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Vascular dysfunction characterized by a hyperreactivity to
vasoconstrictors and/or impaired vascular relaxation contrib-
utes to increased incidence of cardiovascular disease in
diabetes. Endothelin (ET)-1, a potent vasoconstrictor, is chroni-
cally elevated in diabetes. However, the role of ET-1 in
resistance versus larger vessel function in mild diabetes
remains unknown. Accordingly, this study investigated vascular
function of third-order mesenteric arteries and basilar arteries in
control Wistar and Goto-Kakizaki (GK) rats, a model of mild Type
2 diabetes. Six weeks after the onset of diabetes, contractile
responses to 0.1-100 nM ET-1 and relaxation responses to 1
nM-10 pM acetylcholine (ACh) in vessels preconstricted (base-
line + 60%) with serotonin (5-HT) were assessed by myograph
studies in the presence or absence of a nitric oxide synthase
(NOS) inhibitor, N-nitro-L-arginine (L-NNA). Maximum contractile
response to ET-1 was augmented in mesenteric vessels (155 +
18% in GK vs. 81 + 6% in control; n = 5-7) but not in the basilar
artery (134 = 29% in GK vs. 107 = 17% in control; n = 4 per
group). However, vascular relaxation was impaired in the basilar
arteries (22 + 4% in GK vs. 53 = 7% in control; n = 4 per group)
but not in mesenteric arteries of GK rats. Inhibition of NOS
decreased the relaxation response of basilar arteries to 15 = 8%
and 42 += 5% in GK and control rats, respectively; whereas, in
resistance vessels, corresponding values were 56 + 7% and 89
+ 3% (vs. 109 = 2% and 112 = 3% without NOS blockade),
indicating the involvement of different vasorelaxation-promoting
pathways in these vascular beds. These findings provide
evidence that the ET system is activated even under mild
hyperglycemia and that it contributes to the hyperreactivity of
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resistance vessels, therefore, the ET system may play an
important role in elevated blood pressure in Type 2 diabetes.
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Introduction

Diabetes mellitus is a major health issue and, with nearly
75,000 deaths in the United States in 2002, is also a leading
cause of mortality. Of those deaths, it is estimated that 65%—
75% can be attributed to cardiovascular disease (CVD),
including hypertension and stroke (1). Although it is known
that diabetes is a major risk factor for CVD (2, 3), the
mechanisms that potentiate this risk are not fully understood.

Vascular dysfunction, characterized by impaired relax-
ation to vasodilators or exacerbated response to vaso-
constrictors, coexists in many disease states, such as
hypertension and diabetes. In general, these diseases alter
vascular responses to vasoactive substances, leading to
increased basal tone and an inability to respond normally to
stimuli. Studies in streptozotocin (STZ)-induced Type 1
diabetes have demonstrated decreased endothelium-medi-
ated relaxation in both mesenteric and cerebral (basilar)
arteries (4-6). Additionally, similar results have been
obtained in superior mesenteric arteries from the Type 2
diabetic Goto-Kakizaki (GK) rat (7-9). However, the effect
of Type 2 diabetes on mesenteric microvessels and cerebral
vessels remains unknown.

The potent vasoconstrictor, endothelin (ET)-1, is
chronically upregulated in diabetes (10-12) and may
contribute to CVD and diabetic complications (13, 14).
Studies have demonstrated enhanced contractile responses
in the mesenteric and basilar arteries in STZ-treated rats (15,
16), as well as in basilar arteries from alloxan-induced
diabetic rabbits (17). Furthermore, Dumont et al. (18)
showed that chronic ET receptor antagonism abolishes
increased myogenic tone in diabetic cerebral arteries.

The endogenous vasodilator nitric oxide (NO) plays an
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Table 1. Metabolic Parameters of Control Wistar and
GK Rats

Metabolic parameters Control GK

Body weight (g) 502 = 11 359 + 7*

Blood glucose (mg/dl) 116 £ 5 239 + 23*

Mean arterial pressure (mm Hg) 101 = 2 110 = 7

* P < 0.05 vs. control.

important role in the regulation of vascular tonus in response
to both molecular and physical signals to increase levels of
c¢GMP and dilation. Decreased NO bioavailability, either
through decreased production, primarily by endothelial NO
synthase (NOS), or increased scavenging by reactive oxygen
species, impairs vascular relaxation (19-22). Thus, within
the scope of diabetes, it is important to understand the
relative dependence of the vasculature on NO.

The objective of the current study was to compare and
contrast the effects of hyperglycemia on different vascular
beds in a model of Type 2 diabetes. Specifically, maximal
contractile responses and endothelium-dependent relaxation
responses were investigated in third-order mesenteric and
basilar arteries from Type 2 diabetic GK rats. Additionally,
we sought to determine the relative contribution of NO-
mediated relaxation in these vessels.

