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Objective The use of cyclosporine A after organ
transplantation is associated with a high incidence of
hypertension, but the underlying mechanisms for this
process are not clear. We investigated the effects of
blockade of basal release of endothelial nitric oxide and
the effects of endothelium-independent and -dependent
vasodilators and vasoconstrictors in patients treated with
cyclosporine A after heart transplantation.

Design We measured blood pressure and forearm blood
¯ow responses to brachial artery infusions of NG-
monomethyl-L-arginine (L-NMMA), sodium nitroprusside,
acetylcholine, norepinephrine and vasodilating and
vasoconstricting doses of endothelin-1 in eight patients
early (, 3 months) and in 11 patients late (. 18 months)
after transplantation.

Results Diastolic blood pressure was higher late after
transplantation, but calculated forearm vascular resistance
was lower (P , 0.01). Thus, increased forearm vascular
resistance does not contribute to the increase in blood
pressure. The vasoconstrictor response to L-NMMA was
similar in both groups but a reduced endothelium-
dependent vasodilator response to acetylcholine was seen
late after transplantation. However, impaired smooth
muscle responsiveness to nitric oxide may have
contributed to this ®nding, since the response to sodium
nitroprusside tended to be reduced. Vasoconstrictor
responses to norepinephrine and endothelin-1 were

comparable but no vasodilation was seen with low doses
of endothelin-1 late compared with early after
transplantation (P , 0.05).

Conclusions The ®ndings in the forearm circulation
question the concept of generalized increases in
vasoconstrictor responses or a disturbance of tonic, basal
release nitric oxide in the pathogenesis of cyclosporine-A-
induced hypertension. Although the forearm vasodilator
responses to the stimulation of endothelial nitric oxide
production and release by acetylcholine, and to low doses
of endothelin-1, were impaired, these ®ndings could be
explained by the increase in blood pressure rather than
cyclosporine A itself. J Hypertens 1999, 17:357±363
& Lippincott Williams & Wilkins.
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Introduction
The discovery and clinical use of cyclosporine A (CsA)
has greatly improved the success of organ transplanta-
tion [1]. However, its use is associated with a number
of adverse effects, among them the development of
hypertension [1,2]. Thus, the incidence of hypertension
has increased from less than 20% in the pre-CsA era to
more than 90%, and has become an important problem
in the care of patients after solid organ transplantation
[1±3]. The mechanisms behind CsA-induced hyper-
tension are not clear but renal [4], central nervous
system [5,6] and vascular smooth muscle effects [7]
have been implicated. In addition, studies in animals
[8,9] and in vitro [10] have suggested that CsA may
in¯uence various regulatory functions of the endothe-
lium, among them receptor-operated, nitric oxide

(NO)-dependent vasodilation and, thereby, cause or
contribute to CsA-induced hypertension. However, in
normal volunteers acute administration of CsA en-
hanced both basal and receptor-stimulated NO activity
in the forearm vascular bed [11] and switching hyper-
tensive patients after renal transplantation from CsA to
azathioprine did not change receptor-stimulated NO
activity in the forearm vasculature [12]. Because of
these contradictory results between experimental and
human data, we studied the effects of blockade of
endothelium-derived basal release of NO, as well as
the effects of endothelium-independent and -depen-
dent vasodilators and vasoconstrictors in patients trea-
ted with CsA after heart transplantation. These studies
were performed either early, i.e. when hypertension has
not yet developed, or late after transplantation, i.e.

Original article 357

0263-6352 & 1999 Lippincott Williams & Wilkins



when blood pressure had increased, to allow a differ-
entiation of the effects of CsA from those of increased
blood pressure on these parameters.

Methods
Nineteen male patients were studied following cardiac
transplantation. Eight of them (group 1) were investi-
gated early after heart transplantation, i.e. between
2 weeks and 3 months, and 11 patients (group 2) were
investigated late after heart transplantation, i.e. be-
tween 1.5 and 2.5 years. The protocol was approved by
the ethics committee on the use of human subjects in
clinical investigations of the University Hospital, ZuÈ r-
ich, and written informed consent to participate in the
study was obtained from all patients.

Design
Any antihypertensive, but not lipid-lowering, therapy
was discontinued for 2 weeks before the study. Investi-
gations were performed with patients recumbent and
resting in a quiet, temperature-controlled room and
lasted 5±6 h. Patients were allowed a light breakfast
and regular immunosuppressive therapy was given in
the morning. However, all patients had abstained from
ingesting coffee and from smoking cigarettes for at least
8 h before the start of the investigations. Before the
study, forearm volume was measured by volume dis-
placement [13].

An 18-gauge catheter (Abbocath-T, Abbott) was in-
serted under local anesthesia (1% lidocaine) into the
left brachial artery of the subjects, for regional drug
infusion and recording of arterial pressure. Subjects
were allowed to rest for 30 min after instrumentation
had been completed.

