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Background. The internal mammary artery (IMA) used in bypass coronary surgery
remains patent for a longer time than other grafts, such as saphenous veins; however,
its biological characteristics are incompletely defined. Objective. To compare in
IMA grafts from hypertensive (HT) and normotensive (NT) patients the presence of
endothelium and their functionability, the response to passive stretching and basal
tone, the reactivity to exogenous vasoconstrictors, the role of stretching in NO release,
and the possible extraendothelial NO source. Methods and Results. IMA rings con-
tractility, presence of endothelium, and nitrite release were studied. An endothelial
dysfunction associated with hypertension was found. IMA rings from HT had an
impaired response to passive stretching, resulting in a decreased relaxation. All IMA
grafts had an increased basal tone demonstrated by relaxation to SNP; however, a
lesser response was found in HT. Interestingly, it was demonstrated that NO release
was present in IMA grafts, despite an endothelial dysfunction and that stretching
increased NO release. This effect was inhibited by Ca2+-free media, L-NAME and a
specific neuronal NO synthase (nNOS) inhibitor. Furthermore, the demonstration of
the presence of nNOS in smooth muscle cells by immunohistochemistry supports a role
of extraendothelial NO. Conclusion. We demonstrate the impact of hypertension in
IMA grafts producing increased endothelial dysfunction, reduced response to passive
stretching, increased basal tone, and impaired responsiveness to exogenous vasocon-
strictors and NO release. A specific role of stretching in extraendothelial NO release
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2 C.M. Joo Turoni et al.

was demonstrated, which may have an important role in the outcome of IMA grafts due
to the protective actions of NO, even in the absence of the endothelium.

Keywords IMA grafts, hypertension, endothelial dysfunction, vascular reactivity,
extra endothelial nitric oxide synthase

Introduction

Human vessels such as internal mammary artery (IMA), radial artery, and saphenous vein (SV)
are used as bypass conduits in coronary surgery. However, it was found that IMA grafts remain
patent for a longer time period (1). Investigations have been performed on these vessels in vitro
because their specific biological properties may account for differences in long-term patency
rates (2) by complex mechanisms that involve the interaction with several systems dependent on
the endothelium and smooth muscle cells (SMC). At present, a specific role for nitric oxide (NO)
in the improvement of short- and long-term graft patency rates (3) has been postulated. On the
other hand, it has been demonstrated that the beneficial effects of NO are blunted by angiotensin
II (Ang II), which in turn increases vascular tone, inducing the proliferation of SMC (4) and stim-
ulating NADPH oxydase-producing superoxide anion (5) with the resulting diminution of NO.

A matter of discussion is the outcome of bypass grafts and its relation to the impact of
established risk factors. Epidemiological and experimental observations have clearly demon-
strated that hypertension is a major risk factor for coronary arterial disease. On the other hand,
Ang II has been involved in the physiopathology of human essential hypertension (6). Experi-
mental hypertension promotes functional and structural changes in the vasculature that contrib-
utes to high peripheral resistance. Arterial basal tone is increased in different hypertensive
states in which the renin-angiotensin activity is exacerbated (7). Although studies on the reac-
tivity of IMA have been performed, few works have examined the effects of different agents
on in vitro basal tone and their possible modifications by the presence of hypertension. Previ-
ously, we demonstrated in rat aortic rings that an increase in basal tone induced by renin-angio-
tensin-dependent hypertension conditioned the vessel to a vasorelaxant action of different
compounds: atrial natriuretic peptide (ANP), sodium nitroprusside (SNP), Ca2+-free media,
and to a lesser extent acetylcholine (ACh) (8). Furthermore, we showed that basal tone of tho-
racic rabbit arteries could be increased by a previous in vitro transient sensitizing challenge
with Ang II which induced an AT1 receptor-dependent elevation of intracellular Ca2+ (9). On
the other hand, aortic basal tone is related to NO levels, which are regulated by stretching (10).
The objective of this study was to compare in IMA grafts from hypertensive (HT) and normo-
tensive (NT) patients regarding the followings aspects:

1. the presence of endothelium and its functionability,
2. the response to passive stretching estimate by passive relaxation to 2g preload and basal tone

estimated by the vasorelaxant response to SNP in the absence of exogenous vasoconstrictors,
3. the reactivity to Ang II, norepinephrine (NE), and KCl,
4. the role of stretching in NO-release, and
5. the possible extraendothelial NO source.

Material and Methods

Patients

Discarded segments of IMA were obtained from patients with coronary artery bypass graft
surgery. Patients were screened for established major risks of coronary artery disease, and
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IMA Grafts Reactivity in Hypertensive Patients 3

those with diabetes were not included. To test the hypothesis that vascular graft reactivity
is impaired in hypertension, the patients were divided, according to antecedents of the
clinical history, into two groups: normotensive (NT) and hypertensive (HT). Clinical char-
acteristics and the treatment used in patients (n = 39) are shown in Table 1. The blood
pressure values previous to surgery were stabilized (NT: 121 ± 4/72 ± 2 vs. HT: 133 ± 4/
78 ± 2 mmHg; p=NS). Informed consent, according with Institutional Guidelines, was
obtained from each patient before surgery.