Materials and Methods

Animals. All experiments were performed on male
Wistar (Harlan, Indianapolis, IN) and GK (in-house bred,
derived from the Tampa colony) rats (23, 24). The animals
were housed at the Medical College of Georgia animal care
facility, which is approved by the American Association for
Accreditation of Laboratory Animal Care. All protocols
were approved by the Institutional Animal Care and Use
Committee. Animals were fed standard rat chow and tap
water ad libitum until sacrifice at 18 weeks of age.

Blood Pressure Monitoring. Blood pressure was
measured by telemetry. Animals were implanted with
telemetry transmitters at week 12, and allowed to recover
for 2 weeks. Mean arterial pressure was recorded from
Week 14 through Week 18.

Surgical Procedures. Animals were anesthetized
and decapitated. The brain was quickly excised for isolation
of basilar arteries. The mesenteric bed was harvested and
third-order mesenteric arteries were isolated for vascular
function studies.

Determination of Vascular Function. Isometric
tension exerted by the vessels was recorded via a force
transducer using the wire-myograph technique (Danish Myo
Technologies, Denmark). The myograph chambers were
filled with Kreb’s buffer (118.3 mM NaCl, 25 mM
NaHCOs;, 4.7 mM KCl, 1.2 mM MgSOy, 1.2 mM KH,PO,,
1.5 mM CaCl,, and 11.1 mM dextrose), gassed with 95% O,
and 5% CO,, and maintained at 37°C. Vessel segments were
mounted in the chamber using 40-um-thin wires and
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adjusted to a baseline tension (~0.5 g for basilar and 1 g
for mesentery). After stabilization, the vessels were
challenged with 70 mM KCI and only those vessels that
had a 70% response above the baseline were considered
viable. Cumulative dose-response curves to 0.1-100 nM
ET-1 were generated and the force generated was expressed
as percent change from baseline. Endothelium-dependent
relaxation to 1 nM—1 pM acetylcholine (ACh) was assessed
after vessels were constricted to 60% of the baseline tension
with serotonin (5-HT), either alone or with a 30-min pre-
incubation with the NOS inhibitor, N-nitro-L-arginine (L-
NNA; 100 nM). Sensitivity (median effective concentration
[ECs0]) and maximum response (R,.x) values were
calculated from the respective dose-response equations.

Statistical Analyses. ECs, and R, within-group
differences were determined by ¢ tests. For multiple group
comparisons within and between vascular beds, a one-way
or two-way analysis of variance (ANOVA) was performed
accordingly, with a post hoc Bonferroni test. A repeated
measures ANOVA was used to determine group differences
(diabetic vs. control groups) across the ET-1 concentrations.
Post hoc group comparisons at each concentration used a
Tukey’s adjustment for the multiple comparisons. Statistical
significance was determined at P < 0.05. SAS 9.1.3 (SAS
Inc, Cary, NC) was used for all analyses.

Results

Animal Data. Metabolic parameters for control and
diabetic (GK) animals are summarized in Table 1. Diabetic
animals were significantly smaller than control animals, and
displayed mildly elevated blood glucose and a small, but not
significant, increase in blood pressure. Plasma and local
mesenteric and basilar artery ET-1 levels were increased as
compared with controls (data not shown).

ET-1 Dose Response. Mesenteric arteries of GK
rats were hyperreactive to ET-1 (R, 155 = 18%)
compared with the control rats (81 = 6%), although their
sensitivity was not significantly altered (Fig. 1A; Table 2).
There was a significant interaction between groups across
the ET-1 concentration range (P < 0.0001), indicating a
differential effect on responses to ET-1 between diabetic
and control rats. The response was significantly different (all
P < 0.0001) for concentrations from 1 to 100 nM.
Contractile responses to 5-HT were not different between
groups (data not shown). However, in the basilar arteries,
sensitivity to ET-1 was greatly augmented (4.2 = 2.7 nM
vs. 13.1 £ 2.0 nM), whereas the maximum constriction was
not significantly different (134 = 29% vs. 107 £ 17%; Fig.
2A; Table 2).