Then, baseline measurements of forearm blood ¯ow
(FBF), intra-arterial blood pressure (Novatrans II trans-
ducer; Medex Inc., USA, coupled to a HP M1166A
patient monitor; Hewlett-Packard, USA) and heart rate
(ECG) were performed. Measurements during drug
infusions were always performed during the last minute
of each infusion. Drug dosages were chosen that
produced only regional but no systemic effects, on the
basis of previous studies [13,14].

Following baseline measurements, the endothelium-
independent vasodilator sodium nitroprusside (SNP)
was infused (0:6 ìg=min per 100 ml forearm tissue) for
3 min and, after a washout period of 20±30 min, the
endothelium-dependent vasodilator acetylcholine was
infused in four increasing dosages (0.8, 10, 40, and
160 ìg=min per 100 ml) for 3 min each. After a further
washout period of 20±30 min, the effects of inhibition
of NO synthesis were investigated by infusing the NO
synthase blocker NG-monomethyl-L-arginine (L-
NMMA; 200 ìg=min per 100 ml) for 5 min. In order to

reverse the effects of the L-NMMA, L-arginine was
then infused (850 ìg=min per 100 ml for 7 min) fol-
lowed by a waiting period of 45±60 min. Subsequently
norepinephrine was infused in three ascending dosages
(7.5, 20, and 40 ng=min per 100 ml) for 5 min each.
Finally, after FBF had returned to control values,
endothelin-1 was infused in ®ve ascending dosages
(0.25, 0.5, 5, 25, and 50 ng=min per 100 ml) for 5 min
each. The same sequence of administration was used in
all subjects.

Measurements
FBF was measured bilaterally, using a mercury-in-
silastic strain gauge plethysmograph with the venous
occlusion technique [13]. The strain gauge was placed
approximately 5 cm below the elbow on the forearm
and coupled to an electronically calibrated plethysmo-
graph (EC4; Hokanson). Venous occlusion was
achieved by a blood pressure cuff applied proximal to
the elbow and in¯ated to 40 mmHg with a rapid cuff
in¯ator (EC10; Hokanson). Circulation to the hand was
arrested by in¯ating a cuff around the wrist to
50 mmHg above systolic pressure at least 1 min before
the measurements to eliminate the in¯uence of arterio-
venous shunts. Experiments were performed on the left
(experimental) forearm; blood ¯ow measurements on
the right (control) arm served as a control for potential
systemic drug effects. The FBF in the experimental
arm preceding each intervention was used as a control
value for the respective intervention. Plethysmographic
recordings were analyzed using a digitizing board and a
suitably programmed computer. The mean value of
four recordings obtained within 1 min was taken for
statistical evaluation. Forearm vascular resistance
(FVR) was calculated by dividing mean arterial pres-
sure, obtained immediately after ¯ow measurements,
by FBF and is expressed in arbitrary units (U).

Preparation of solutions
All solutions were freshly prepared before each study.
SNP was dissolved in 5% dextrose and protected from
light. Acetylcholine, L-arginine and norepinephrine
were diluted in 0.9% saline. Endothelin-1 (Clinalfa,
Switzerland) and L-NMMA (Sigma, Switzerland) were
dissolved in Physiogel (gelatine solution 4%; molecular
weight 22 000) to avoid binding to syringes or tubes.
Physiogel, in the volumes used in this study, does not
affect FBF [15]. Infusions were performed using con-
stant speed infusion pumps (Perfusor Secura FT; B.
Braun, Germany) with volume rates between 30 and
90 ml=h.

Statistical analysis
Results are expressed as mean � SD. Differences be-
tween the two groups were analyzed using the Mann±
Whitney U-test. Pro®le analysis of variance for repeated
measurements was used to determine the differences
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between the two patients groups regarding changes in
FBF or FVR during the various drug infusions.

Results
The baseline characteristics of both patient groups are
shown in Table 1. Two patients in each group had a
history of hypertension. As expected, intra-arterial and
ambulatory sitting blood pressures were higher in pa-
tients late after transplantation following the with-
drawal of antihypertensive therapy for 2 weeks, but the
differences between the groups were statistically sig-
ni®cant only for diastolic pressure. Consistent with
clinical practice aimed at reducing immunosuppressive
therapy late after transplantation, steroid doses and CsA
plasma levels were signi®cantly lower, while serum
levels of creatinine tended to be higher, in patients late
after transplantation. Six patients late after transplanta-
tion received lipid-lowering drugs but total and high
density lipoprotein cholesterol levels were similar in
both groups (Table 1).

Hemodynamic measurements preceding the various
pharmacologic interventions (e.g. pre sodium nitroprus-
side) showed no statistical differences compared with
baseline measurements (Table 2), indicating that the
waiting periods were suf®cient for the drug effects of
the preceding intervention to wear off.

Baseline FBF in the experimental arm in group 1
patients was signi®cantly lower than that in group 2
patients (3.4 � 1.0 versus 6:0 � 2:3 ml=min per
100 ml; P , 0.01), a ®nding similar to the observation
in the control arm (4.1 � 1.4 versus 6:3 � 2:2 ml=min
per 100 ml; P , 0.05). Thus, despite the higher blood
pressure, FVR was lower at baseline in patients late
after transplantation (29.6 � 8.2 versus 21.1 � 6.1 U;
P , 0.05).

