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Abstract

Hyperhomocysteinemia (HHcy) has been shown to be an independent risk factor for cardiovascular
diseases, superior mesenteric thrombosis and inflammatory bowel disease.  Superior mesenteric artery
(SMA) supplies the intestine and reduced SMA blood flow results in intestinal ischemia.  Although in
vitro studies have shown that endothelium-dependent vasorelaxation of SMA is reduced in the presence
of homocysteine incubation, it is not confirmed with in vivo studies.  In this work, we evaluated re-
sponsiveness of SMA to endothelium-dependent or -independent vasodilators and a vasoconstrictor in
the absence and presence of acute HHcy in vivo to clarify effect of HHcy on superior mesenteric vascular
function.  Sodium nitroprusside (SNP), bradykinin (BK), and [Sar1,Thr8]angiotensin II ([Sar1,Thr8]-
ANG II) were intravenously administrated in sequence in male Sprague-Dawley rats with or without

D,L-homocysteine infusion (6 mg/kg/min) through femoral vein.  Agonists-induced changes in carotid
artery blood pressure, superior mesenteric blood flow and vascular resistance were measured in the
present study.  We found that acute HHcy infusion had little effects on SNP-induced hemodynamic
changes; however, BK-induced changes in blood pressure, blood flow and vascular resistance were
significantly reduced in the presence of HHcy infusion.  Additionally, HHcy also markedly decreased
[Sar1,Thr8]-ANG II-induced superior mesenteric hemodynamic changes.  These results demonstrated
that responsiveness of SMA to vasoconstrictor, endothelium-dependent, but not endothelium-independent
vasodilator, was inhibited in the presence of Hcy infusion.  This HHcy-associated vascular hypore-
sponsiveness to vasoconstrictors and endothelium-dependent vasodilators may partially contribute to
circulatory dysfunctions.
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Introduction

Elevated plasma level of homocysteine, hyperho-
mocysteinemia (HHcy), is associated with many

pathophysiological conditions such as folate defi-
ciency (10), methionine or homocysteine over-feeding
(16, 46), enzyme (methylenetetrahydrofolate re-
ductase, cystathionine beta-synthase, and methionine
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synthase) defects (39), and chronic inflammatory dis-
eases such as atherosclerosis (20), superior mesenteric
artery occlusion/thrombosis (1, 14, 40) and inflam-
matory bowel disease (6).  Although the mechanism
of HHcy-affected vascular function is not clear, it is
generally thought that vascular endothelium dys-
function is the major event in the pathological process
of chronic inflammatory diseases (38).  Evaluation of
endothelial dysfunction (25), which is character-
ized by diminished endothelium-derived relaxation
factors including endothelium-derived hyperpo-
larizing factor (EDHF), prostacyclin and nitric oxide
(NO), is usually performed using endothelium-
dependent vasodilators such as acetylcholine (ACh)
or bradykinin (BK).

In this study, acute Hcy infusion was used in
place of methionine (Met) infusion to induce HHcy.
Met loading has been employed to induce HHcy in
vivo; however, it also induces other effects.  For exam-
ple, acute Met loading results in a significant increase
in plasma triglyceride (17) which influences hemo-
dynamics (28, 34).  Additionally, acute Met loading
also increases plasma Met by almost thirty times (8),
which may interfere with this effect of HHcy on hemo-
dynamics and suggests side effects of Met (11, 23).
Therefore, Hcy infusion avoids these potential com-
plications in the investigation of the effects of HHcy
on hemodynamics.