Vessel Preparation

After surgery, IMA were immediately placed in a Krebs solution (mM: NaCl 118.3; KCl
4.7; CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; NaHCO3 25; glucose 11.1; Na2EDTA 0.026)
maintained at 4°C and transferred to the laboratory. The time delay between the collection
of the specimen and the reception in the laboratory was no more than 2 hours. Blood ves-
sels free of connective tissue were dissected and cut into 5 mm ring segments. The number
of rings taken from each IMA varied from 1 to 4.

Contractility Measurement

Rings free of any maneuvers destroying the endothelium (unrubbed rings) were suspended
in organ chambers at 37°C, gassed with 95% O2 -5% CO2 (pH 7.4), and connected to a
force transducer (Gould UC2, USA). Rings were stretched in isometric conditions, and
contraction or relaxation was registered with a recorder (Kipp and Zonnen BD41,
Holland). In all experiments, HT and NT rings were pre-stretched to 2g force and equilibrated
for 120 min. 2 g force was found to be the optimal tension to KCl (100 mM)-induced

Table 1
Clinical profile of the 39 study patients

Hypertension 
(HT, n = 28)

Normotension 
(NT, n = 11)

Age, years 63.8 ± 1.9 60.8 ± 3.0
Sex, M/F 21/7 9/2
Body mass index 27.9 ± 0.9 24.6 ± 0.9*
Cigarette smoking, n (%) 17 (61) 6 (55)
Familiar antecedents, n (%) 13 (46) 5 (45)
Dyslipidemia, n (%) 21 (75) 4 (36)+

Number of risk factors per patient (excluding hypertension) 3.2 ± 0.3 2.5 ± 0.2*
Renin angiotensin sytem blockers 18 (64) 5 (45)
Treatments used, n (%)

Diuretics 5 (18) 0 (0)
β blockers 14 (50) 8 (72)
Calcium antagonists 9 (32) 2 (18)
Hypolipemiants 10 (36) 3 (27)
Drugs association (2 or more) 14 (50) 3 (27)

*p < 0.05 HT vs. NT; unpaired Student t-test.
+p < 0.05 HT vs. NT; difference between percentages.
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4 C.M. Joo Turoni et al.

contraction (data not shown). Drugs were added after a stable baseline value was obtained
by changing the bathing solution every 15 min. KCl 100 mM stimulation was performed
at the end of the experiment.

Presence of Functional Endothelium

Endothelium-dependent relaxation was evaluated by ACh. For this purpose, we per-
formed a cumulative dose response curve (CDRC) to ACh (10−9–10−4 M) in precon-
tracted NE vessels. Endothelial function was considered present when all IMA rings
from the same patient relaxed to ACh. A similar response to ACh was observed in all
rings from the same patient. In the IMA rings that presented vasorelaxation to ACh, in
order to test whether this effect was mediated by NO release, a new NE contraction was
performed in the presence of an inhibitor of NO synthases (NOSs) Nω -nitro-L-arginine
methyl ester (L-NAME) 10−4 M. When the plateau was obtained, a new CDRC to ACh
was performed.

In order to test the presence of endothelium-independent relaxation, those precon-
tracted NE IMA rings that did not response to ACh were immediately stimulated with
SNP (10−5 M). In all cases, SNP induced a nearly complete relaxation.

On the other hand, IMA rings that responsded to ACh were washed out and again pre-
contracted with NE; when the plateau was obtained, a SNP (10−5 M) stimulation was per-
formed. Similar to rings without endothelium, SNP induced a nearly complete relaxation.

Protocol 1: Vascular Relaxation in Response to Stretching

In order to test the hypothesis that hypertension is associated with a different response to
stretching, isolated IMA rings from HT and NT patients were subjected to maneuvers of
passive stretching (S). For this purpose, all experiments rings were stretched with 2 g
force, changing the bathing solution every 15 min during 90–105 min. After this period,
the vessels were allowed to reach a stable baseline value.

Protocol 2: Vasorelaxant Response to SNP on Basal Tone in the Absence of Exogenous 
Vasoconstrictors

In order to test the hypothesis that hypertension induced an increase in basal tone, vasore-
laxant effect of SNP in non-stimulated vessels was studied. Isolated IMA rings that had
not been exposed previously to any vasoactive agent from HT and NT patients were
treated with SNP 10−5 M. For this purpose, when a stable baseline was obtained, SNP was
added to IMA grafts, and recording was followed by 10 min to register the relaxing effect.
A paired ring remained as a control. Furthermore, in order to test if changes in intracellu-
lar Ca2+ were implicated in the increase of basal tone, a similar experiment with Ca2+-free
media was performed. For this purpose, when a stable baseline was obtained, Ca2+-free
media was added and recording was followed by 10 min. In same rings after this time,
SNP 10−5 M was added.

In previous works, we demonstrated that sensitization with Ang II induced a novel
vasorelaxant action on non-contracted SMC to endothelium-independent agents (8)
and that this vasorelaxant effect was dependent of a increased basal tone (9). In order to
investigate if the Ang II-sensitization in IMA rings in vitro might induce an increase in the
SNP vasorelaxation, IMA rings were contracted with Ang II CDRC (10−10–10−5 M), the
bath was changed every 15 min for 45 min until Ang II was washed out, and the baseline
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IMA Grafts Reactivity in Hypertensive Patients 5

level was totally recovered. At this time, SNP (10−5 M) was added, and the response was
registered.