Endothelium-Dependent Relaxation. As shown
in Figure 1B, there was no impaired relaxation to ACh in the
mesenteric arteries of GK rats, similar to in the controls. In
the presence of L-NNA, there was a greater decrease in
relaxation in the GK rats (56 * 7%) compared with the
control animals (89 * 3%), suggesting a greater involve-
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Figure 1. (A) Constriction responses to ET-1 in mesenteric arteries
of control (Wistar) and diabetic (GK) rats. The magnitude of
constriction (Rmax) Was increased in GK rats, although sensitivity
(ECs0) to ET-1 was not significantly altered. (B) Relaxation responses
to ACh in the absence or presence of the endothelial (e)-NOS
inhibitor, L-NNA (100 nM) in mesenteric arteries of control and GK
rats after preconstriction with 5-HT. #, Percent constriction vs.
control; *, Rmax P < 0.05 vs. control L-NNA + ACh or diabetic rats; **,
Rmax P < 0.05 vs. control; +, percent relaxation P < 0.05 vs. control
or diabetic rats across the 5 nM-5 uM ACh concentration range.

ment of NO-mediated relaxation in the diabetic group.
Although the ECsy values increased in both groups,
indicating decreased sensitivity in the presence of L-NNA,
there was no significant difference between controls and
GKs. In the cerebral circulation, endothelium-dependent
relaxation was impaired to a greater degree (Fig. 2B; Table
2). The basilar arteries of GKs relax only 22 = 4%, whereas
the control rat arteries relax 53 *= 7% after preconstriction
with 5-HT. Sensitivity to ACh is also greatly reduced in the
GK rats in comparison with the control rats (20.4 = 2 nM
and 63 * 2 nM, respectively; Fig. 2B; Table 2). In the
presence of L-NNA, impaired relaxation of the basilar
arteries is augmented even further in the GK rats compared
with controls.

Vascular Responses in Mesenteric Arteries
Versus Basilar Arteries. Vascular constriction and
relaxation responses were greatly altered in the two vascular
beds in the GK rats. In the mesenteric arteries, the sensitivity
to ET-1 was augmented nearly 4-fold in comparison with
the basilar arteries (Fig. 3A; Table 2); the magnitude of
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constriction, however, increasing comparably. In relaxation
responses to ACh, there was no impairment of endothelium-
dependent relaxation in the mesenteric bed, in contrast to a
decreased relaxation response in the basilar arteries of GK
rats (Fig. 3B; Table 2).

Discussion

Although it is well established that endothelial
dysfunction underlies vascular complications of diabetes
(19, 25), past studies focused mostly on STZ-induced Type
1 diabetes or in Type 2 models associated with obesity, such
as the Zucker rat (26, 27). This study investigated the
hypotheses that vascular responses to the potent constrictor
ET-1 and the endothelium-dependent dilator, ACh, differ in
small resistance vessels versus larger vessels, in a nonobese
model of Type 2 diabetes, which displays mild hyper-
glycemia. When compared with control rats, ET-1-induced
contractions in the mesenteric resistance vessels are greater,
whereas basilar arteries are more sensitive to the same
stimulus in the GK rat. Moreover, when vascular beds are
compared within groups, mesenteric vessels seem to be
more sensitive to ET-1. We also provided evidence that after
6 weeks of mild diabetes, endothelium-dependent relaxation
is not impaired in the mesenteric bed but is decreased by
approximately 80% in the cerebral vessels.

The endothelium plays an important role in the control
of vascular tone, in part through the release of vasoactive
factors, and, in diabetes, the imbalance of vasodilators and
vasoconstrictors contributes to the increased risk of CVD,
including hypertension and stroke in diabetes (28). Because
resistance arteries play an important role in the regulation of
blood pressure, and because relatively larger arteries, such
as the basilar artery, participate in the regulation of cerebral
vascular resistance that is critical in the pathophysiology of
stroke, this study was designed to compare and contrast the
vascular reactivity of these two beds in diabetic GK and
control rats. Cheng et al. (7) reported that the GK rats
display endothelial dysfunction and impaired vasorelaxation
of superior mesenteric arteries that is associated with salt-
sensitive hypertension. Witte et al. (9) demonstrated
increased blood pressure and decreased endothelium-
dependent relaxation in the mesenteric bed. In the current
study, we did not observe any impairment of the relaxation
response to ACh, and the data indicate a greater involve-
ment of the NO pathway in the relaxation response in the
GK rats compared with controls, as evidenced by 50%
versus 10% blockade, respectively, in the presence of L-
NNA. Another group also reported normal endothelium-
dependent relaxation in this model (29). These differences
may be caused by the age of the animals used or the size of
the mesenteric arteries. In the current study, we used
segments between 200 and 250 pm in diameter, which
allowed the insertion of two pieces of 40-um wire for the
myograph. Witte et al. (9) reported using 120-pm wire in
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Table 2. Sensitivity (ECs50) and Magnitude (Rmax) Of Vascular Responses to ET-1 and ACh in the Absence or
Presence of the e-NOS Inhibitor L-NNA (100 nM) in Mesenteric and Basilar Arteries of Control Wistar and GK Rats