Superior mesenteric artery (SMA) arises from
the abdominal aorta which supplies the intestine from
the duodenum through the transverse colon, and oc-
clusion of SMA or reduced SMA blood flow results in
intestinal ischemia.  Although in vitro studies have
demonstrated that superior mesenteric arteries treated
with high concentrations of Hcy develop markedly
impairment of acetylcholine-mediated endothelium-
dependent vasorelaxation (35), it is not confirmed
with in vivo studies.  In fact, acute Hcy infusion has
little effects in male rats on changes in mesenteric
arteriolar diameter induced by ACh, a NO-dependent
vasodilator or sodium nitroprusside, an endothelium-
independent vasodilator (12).  Therefore, the aim of
this present study was to investigate whether acute
hyperhomocysteinemia affects superior mesenteric
responsiveness to endothelium-dependent vasodilator
(e.g., BK), endothelium-independent vasodilator
(e.g., SNP), and vasoconstrictor (e.g., [Sar1,Thr8]-
angiotensin II) in vivo.  Here we report that hypore-
sponsiveness of superior mesenteric artery to vaso-
constrictor and endothelium-dependent, but not
endothelium-independent, vasodilator was observed
in the presence of hyperhomocysteinemia.

Materials and Methods

Animals

Male Sprague Dawley (SD) rats were obtained
from the National Laboratory Animal Center (Taipei,
Taiwan, ROC) and were maintained in the Animal
Center of Chang Gung University.  Rats were housed
in a 12:12-h light-dark cycle and were provided with
standard rat chow (PMI Feeds, Inc., Lab Diet the
Richmond standard #5010) and tap water freely.  On
the day of the surgery, 25 to 30-week old rats (~ 500
g) had been fasting for 16-18 hours.  Experiments
were performed according to the guideline of The
Committees on Use and Care of Animals of Chang
Gung University.

Preparation for Measurement of Blood Pressure and
Blood Flow

Rats were anesthetized with thiobutabarbital
(Inactin, 100 mg/kg, i.p.) and the body temperature
was maintained at the range of 36-38°C with a servo-
controlled homeothermic blanket control unit
(Harvard, Edenbridge, KT, USA).  Adequate depth of
anesthesia was determined by withdrawal reflex to
paw pinch.  Tracheotomy was performed and PE-250
tubing was inserted to facilitate breathing.  The right
carotid artery was cannulated for measurement of
blood pressure.  Administration of fluids supplement
(6% HAES-sertil and 0.9% saline, 2:3) or chemicals
was conducted via a left femoral catheter with a
syringe pump (PHD 2000, Harvard Apparatus,
Holliston, MA, USA) at the infusion rate of 180 µl/
kg/min.  Bladder was cannulated by a PE-250 tubing
to ensure a patent urine flow.  A midline abdominal
incision was performed and the superior mesenteric
artery, which is a branch of the descending aortic
artery supplying the blood flow of intestine, was
carefully isolated for a segment of 2-4 mm.   A trans-
time ultrasound flow-meter (model T206; Transonic
System, Ithaca, NY, USA) coupled to a flow probe
(1 mm RB series, Transonic Systems) was used for
direct determination of mesenteric blood flow.  The
probe was placed around the segment of superior
mesenteric artery, which measured volume flow by
calculating integrated transit times of ultrasonic beams
to reflect the motion of liquid flowing through the
vessel (30).  Ultrasonic gel was used as an acoustic
coupler between the flow probe and the vessel.  Data
of blood pressure and blood flow were recorded
and analyzed by a Data Acquisition System (ML845,
PowerLab 4/25, ADInstruments, Bella Bista, Aus-
tralia) and the Chart™ software (ADInstruments).
The mean of basal hemodynamic parameters, such as
mean arterial pressure or mesenteric arterial blood
flow, was obtained within 1-min period before the
infusion of sodium nitroprusside (SNP, 5 µg/kg),
bradykinin (BK, 5 µg/kg) or [Sar1,Thr8]-angiotensin
II ([Sar1,Thr8]-ANG II, 10 ng/kg), and the selected
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dosage of vasodilator or vasoconstrictor was the
lowest dosage that caused significant hemodynamic
changes based on our preliminary works.  Mean of
agonists-induced hemodynamic response was obtained
within the period with maximal change after infusion.
The averaging time of all measurement was 2 seconds.