In order to test if cyclooxygenase-vasoconstrictors derivatives are involved in
increased basal tone after stretching, experiments were performed with the cyclooxygen-
ase-nonselective inhibitor, indomethacin. The effect of indomethacin 10−5 M on basal tone
and in the response to SNP in both cases before and after Ang II-sensitization was tested.

Protocol 3: Response to Ang II, NE and to Depolarization with KCl

The response to exogenous agonists and the maximal contractile response to high
potassium was determined in isolated IMA rings from HT and NT patients. For this
purpose, Ang II CDRC in concentrations 10−9 to 10−5 M were performed. After 90 min
washing and the total recovery of previous basal level, a CDRC NE (10−9–10−4 M) was
performed. After a final washing period, a maximal stimulation with KCl 100 mM
was performed.

Calculation of Nitrites

Nitrites were measured with the Griess reaction. The technique was adapted in previous
work from our laboratory (10). Briefly, NO metabolites are transformed in diazoic-
colored compounds to measure NO production indirectly. N-(l-naphthyl) ethylenediamine
(50 μL, 0.2%) and sulfanilamide (450 μL, 0.1%) were added to each tube containing stan-
dard or experimental samples. Absorbance was measured at 540 nm with a spectropho-
tometer (Metrolab 1000, Argentina). Nitrite absorbance was calculated with the use of
regression analysis (y = a+bx) and converted to a straight line. Only curves with a corre-
lation coefficient >0.95 were used.

Protocol 4: Role of Stretching in NO Release

Two experimental designs were performed for nitrite dosage. In the first one, non-
stretched (non-S) 5 mm length IMA rings were placed in Eppendorf tubes with 0.5 ml of
Krebs solution bubbled with 95% O2 5% CO2 at pH 7.4 and 37°C. The successive deter-
minations of nitrite levels every 15 min were performed during 90 min washing. In order
to test specific activity of NOSs L-NAME was used. For this purpose, L-NAME 10−4 M
was added at the beginning of experiments. After nearly 30 min, samples for nitrite assay
were taken every 15 min.

In the second experimental design, simultaneous in vitro measurements of vascular
contractility and nitrite release in stretched (S) IMA rings were performed. Every 15 min,
in a sample of 0.5 ml Krebs solution, successive determinations of nitrite levels were per-
formed over 90 min as described above. Simultaneously, relaxation in response to stretch-
ing was measured. In order to test extraendothelial NO production, nitrite release was
measured in rubbed IMA rings. The above described protocol with L-NAME was repeated
in S IMA rings. Furthermore, in order to test the specificity of L-NAME inhibition on
NOS enzyme, experiments were performed with L-NAME plus NOS substrate (L-arginine
10−2 M). In order to test a possible role of superoxide anions on nitrite containment, an
experiment with diphenylene iodonium (DPI, an inhibitor of flavin-containing enzymes
including NADPH oxidase) was performed. DPI 10−5 M was incubated in S IMA rings
during 90 min.
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6 C.M. Joo Turoni et al.

On the other hand, to test the source of NO release through the activation of neuronal
NOS (nNOS) or inducible NOS (iNOS), paired S rings from the same patient were treated
or not treated, during the whole experiment, with the specific inhibitor of nNOS, S-
methyl-L-tiocitrulline, and with an agent that prevents iNOS expression, dexamethasone.
The concentrations used were 3×10−4 to 10−3M and 10−4M, respectively. Finally, because
nNOS has been described as a Ca2+/calmodulin-dependent enzyme, IMA rings were
stretched in the presence of Ca2+-free media, and NO release was measured by 90 min.

Histological Studies

To evaluate endothelial integrity in our experiments, we subjected samples of the IMA to
histological and immunohistochemistry examination. After the experiment finished, IMA
segments were immediately fixed in buffer formol 10% (pH 7.4), embedded in paraffin,
cut into 3-μm sections, and stained with hematoxylin-eosin, periodic acid Schiff (PAS).
For immunohistochemistry examination of endothelium, monoclonal CD34 antibodies
(Clone: Qbend 10; Bio Genex, USA) were used. This antibody stains endothelial cell
cytoplasm (11). In summarized form, 4 μm paraffin sections were deparaffinized in xylol
and rehydrated in graded alcohol series. Endogenous peroxydase was inhibited with H2O2
(3%) in methanol. Sections were then washed in distilled water and heated in a citrate
buffer 10mM pH 6 from 15 min. Slides were incubated first with normal goat serum for 5
minutes, and then during 30 min (20ºC) with CD34 antibodies (dilution: 1/160). After
that, slides were incubated in a Link L Label IHC detection system (Bio Genex). Antibody
binding was revealed using JHC expressing H2O2 as a substrate and diaminobenzidine
(DAB) as chromogen (Liquid DaB; Bio Genex). Counterstaining was performed with
hematoxylin. For immunohistochemistry visualization of nNOS (12), slides were stained
by the Link L Label IHC detection system. Endogenous peroxidase and biotin activity was
blocked by immersing slides in 0.03% H2O2 in methanol for 30 min followed by washing
in PBS (3 × 10 min). After blocking (nonspecific binding by incubatation in 3% normal
goat serum in PBS for 20 min), sections were incubated overnight with primary antibody
rabbit anti nNOS 1:100 (BD Bioiscience Pharmigen). Peroxidase activity was detected
using DAB with the nickel enhancement method. Counterstaining was performed with
hematoxylin.