Mesentery artery Basilar artery
Control GK Control GK

ECso (M)

ET-1 3.2 = 1.5 0.5 = 0.1*** 131 =2 42 + 27"

ACh 6.0 = 1.2 16.1 = 14.0 62.6 + 1.8 204 + 2.2¢

L-NNA + ACh 92.2 + 135 56.6 + 22.4** 9.7 =18 >1000
Rmax (%)

ET-1 81 6 155 = 18* 107 = 17 134 + 29

ACh 112 = 2 109 + 2** 53 £7 22 + 4~

L-NNA + ACh 89 =3 56 + 7*** 42 £ 5 15 = 8*

*P < 0.05 vs. control (n=4-9 /group); **P < 0.05 vs. GK basilar artery (n=4-9 /group); ***P < 0.05 vs. respective control or GK basilar (n=4-9/

group).

their system, indicating the use of a superior mesenteric
artery segment.

Several studies reported impaired relaxation of the
middle cerebral artery in insulin-resistant rats before the
development of overt diabetes, however, vascular reactivity
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Figure 2. (A) Constriction responses to ET-1 in basilar arteries of
control and GK rats. (B) Relaxation to ACh in the absence or
presence of the e-NOS inhibitor, L-NNA (100 nM), in basilar arteries
after preconstriction with 5-HT. #, EC5o P < 0.05 vs. control; *, Rax
P < 0.05 vs. control L-NNA + ACh; **, Rmax P < 0.05 vs. control; &,
ECso P < 0.05 vs. control L-NNA + ACh; &&, ECsq P < 0.05 vs.
control; +, percent relaxation P < 0.05 vs. control ACh, GK ACh, or
control LNNA + ACh across the 50 nM-1 uM ACh concentration
range.

changes in the cerebral circulation in Type 2 diabetes are
largely unknown. Recently, Matsumoto et al. (16) reported
that contraction induced by blockade of NOS is significantly
less in the basilar artery of STZ-diabetic rats, suggesting that
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Figure 3. (A) Comparison of constriction responses to ET-1 in
mesenteric and basilar arteries of GK rats. GK rats were more
sensitive to ET-1, however, the magnitude of constriction was
unaffected. Relaxation responses to ACh in the absence or presence
of the e-NOS inhibitor, L-NNA, demonstrated that relaxation in
response to ACh was impaired in the basilar arteries but not in the
mesenteric arteries. With NO blockade, the approximately 50%
relaxation was abolished in the mesentery artery, but relaxation in the
basilar artery was almost null. #, EC5o P < 0.05 vs. basilar artery; *,
Rmax P < 0.05 vs. mesentery artery LNNA + ACh; **, Rpax P < 0.05
vs. mesentery artery; &, ECso P < 0.05 vs. mesentery artery LNNA +
ACh; +, percent relaxation P < 0.05 vs. mesentery artery ACh,
mesentery artery LNNA + ACh, or basilar artery LNNA + ACh across
the 50 nM—1 uM ACh concentration range.
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the NO pathway is already dysfunctional in the cerebral
circulation. The current study also demonstrated that
endothelium-dependent relaxation is severely impaired in
basilar arteries. In the presence of L-NNA, basilar arteries of
GK rats fail to relax, whereas there is an approximately 50%
relaxation in the mesenteric circulation, providing evidence
that the NOS pathway is dysfunctional in the cerebral
circulation of Type 2 diabetic animals as well, and further
blockade with L-NNA does not have an impact on maximal
relaxation.

It is well established that circulating and local ET-1
levels are elevated in both clinical and experimental Type 2
diabetes (11, 30-32). Antagonism of ET receptors prevents
diabetic complications (33-35). In the current study, we
found that the ET-1 response is enhanced in the mesenteric
bed. Katakam et al. (36) reported an augmented ET-1
response and ET receptor expression in insulin-resistant rats,
providing support for an activated ET system in diabetes.
The current data demonstrate that mesenteric arteries are
more sensitive to ET-1. Matsumoto et al. (16) reported an
enhanced contractile response in Type 1 diabetes, providing
further support for the findings of the current study.

In conclusion, this study demonstrates differences in
macro versus microvascular dysfunction in a mild model of
Type 2 diabetes. The lack of impaired function of the
mesenteric microvessels in contrast to a decreased relaxation
response in the basilar arteries of GK rats could possibly
suggest that, in diabetes, there is a greater degree of
impaired relaxation in the cerebral circulation than in the
gut, and that this impairment occurs at an earlier time.
Hyperreactivity to ET-1, however, is augmented in the
mesenteric and not in the basilar arteries, suggesting that
different pathways could be involved in different vascular
beds, each contributing independently to vascular dysfunc-
tion.
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