Experimental Protocol

After the surgery, the infusion rate was reduced
to 120 µl/kg/min, followed by equilibration for 30
min.  Then initial baseline blood flow was taken 5 min
prior to administration of SNP, BK or [Sar1,Thr8]-
ANG II sequentially via femoral vein.  The identical
protocol was performed in another group with Hcy
infusion (6 mg/kg/min) during the period of experi-
ments.

Statistical Analysis

Data were expressed as means ± S.E.M, and
statistical analysis was performed using unpaired t
test (GraphPad Prism software version 4.0, GraphPad
Software, Inc, Goleta, CA, USA).  Significance was
accepted at P < 0.05.

Results

Effect of Hcy Infusion on Agonists-Induced Change in
Mean Carotid Arterial Blood Pressure

Systemic administration of SNP or BK via
femoral vein significantly reduced MAP by 15 ± 2
mmHg or 18 ±1 mmHg, respectively, and adminis-
tration of [Sar1,Thr8]-ANG II markedly increased
MAP by 22 ± 2 mmHg.  However, in the presence of
Hcy infusion, BK- or [Sar1,Thr8]-ANG II-, but not
SNP-mediated MAP change was significantly in-
hibited.  Results are summarized in Table 1.

SNP-Induced Mesenteric Hemodynamic Changes in the
Absence and Presence of Hcy Infusion

Intravenous administration of SNP significantly
increased MBF by 16 ± 1% and reduced VR by 28 ± 1%
in the absence of Hcy infusion, respectively (open
column, Fig. 1, A and B).  These SNP-induced hemo-
dynamic changes were not markedly altered in the pres-
ence of Hcy infusion (solid column, Fig. 1, A and B).

BK-Induced Mesenteric Hemodynamic Changes in the
Absence and Presence of Hcy Infusion

In the absence of Hcy infusion, intravenous
administration of BK significantly increased MBF
and reduced VR by 20 ± 3% and 31 ± 3%, respectively

(open column, Fig. 2, A and B.).  However, in the
presence of Hcy infusion, BK-mediated MBF increase
and VR decrease were prominently reduced by 74 ±
13% and 61 ± 10%, respectively (solid column, Fig.
2, A and B).

[Sar1,Thr8]-ANG II-Induced Mesenteric Hemodynamic
Changes in the Absence and Presence of Hcy Infusion

Intravenous administration of [Sar1,Thr8]-ANG

Table 1. Effects of Hcy infusion on sodium nitro-
prusside, bradykinin, and [Sar1,Thr8]-ANG
II-induced mean arterial blood pressure
changes

Agonists Control Hcy infusion

Sodium
-18.39 ± 0.63 -14.30 ± 2.78

nitroprusside

Bradykinin -14.93 ± 1.94 -7.09 ± 0.44*

[Sar1,Thr8]-
21.58 ± 2.01 12.33 ± 1.63*

ANG II

Data are presented as means ± S.E.M.  *P < 0.05 between
control (n = 3) and Hcy-infused rats (n = 6).
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Fig. 1. Effects of Hcy infusion on sodium nitroprusside-
induced changes in superior mesenteric blood flow (A)
and vascular resistance (B).  Data are as means ±
S.E.M in control (n = 3) and Hcy-infused rats (n = 6).
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II significantly reduced MBF and increased VR by
36 ± 2%, and 91 ± 4%, respectively (open column,
Fig. 3, A and B) in the absence of Hcy infusion.
Nevertheless, [Sar1,Thr8]-ANG II-mediated MBF
decrease and VR increase were markedly reduced by
46 ± 17% and 56 ± 3%, respectively in the presence of
Hcy infusion (solid column, Fig. 3, A and B).