Drugs

Human angiotensin II, norepinephrine (DL-arterenol), acetylcholine bromide, sodium
nitroprusside, indomethacin, Nω -nitro-L-arginine methyl ester (L-NAME), L-argnine,
diphenylene iodonium, and S-methyl–L-tiocitrulline were purchased from Sigma Chemi-
cal Company (St. Louis, Missouri, USA). Rabbit anti-nNOS was given by Dra Cristina
Arranz (UBA Bs As, Argentina). Stock solutions of the drugs were frozen (−4°C) in ali-
quots and freshly dissolved in distilled water to the appropriate concentrations expressed
as a final molar concentration in the organ bath.

Statistical Analysis

Data for contractility measurements were shown as milligrams (mg) of tension, whereas
data for nitrite release was expressed in pmol/mg of tissue. Detailed results were
expressed in mean ± standard error (SE). The negative log of molar drug concentration
required to produce 50% of the maximal response (pD2) was calculated. Sigmoid fitting
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IMA Grafts Reactivity in Hypertensive Patients 7

for the CDRC was performed using curve fitting program Graph-Pad Prism 3.0. This soft-
ware was also used to determine the 50% effective relaxation (ER50) in the response curve
over time. Maximal response (Rmax) was only considered in those CDRC that reached a
sustained effect or plateau. A Student’s t-test for paired and non-paired samples, ANOVA
with Newman-Keuls post-hoc test, nonparametric test, and nonlinear estimation were per-
formed with Statistica 5.0.

Results

Presence of Endothelium

A generalized endothelial dysfunction has been observed in IMA rings from 92.3% of
patients. ACh relaxation detected endothelial function in IMA rings from 7.7% of patients.
In these cases, the mean values of ACh vasorelaxant effect (PD2: 5.3 ± 0.2) was −1297 ±
160mg (corresponding to 52 ± 11% of NE pre-contraction). In IMA rings with endothelial
dysfunction, the average of ACh effect was −213±87, n = 11 vs. +25 ± 13 mg; n = 28 in
NT and HT respectively (p < 0.05), and those values corresponded to −9.6 ± 5.5% and 5.5
± 2.4 % of NE pre-contraction, respectively. Furthermore, hypertension was associated
with endothelial dysfunction, as all HT patients presented a lack of vasorelaxant or con-
tractile effect to ACh stimulation. The association between the presence/absence of ACh-
relaxant response and presence/absence of hypertension was analyzed by chi-square test.
Values of χ2 were 8.3 (p < 0.01 NT vs. HT; n = 39). In IMA rings with relaxant response to
ACh, treatment with L-NAME blunted this response. Furthermore, as shown in Figures 1A
and 1B, endothelial cells were present in these arterial rings. On the other hand, as shown
in Figure 1C and 1D, IMA rings without relaxant response to ACh showed an absence of
endothelial cells by histological and immunohistochemistry examination. Values of χ2 for
the presence/absence of hypertension and all parameters—ACh relaxation and presence of
endothelial cells by H&E and CD34—were 5.2 (p < 0.05 NT vs. HT; n = 20).

Vascular Relaxation in Response to Stretching

The pattern of relaxation in IMA rings with endothelial dysfunction in response to passive
S and the influence of hypertension on this action is shown in Figure 2. The response to
passive S shows differences in the spontaneous relaxation between HT and NT patients.
Curve fit (non-linear regression) showed a higher degree of vascular relaxation in IMA
rings from NT than in rings from HT. Values at 15 min were −413.2 ± 103.5, n=17 vs. −749.2
± 83.6 mg, n = 10 in HT and NT, respectively (p < 0.05; ANOVA and Newman-Keuls
post-hoc test). Rings of NT patients showed differences (p < 0.05) between 30 vs. 75 min,
whereas in rings of HT patients, these differences were not observed (see Figure 2). There
were differences in ER50 between HT and NT patients: −225.8 ± 37.0, n = 24 vs. −403.6 ±
67.6 mg, n = 10 in HT and NT, respectively (p < 0.05; unpaired Student t-test).

Vasorelaxant Response to SNP on Basal Tone in the Absence of Exogenous 
Vasoconstrictors

Figure 3A shows a tracing from a typical experiment on the effect of SNP in basal tone in
IMA rings with endothelium dysfunction. A non-contracted vessel was exposed to SNP
10–5 M. Basal tension declined continuously in the presence of SNP in IMA rings in
both HT and NT patients (see Figure 3A). Averages of responses obtained from these
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Figure 1. Representative photomicrographs of cross-section segments of internal mammary artery
(IMA) with endothelium (A and B) from a normotensive (NT) patient and without endothelium (C
and D) from a hypertensive (HT) patient. Stain: Hematoxylin–eosine (A and C) and antibodies
CD34 (B and D). Original magnification 100×. Arrow indicates endothelial cells. L: Lumen. Vascu-
lar wall structural changes were also observed in HT IMA rings (C and D): contraction of internal
elastic membrane, and a thickening of the medial layer with a decreased number of nuclei and
increased number of elastic lamellae parallel to the wall.

