synthetic
process. The first scenario is the most plausible in acute exposure
to glucose, and that is why most reports of vascular dysfunction
in diabetes focuses on the dysregulation of NO-mediated vascu-
lar dilation (Rubyanyi and Vanhoutte, 1986; Sobrevia and Mann,
1997). The NO-system is easily compromised in the presence of
active free radical generation as the radicals combine with NO to
form peroxynitrite. In addition, generation of contractile agents
via the increased free radical is a possibility. Other vascular dila-
tory mechanisms are not so easily compromised at least within a
short duration of assault. In the present study, we have investigated
the hypothesis that diabetes attenuates both NO-mediated endo-
thelium-dependent and independent dilation. We now report that
chronic hyperglycemia attenuates NO as well as isoproterenol, and
BK induced dilations. This study shows that following 12 weeks
of diabetes which results in chronic high glucose, alteration of vas-
cular function goes beyond the traditional endothelium-dependent
NO-mediated dilation. The reason behind this observation is still
not known. But following chronic hyperglycemia, alteration of
different vital proteins and receptors is possible and wide spread.
Chronic exposure of the vasculature to hyperglycemia might have
resulted in compensatory alteration of the vascular walls. Such al-
terations can manifest via altered protein synthesis and vascular
enzymatic synthesis; such can affect the mode of vascular reactivity
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to vasoactive agents leading to wide spread alterations of numerous
vascular dilatory mechanisms beyond the traditional endothelium-
dependent vasodilators. This speculation is consistent with a few
reported decreased in response to nitrovasodilators observed in
diabetic rat which preceded a disturbed response to ACh (Dai et
al, 1993). However, impaired endothelium-independent reactivity
in diabetes was more frequently observed in humans (Williams et
al, 1996, Clarkson et al, 1996, Lekakis et al, 1997) than in animals
(Dai et al, 2000) than in animal models of diabetes. The reason
for the differential extent of vascular dysfunction beyond NO/
endothelium-dependent impairments could be due to the extent of
hyperglycemia dysregulation observed in the animals before the
experiments as compared to more advanced state of diabetes in man
before studies reported. In our present studies reported, the experi-
ments were performed 12 weeks following induction of diabetes
as against 4—5 weeks reported in most animal studies. The dura-
tion of the diabetic conditions in our studies could be comparable
to the reported advanced diabetic conditions observed in human
before the reported studies (Williams et al, 1996, Clarkson et al,
1996, Lekakis et al, 1997). Thus, our present results are consistent
with that reported in humans and that such duration of treatment
is necessary to provide comparable disease conditions in humans.

Under conditions of enhanced vascular stress such as in hy-
pertension, diabetes, etc, compromised of NO-mediated vascular
relaxation has been frequently reported especially following acute
perturbation (Tesfamariam et al, 1991, Tesfamariam and Cohen,
1992; Yakubu et al, 2004; Sobrevia and Mann, 1997; Gutterman,
2002; Cosentino et al, 1997; Brodsky et al, 2001). Under acute per-
turbation changes to none-NO dependent vasodilatory mechanisms
is not so common. For example, in acute glucose, attenuation of
NO-mediated ACh relaxation has been reported while relaxation
mediated by cAMP, prostanoid, EDHF, isoproterenol, papaverine,
hydralazine etc have not been observed under this condition (Yaku-
bu et al, 2004; Lucarelli and D’Onofrio, 1997). Under a condition
of chronic oxidative stress, the elevated superoxide produced will
continue to deprive the endothelium adequate supply of NO by
converting it to peroxynitrite (Moncada et al, 1991; Rubanyi and
Vanhoutte, 1986). Peroxynitrite so produced has contractile prop-
erty as well as the ability to stimulate synthesis and release of va-
soconstrictor agents such as angiotensin Il and endothelin-1. These
agents are mitogenic resulting in vascular remodeling, enhancing
vascular responses to constrictor agents. In addition to the vascular
remodeling, receptor sensitivity, numbers and or responsiveness
of the receptor agent complex to efficient activation of the second
messenger system may be compromised in the presence of height-
ened oxidative state. Consistent with such condition, vascular re-
sponses to the contractile agent (PE) were significantly enhanced
in the STZ rats. All these together possibly could have contributed
to the altered vascular responses to the non-endothelium dependent
relaxations observed. Thus, STZ-induced impaired vasodilation
may be mediated via chronic hyperglycemia-induced alteration
of the vascular smooth muscle cell receptor proteins that may in-
volve that recognized by BK, isoproterenol as well as their second
messenger systems in addition to impairment of NO-dependent
dilatory system. These findings suggest that distinct mechanisms
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may mediate the impaired response to endothelium-independent
agonists and such impairment could be due to the extent and du-
ration of blood glucose dysregulation. Thus, our present results
are consistent with that reported in humans and that such duration
(12 weeks) of treatment is necessary in rat to provide comparable
disease conditions to that observed in humans.
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