Discussion

In the present study, we demonstrated that
hyperhomocysteinemia (HHcy) significantly reduced
bradykinin (endothelium-dependent vasodilator), but
not sodium nitroprusside (endothelium-independent
vasodilator)-induced superior mesenteric hemody-
namic changes (Fig. 2 and Fig. 1, respectively).
Additionally, vasoconstrictor ([Sar1,Thr8]-ANG II)-
mediated hemodynamic changes were also in-
hibited in the presence of HHcy.  This suggests that
superior mesenteric artery shows hyporesponsive-
ness to vasoconstrictors and endothelium-dependent
vasodilators even in the acute HHcy condition, and it
may contribute to the vasculopathy of intestinal
ischemia.  Although we did not measure the plasma
total homocysteine level in this study, the previous

study has clearly shown that intravenous infusion of
homocysteine at the dosage of 1.1 mg/kg/min for 5
min results in a steep rise of plasma total homocysteine
level from 12.9 ± 1.0 µM to 101.5 ± 28.2 µM after 30
minutes, and to 53.3 ± 18.5 µM after 60 min (8), and
this suggests that continuous intravenous admin-
istration of homocysteine at the dosage of 6 mg/kg/
min in this study induces systemically or locally
elevated homocysteine level.

In vitro studies have shown that high homo-
cysteine concentration affects responsiveness of
vascular smooth muscle cells to vasoconstrictors and
that of endothelial cells to vasorelaxants (3, 41).  In
the present study, we further confirmed that in vivo
acute homocysteine infusion did attenuate [Sar1, Thr8]-
ANG II-mediated vascular smooth muscle contraction
and bradykinin-mediated endothelium-dependent
relaxation.  Our results and results from other reports
clearly demonstrate that acute hyperhomocysteinemia
indeed affect responsiveness of both vascular smooth
muscle and endothelium to vasomotor agonists.

Although both ACh and BK induce endothelium-
dependent vasorelaxation, the major mediator is
different.  Nitric oxide (NO) plays a major role and
EDHF only a minor role in ACh-mediated vasorelaxa-

Fig. 2. Effects of Hcy infusion on bradykinin-induced changes
in superior mesenteric blood flow (A) and vascular
resistance (B).  Data are as means ± S.E.M.  *P < 0.05
and **P < 0.01 between control (n = 3) and Hcy-infused
rats (n = 6).
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Fig. 3. Effects of Hcy infusion on [Sar1,Thr8]ANG II -induced
changes in superior mesenteric blood flow (A) and
vascular resistance (B).  Data are as means ± S.E.M.
*P < 0.05 and ***P < 0.005 between control (n = 3)
and Hcy-infused rats (n = 6).
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tion (21); however, NO and EDHF equally contribute
to the BK-mediated vasorelaxation (27).  Furthermore,
superior mesenteric vascular bed is more sensitive to
BK than to ACh in rats (7, 42).  Additionally, [Sar1,
Thr8]-ANG II, which is an analogue of ANG II which
exerts agonistic pressor activity in humans (5, 18),
was used in the present study.  Based on the pre-
vious results, it is concluded that cellular mechanisms
of vascular smooth muscle contraction induced by
ANG II are endothelium-independent (22).  Although
NO reduced ANG II-induced vasoconstriction, the
antagonism between ANG II and NO was not due to
ANG II-induced NO production (32).  All of the
chemicals-induced hemodynamic changes including
blood pressure, blood flow and vascular resistance in
the present study were returned to the baseline
condition prior to administration of chemicals.

Evidence has accumulated on variable responses
to different endothelium-dependent vasodilators in
the same vasculture in the absence and presence of
HHcy.  In pancreatic vascular bed of male Wistar rat,
Hcy infusion (0.413 to 41.3 mg/kg/min) completely
abolishes ACh-mediated vasodilatation, but it has no
effect on adenosine-mediated vasodilatation (37).
Similarly, in young hypertensive rats, different levels
of ACh- and BK-mediated vasorelaxation of mesen-
teric vascular bed were observed (45).  Additionally,
mesenteric vascular bed is more sensitive to BK than
to ACh (7, 42).  In the present study, acute HHcy only
affected endothelium-dependent vasodilatation (BK),
but not endothelium-independent (SNP) vascular
response to NO in superior mesentery in vivo, and this
finding is supported by in vitro studies showing that
BK-induced vasorelaxation is reduced by acute HHcy
(35).  However, the effect of HHcy on superior mesen-
tery is different from that observed on mesenteric
arteriole (diameter ranging between 18 to 39 µm)
(12), and this suggests that vessels with different
diameters would have different sensitivities to HHcy.