A

L L

C

L

B

D

L

Figure 2. Comparison between the pattern of relaxation in response to passive stretching of tension
every 15 min during equilibration period of IMA HT (�) and NT (Δ) patients. Data are expressed as
mean ± standard error. *p < 0.05 HT vs. NT at 15 min. **p < 0.01 NT 15 min vs. HT 60–75 min.
+p < 0.05 NT 15 min vs. NT 45–75 min. ++p < 0.05 NT 30 min vs. NT 75 min. ANOVA and
Newman-Keuls post-hoc test; n = 17 HT and n = 10 NT.
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IMA Grafts Reactivity in Hypertensive Patients 9

experiments are shown in Figure 3B. A vasorelaxation effect of SNP was observed in NT
rings. Values were −449.6 ± 138.7, n=8 vs. −10.7 ± 9.5 mg, n = 8 SNP and Krebs solu-
tion, respectively (p < 0.01; paired Student t test). A minor relaxation by SNP was

Figure 3. Effect of SNP on basal tone in IMA rings. (A) Tracing from a typical experiment showing the
effect of SNP on the previously unstimulated basal tone. IMA rings treatment with SNP 10−5 M or nor-
mal Krebs from NT and HT patients. (B) Average of response to SNP. The rings from NT (▫) or HT (�)
patients were not pretreated (Normal Krebs) or pretreated with SNP 10−5 M in absence (control) or after
sensitization with angiotensin II (Post Ang II). Data are expressed as mean ± standard error. ***p < 0.01
NT vs. Krebs solution; *p < 0.05 HT vs. Krebs solution; ++p < 0.02 NT vs. HT. ANOVA and Newman-
Keuls post-hoc test. The number of rings is given in parentheses.
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10 C.M. Joo Turoni et al.

observed in HT patients (p < 0.02). The vasorelaxant effect of SNP on basal tone in pres-
ence or absence of Ang II-sensitization was similar in both NT and HT patients (Figure 3B
compares the second and third bars in NT and HT).

In non-contracted IMA rings, treatment with Ca2+-free media produced a fall in
basal tension. The value of this relaxation was similar to SNP-response in all cases. Δ
value in HT patients was −9.2 ± 2.7; SNP vs. Ca2+-free media; n = 18 (unpaired Student
t test; p:NS). On the other hand, in IMA rings that were treated with Ca2+-free media,
the administration of SNP did not produce a further relaxation. Likewise, in IMA rings
preincubated with Ca2+-free media at the beginning of the experiment, SNP did not pro-
duce a relaxant effect.

The treatment of IMA rings with indomethacin did not produce the effect in basal
tone and did not modify the vasorelaxant effect of SNP neither before nor after Ang II-
sensitization (data not shown).

Response to Ang II, NE, and to Depolarization with KCl

Table 2 shows the effect of Ang II and NE in IMA rings with endothelium dysfunction.
Cumulative administration of Ang II 10−9–10−5 M produced a dose-dependent contraction.
Curve fitness analysis showed no difference in pD2 between HT and NT. Furthermore, no
difference in Rmax to Ang II between HT and NT was observed (see Table 2). Cumulative
administration of NE 10−9–10−4 M produced a dose-dependent contraction. Similarly to
Ang II, no difference in NE pD2 values between HT and NT was found. The values of
Rmax to NE in IMA rings obtained from NT patients were significantly higher than HT
patients (see Table 2). This response was also different from Ang II - Rmax in both NT and
HT patients (p < 0.01).

In IMA rings with endothelium dysfunction, the contractile response obtained after
stimulation with KCl 100 mM in NT (2029.7 ± 1019 mg, n = 7) was higher than HT
patients (530.8 ± 132.7 mg, n=15, p < 0.05).

Role of Stretching in NO Release

Figure 4A shows the effect of S in IMA rings with endothelium dysfunction. The stretch-
ing maneuver produced an increase in nitrite release in the presence of normal Krebs (see
Figure 4A, first group of bars). Levels of nitrites in S IMA rings were significantly higher

Table 2
pD2 and Rmax for angiotensin II (Ang II) and norepineprhine (NE) in mammary arteries 

(IMA) rings from hypertensive (HT) and normotensive (NT) patients

PD2 Rmax (mg)

Ang II NT 6.02 ± 0.51 265 ± 100 (7)
HT 6.14 ± 0.66 336 ± 114 (8)

NE NT 5.19 ± 0.53 2315 ± 869**,++ (6)
HT 5.49 ± 0.57 456 ± 171 (8)

**p < 0.01 NE HT vs. NE NT.
++p < 0.01 NE HT vs. Ang II HT and NT.
The number of experiments are given in parentheses.
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IMA Grafts Reactivity in Hypertensive Patients 11

than basal ones in non-S rings (see Figure 4A, first group of bars: square bar). To test
whether increases in nitrite levels induced by stretching were mediated by the opening of
stretch-activated Ca2+ channels, the effect of S was tested in a Ca2+-free medium (see Fig-
ure 4A, second group of bars). Ca2+-free media show a significant decrease in nitrite levels
(see Figure 4A, second group of bars: pointed bar). In addition, no differences were
obtained in Ca2+-free media vs. normal Krebs in non-S vessels (see Figure 4A, squared

Figure 4. Effect of Ca2+-free media (0/Ca2++EGTA 3mM) and L-NAME in nitrite release of IMA
rings with endothelial dysfunction. (A) Values of nitrites in IMA rings non-stretched (�) and
stretched (▫) in the presence of normal Krebs or Ca2+-free media. Data are expressed as mean ± stan-
dard error. **p < 0.01 stretched normal Krebs vs. non-stretched normal Krebs and 0Ca; ++p < 0.001
stretched normal Krebs vs. stretched Ca2+-free media; one via ANOVA Newman Keuls post-hoc
test. (B) Values of nitrites in IMA rings non-stretched and stretched in the absence (▫) or presence
(�) of L-NAME 10−4 M. Data are expressed as mean ± standard error. ***p < 0.001 stretched without
vs. stretched with L-NAME; +++p < 0.001 stretched without vs. non-stretched with and without

L-NAME; one via ANOVA Newman Keuls Post Test. The number of rings is given in parentheses.
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bars). When a long-term washing (90 min) was performed, nitrite levels induced by S are
maintained (non-S: 292.6 ± 155.0 pmol/mg tissue, n = 4 vs. S:848.4 ± 108.7, n = 15; p <
0.05 unpaired t-test). The inhibitory effect of Ca2+-free media on S IMA rings was main-
tained after 90 min washing (data not shown).

On the other hand, IMA rings with endothelial function that had applied stretch-
ing maneuvers presented a significant increase in nitrite values with respect to S IMA
rings with endothelial dysfunction (2412.5 ± 241.9 pmol/mg tissue; n =  4 vs. 1141 ±
161.8 pmol/mg tissue; n  = 17, at 15 min, respectively, p < 0.01 unpaired Student
t Test). In IMA rings with endothelial dysfunction, the rubbing maneuver did not
modify values of NO (1388.1 ± 117.2 pmol/mg tissue at 15 min; n= 17, p: NS). On the
other hand, the rubbing maneuvers in IMA rings with endothelial function diminished
the liberation of nitrites to similar values to the arteries without endothelial function
(data not shown).

Results of experiments with the NO synthase inhibitor, L-NAME, in both non-S and S
vessels without endothelium are shown in Figure 4B. A significant decrease (73%; p <
0.001) of nitrite values in S IMA rings after preincubation by 20 min with L-NAME 10−4 M
was obtained. A non-significant difference in nitrite values in non-S IMA rings between
Krebs solution and L-NAME was found (see Figure 4B). The specificity of L-NAME inhi-
bition on NOS enzyme was demonstrated by the fact that the NOS substrate, L-argnine
completely reverted the L-NAME effect (1091 ± 114; n=7 vs. 1411 ± 492 pmol/mg tissue;
n = 6; p: NS, Normal Krebs vs. L-NAME plus L-argnine, respectively). Furthermore in
stretched IMA with endothelium function, a similar effect of L-NAME was obtained
(78%, p < 002). A significant increase in NO content in S IMA rings without endothelium
after DPI 10−5 M treatment was found (Δ = 36 ± 12%; p < 0.05; n = 6 paired Student t-test).

Because NO production was also present in IMA rings despite having an endothelial
dysfunction, in order to test the possible activity of extraendothelial NOS like nNOS or
iNOS, S-methyl-L-tiocitrulline and dexamethasone were tested in these vessels. Nitrite
release in S IMA rings was inhibited by S-methyl-L-tiocitrulline 3 × 10−4M (-26.7 ± 3.4%
at 45 min; n=22, p < 0.025 paired Student t-test). This inhibition remained constant at the
end of the experiment (90 min) and increased in presence of a higher dose (see Figure 5A).
The effect of S-methyl-L-citrulline 10−3M was nearly completely reverted by L-arginine
10−2M. Dexamethasone did not modify nitrite levels after 90 min incubation in S IMA
rings (data not shown). Immunohistochemistry revealed the presence of nNOS in the
media of S IMA rings. Specific anti nNOS stained SMC (see Figure 5B). There was no
immunoreactive product when samples were prepared without the primary antibody (data
not shown).

The effect of hypertension on the NO release induced by S was studied in IMA rings
with endothelial dysfunction (see Figure 6). IMA rings from NT patients showed a signif-
icant increase in nitrite values in respect to IMA rings from HT patients at 15 min. A stabi-
lization of nitrite levels at 30 min was obtained in both NT and HT rings. No significant
differences between NT and HT rings in successive determinations of nitrite levels were
found.