In order to investigate whether the effect of
HHcy on BK-induced hemodynamic changes is NO-
dependent, we also attempted to conduct the study in
the presence of Nw-Nitro-L-arginine methyl ester (L-
NAME), a constitutive nitric oxide synthase (NOS)
inhibitor.  We employed the intravenous bolus ad-
ministration of L-NAME (10 mg/kg) and found that
mesenteric arterial blood flow was dramatically
reduced from around 16-18 mL/min to 3-4 mL/min,
and its effect lasted for more than one hour.  This
result is consistent with those of other studies using
NO synthase inhibitors including L-NMMA, Nw-
Nitro-L-arginine, L-NAME, which induce increases
in systemic arterial blood pressure (2, 33, 36), total
peripheral resistance (2, 33), and decrease in blood
flow of stomach, small intestine, colon, pancreas,
spleen kidney, mesentery (33) and forearm blood

flow (15).  Since response to endothelium-dependent
vasodilator has shown a significant dependence on
resting blood flow (4), in vivo administration of
constitutive NOS inhibitor-induced low baseline level
of blood flow could complicate the effect of HHcy on
BK-mediated blood flow.  These results suggest that
chemically or mechanically removing endothelium in
vivo would induce severe inflammatory responses
and would affect systemic hemodynamics; therefore,
using wire myograph system to compare intact rings
with denuded rings would be an alternative method to
demonstrate whether the effect of homocysteine on
the vasculature is endothelium-dependent or not in
further studies.

In addition to inducing NO production, BK also
induces the release of vasodilatory substances such as
prostacyclin and endothelium-derived hyperpolariz-
ing factor (8, 13, 27).  Increasing evidence has also
demonstrated an intimate interaction between Hcy
and prostacyclin or endothelium-derived hyper-
polarizing factor (19, 24).  Further investigation of
the role of non-NO mediators in the negative effects
of HHcy on BK-mediated mesenteric hemodynamics
should provide additional insights on the nature of
HHcy impairment on endothelium.

Vascular hyporesponsiveness to vasoconstrictors
or vasodilators associated with circulatory failure is
generally observed in lipopolysaccharide-treated
animals (26) as well as in HHcy-treated rats in this
study.  Additionally, increased homocysteine levels
observed in patients with cardiovascular diseases or
inflammatory bowel disease (IBD) may play a role in
the pathogenesis of atherosclerosis (20) or ulcerative
colitis (9, 29).  Further evidence indicates that IBD
patients have increased risks of early atherosclerosis
than healthy controls (31).  Therefore, our findings
that acute HHcy-mediated hyporesponsiveness of
superior mesenteric artery, which is originated in the
abdominal aorta and supplies the small intestine and
the ascending colon, to ANG II analog and BK is
consistent with dysfunction caused by defective per-
fusion.

Chronic and acute HHcy seems to have distinct
effects on ROS and NO production.  Long-term Hcy
treatment limits nitric oxide availability (44) and
increased ROS production in cultured human umbilical
vein endothelial cells (43, 47); however, short-term
(30 min) Hcy incubation reduced ROS production
and increased NO production (43).  Increasing evi-
dence suggests that the interaction between NO and
ROS is an important factor for the regulation of
vascular tone.  Therefore, short-term Hcy-mediated
elevated NO production may partly be due to the
vascular hyporesponsiveness.

In conclusion, acute HHcy in vivo reduced
superior mesenteric artery responsiveness to vasocon-
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strictor ([Sar1,Thr8]-ANG II), endothelium-dependent
vasodilator (BK), but not endothelium-independent
vasodilator (SNP).  These results provide the in vivo
evidence to suggest that short-term elevated homo-
cysteine concentration could result in vascular hypore-
sponsiveness to vasoconstrictors and endothelium-
dependent vasodilators, and this partially contributes
to the circulatory failure and intestinal ischemia.
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