Discussion

A generalized endothelial dysfunction (92%) in IMA rings from both normotensive and
hypertensive patients was observed. This may be explained because all patients, including
NT, were patients under bypass surgery, indicating an established coronary artery disease
that frequently presents several associated risk factors (see Table 1). Less endothelial

320

325

330

335

340

345

350

355

360



IMA Grafts Reactivity in Hypertensive Patients 13

dysfunction in NT IMA rings was demonstrated by the presence of significant ACh relax-
ation in contrast with its absence in HT. Furthermore, a significant association between
endothelium dysfunction and hypertension was found (χ2 = 8.3). This may be explained
by the significant decrease in the number of risk factors associated (NT: 2.5±0.2 vs. HT:
3.2 ± 0.3; p < 0.05). Different degrees of endothelial dysfunction in IMA grafts were
reported: Chardigny et al. (13) observed endothelium-dependent relaxation in 40% of
grafts, whereas Shapira et al. (14) communicated 100% of relaxation and He et al. (15) did
not observe endothelium-dependent relaxation. In agreement with our results, Pompilio
et al. (16) demonstrated that hypertension and dyslipidemia were associated with endothe-
lial dysfunction in IMA rings, and Huraux et al. (17) demonstrated that endothelium dys-
function is related to the number of risk factors associated.

In the present study, we measured for the first time in IMA grafts the relaxation to
passive stretching. This effect seemed to be endothelium-independent because it was
present in IMA rings without endothelium. An impaired response to stretching in HT was found.
It is known that passive tension of the arterial wall is represented mechanically as a non-
linear passive component in parallel with an active contractile component (18). Different

Figure 5. (A) Values of nitrites in IMA rings stretched in absence (▫) or presence of S-methyl-L-
tiocitrulline 3×10−4M (�) or 10−3M: ( ) at 90 min of experiment. Data are expressed as mean ±
standard error. **p < 0.025 vs. control; ++p < 0.025 S-methyl-L-tiocitrulline 10−3 M vs. S-methyl-L-
tiocitrulline 3 × 10−4 M; ANOVA and Newman Keuls post-hoc test. The number of rings is given in
parentheses. (B) Immunostaining of IMA from HT patients with the anti-nNOS antibody (brown
stained areas into the vascular smooth muscle). Experiments were performed in non-stretched vessel
(left photomicrography) or under stretching conditions (right photomicrography). Sections were
counterstained with hematoxylin. Magnification: ×40.
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authors explain passive tension through mechanisms that involve wall elastic components,
collagen distribution, and its subsequent biochemical properties (19). Our findings are in
agreement with experimental and clinical (20) evidence that shows a diminution of arterial
compliance associated with hypertension. The different passive relaxation in our patients
could not be attributed to an effect of pharmacological treatments, as no difference
between either drugs or drugs association was observed (see Table 1). Here, we demon-
strated that SNP relaxes the basal tone of unstimulated IMA rings from HT and NT
patients. This fact suggests the presence of an increased basal tone in both patients. This
effect was present in IMA rings without endothelium, a condition in which an increase of
the basal tone can be expected as a result of the lack of a counter regulatory endogenous
vasodilator, like NO. In this regard, it is known that a decrease in NO bioavailability
induces an increased basal tone in several mammalian species (21). The presence of a
relaxant effect of SNP and the recuperation of SNP-response after sensitization with Ang
II in both NT and HT patients is in agreement with previous reports from our laboratory in
which SNP-relaxant effect was obtained in both normotensive rabbit aortic rings sensi-
tized with Ang II (9) and hypertensive Ang II-dependent rat aortic rings (8). Clinical and
experimental evidence demonstrated a significant role of the renin angiotensin system in
the development of an altered basal tone. Ang II increases the basal tone of large arteries
in both normotensive as well as hypertensive rats (22), and increased local Ang II levels
are involved in coronary artery disease (6). In our work, a hiporeactivity to exogenous
administration of Ang II in both NT and HT IMA rings was found (see Table 2), a fact that
may be explained by increased local Ang II levels producing the down regulation of Ang
II receptors. A similar down regulation related to high Ang II levels have been reported by

Figure 6. Nitrite releases in S IMA rings with endothelial dysfuntion. (A) Comparison of nitrite
releases between NT (▫) and HT (�) patients. Determinations were performed each 15 min for 90
min. Data are expressed as mean ± standard error. **p < 0.01 NT vs. HT at 15 min. ++p < 0.01 NT 15
min vs. all determinations. ANOVA and Newman-Keuls post-hoc test n=6–4 NT and n=9–7 HT.
(B) Effect of rubbing maneuvers in nitrite releases of S IMA rings from NT (bar ▫) and HT (bar �)
patients at 15 min. Data are expressed as mean ± standard error. **p < 0.02 NT vs. HT. Unpaired
Student t Test. The number of rings is given in parentheses.
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Asano et al. in failing human ventricular myocardium (23). However, in agreement with
Moulds (24), we found hyporeactivity to NE only in HT patients (see Table 2). Therefore,
on this basis, we would suppose that our patients present an increased Ang II dependent
basal tone. This hypothesis is in agreement with previous works in which we found that
losartan blunted the vasorelaxant effect of SNP on basal tone (9). On the other hand, in
this work, we found that IMA from HT patients presented a decrease in passive relaxation
as well as vasorelaxant response to SNP. These findings are not unexpected, because
mechanisms involved in the mechanical passive relaxation (19) are modified in hyperten-
sion and are endothelium-independent: IMA rings from our patients showed endothelial
dysfunction. However, an increased active basal tone in HT patients has not been dis-
carded because a relaxant effect of Ca2+-free media was present (9). Other finding to be
considered is the fact that in NT patients, an increased response to SNP (see Figure 3) and
Ca2+-free media, respective to HT, was found. In this regard, it is necessary to point out
that in addition to endothelial dysfunction found in both groups, we also found in IMA
rings from HT patients other histological changes (see Figure 1C and 1D), which included
the contraction of internal elastic membrane and the thickening of medial layer with a
decreased number of nuclei and an increased number of elastic lamellae parallel to the
wall. We suggest that these structural changes may have a role in impaired elasticity,
resulting in a minor vasorelaxant effect of SNP in HT patients. In the light of these find-
ings, arteries with impaired compliance and increased basal tone, like HT IMA, would fur-
ther suffer the impact of vascular injury respect to NT. This phenomenon may be
associated in the long term with a decreased graft patency.

In agreement with previous reports (14,15), we found that IMA rings with endothelium
produced NO. Surprisingly, NO was also present in IMA without endothelium. The stretch-
ing induced an increase of NO release independent of the presence of endothelium. The
presence of an extraendothelial NO source is also confirmed by the fact that rubbing did not
decrease NO values. These facts are in agreement with previous reports of our laboratory in
which we demonstrated that stretching improves the NO release in unrubbed rabbit aortic
rings (10). In the present work, the fact that L-NAME was able to reduce NO contents in
stretching IMA rings (73%) and that this inhibitory effect was reverted by treatment with L-
arginine rule out a non-specific source of NO. It is known that the augmentation of Ca2+

stimulates NOS enzyme, and that L-NAME would inhibit this activity. In our work, Ca2+-
free media inhibited the NO release in S IMA rings (see Figure 4A). In the literature, the
measurement of NO contents have been performed in non stretched IMA rings (15) or in S
grafts (14); however, no comparison between non-S and S NO levels were performed. It is
necessary to point out that NO production had always been associated with endothelial func-
tion through endothelial NOS (eNOS) stimulation. In our work, we observed increased basal
nitrite levels in vessels that presented endothelial dysfunction. An explanation of this fact
would be an extraendothelial NOS synthase. In our work, this is supported by the fact that
NO content was decreased by the specific nNOS inhibitor and the presence of nNOS in
SMC determined by inmunohistochemistry (see Figure 5B). This enzyme has been identi-
fied as a source of NO in the vicinity of microvessels (25) or in SMC of human renal arteries
(12). The fact that S improves NO release may be in accordance with recent reports in which
it was observed that the augmentation of intraluminal pressure increases nNOS expression
and NO release in rat SMC (26). As noted above, S increases nitrite production by increases
in intracellular Ca2+. The constitutive nNOS is a Ca2+/calmodulin-dependent active enzyme.
S has been reported to increase intracellular Ca2+ in dog cell cerebral arteries by opening
Ca2+ channels and further releasing from intracellular deposits (27). The stimulated effect of
S on NO release observed in our work could be due to the opening of stretch-activated Ca2+

405

410

415

420

425

430

435

440

445

450



16 C.M. Joo Turoni et al.

channels, resulting in increased intracellular Ca2+ and subsequent nNOS activation (28). The
stimulation of iNOS in S may be a minor source of NO release, as this enzyme is Ca2+-inde-
pendent and dexamethasone did not modify NO values.

In relation to the effects of hypertension in nitrite release induced by stretching, we
found that IMA without endothelium from HT patients had lower NO-levels than NT. An
explication for these differences would be that, in the absence of endothelium, NO is prin-
cipally produced by SMC (12,29). In HT patients, this NO source would be diminished
due to the replacement of SMC by fibrosis. This observation is supported by the fact that
HT rings present the following:

1. a diminished response to SNP in basal tone,
2. a diminished response to maximal stimulation with KCl, and
3. histological lesions in the wall artery (see Figure 1C and 1D).

On the other hand, a possible role of superoxide anion in HT rings on nitrites production
may be added since previous studies showed that high intraluminal pressure in hyperten-
sion is associated with dysfunctional NO generation due to O2

− increase. This is in agree-
ment with the fact that NO increases after treatment with DPI. Because decreased NO
levels are present in HT patients without endothelium, the source of O2

− may be explained
thought extraendothelial production. This hypothesis is supported by previous findings
(30), in which IMA rings showed superoxide generation in medial and adventitia layers.

In conclusion, these results show the impact of hypertension in IMA graft reactivity
and NO content. We found that hypertension is associated with an endothelial dysfunc-
tion, with a reduced response to passive stretching and an increased basal tone. We dem-
onstrate for the first time in the literature a specific role of stretching in the
extraendothelial NO release in IMA grafts. This S would be an experimental situation that
can mimic the tension that the vascular segment implanted in the coronary arterial bed
undergoes. The advantage of our observation is that the protective physiological role of
NO is still present despite endothelial dysfunction at the expense of a SMC nNOS. This
observation may have an important role in the outcome of IMA grafts due to the protective
actions of NO, even in the absence of endothelium. However, this effect could be impaired
in the presence of hypertension.
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