The response to brachial artery infusion of the endo-
thelium-independent nitrovasodilator SNP was not sta-
tistically different in groups 1 and 2, with FBF
increasing to 10.4 � 2.3 and 11:5 � 2:6 ml=min per
100 ml, respectively. However, both absolute and per-

centage increases in FBF in response to the endothe-
lium-dependent vasodilator acetylcholine were sig-
ni®cantly attenuated in patients late after transplanta-
tion (Fig. 1). In these patients, FBF increased to a
maximum of 17:9 � 3:5 ml=min per 100 ml compared
with 24:0 � 4:0 ml=min per 100 ml early after trans-
plantation (P , 0.05). Thus, when taking into account
the differing baseline ¯ow values, FBF increased
582 � 220% early and 252 � 109% late after trans-
plantation (P , 0.001). Similarly, the reduction in FVR
was attenuated in patients late after transplantation and
decreased with the highest acetylcholine dose from
29.3 � 8.3 to 4.3 � 1.1 U (a decrease of 25.0 � 3.0 U) in
group 1 and from 22.2 � 9.1 to 6.3 � 1.3 U (a decrease
of 16.0 � 3.6 U) in group 2 (P , 0.05 by repeated
measures analysis of variance for changes with the four
acetylcholine doses).

Because lipid-lowering drugs improve endothelium-

Table 1 Patient characteristics

Patients early after
transplantation

(n � 8)

Patients late after
transplantation

(n � 11)

Age (years) 51:2� 7:3 55:8� 7:4
Sitting cuff pressure (mmHg)

Systolic 146:7� 13:4 159:4� 20:9
Diastolic 81:9� 10:5 98:4� 13:1��

Recumbent intra-arterial
pressure (mmHg)

Systolic 140:2� 10:2 149:4� 18:9
Diastolic 71:3� 8:2 87:1� 11:9�

Heart rate (beats/min) 87:0� 6:7 95:4� 8:1
Serum cholesterol (mmol=l)

Total 5:0� 1:1 4:9� 0:7
HDL 1:6� 0:7 1:2� 0:3

Serum creatinine (ìmol=l) 103� 31 128� 19
CsA blood level (ìg=l) 224� 52 166� 30�
Prednisone (mg=day) 24� 11 6� 4��
ACE inhibitors (n) 4 6
Calcium autogonists (n) 0 4
Beta-blockers (n) 0 1
Lipid-lowering drugs (n) 0 6

Values are means � SD. HDL, high-density lipoprotein; CsA, cyclosporine A;
ACE, angiotensin-converting enzyme. �P , 0:05; ��P , 0:01.

Table 2 Hemodynamic data obtained before the various pharmacological interventions in 19
heart transplant patients

FBF (ml=min Mean blood Heart rate
per 100 ml tissue) pressure (mmHg) FVR (units) (beats=min)

Baseline/pre SNP 5:0� 2:3 103:3� 21:1 24:6� 8:1 91:2� 20:8
Pre-acetylcholine 4:9� 2:3 104:8� 14:6 24:8� 9:3 92:5� 19:9
Pre-L-NMMA 5:2� 1:9 106:2� 15:1 23:0� 8:4 92:0� 20:1
Pre-norepinephrine 5:3� 1:9 107:6� 15:3 23:3� 8:5 93:0� 21:8
Pre-endothelin-1 5:5� 1:8 108:4� 14:1 22:8� 8:5 92:7� 20:0

Values are means � SD. FBF, forearm blood ¯ow; FVR, forearm vascular resistance; SNP, sodium nitroprusside;
L-NMMA, NG-monamethyl-L-arginine.
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dependent vasodilation in hypercholesterolemic pa-
tients [16], the responses to acetylcholine were also
analyzed separately for patients late after transplanta-
tion who were receiving lipid-lowering drugs (n � 6) or
not (n � 5). No difference was found between these
subgroups, in whom FBF increased similarly in re-
sponse to acetylcholine, and by a maximum of
11.7 � 3.2 (259 � 141%) and 14.9 � 2.1 (244 � 83%)
ml=min per 100 ml (NS) in patients treated or not
treated with lipid-lowering drugs, respectively.

The response to blockade of basal NO production by
L-NMMA was similar in both groups: FBF decreased
by 1:7 � 1:1 ml=min per 100 ml (31 � 12%) in group
1 and by 2:4 � 1:9 ml=min per 100 ml (30 � 16%) in
group 2 patients.

The absolute and percentage changes in FBF in
response to infusions of norepinephrine and endothe-
lin-1 are shown in Figure 2. Both groups showed similar
decreases in FBF in response to norepinephrine (Fig.
2, upper left panel); relative changes from the respec-
tive baselines were likewise similar (Fig. 2, upper right
panel).

The vasoconstrictor response to the highest dose of
endothelin-1 did not differ between both groups (Fig.
2, lower panels). However, low-dose endothelin-1
caused a small but signi®cant increase in FBF only in
patients early after transplantation (Fig. 2, lower pa-
nels). Thus, patients showed a 15 � 18% increase in
FBF early after transplantation, while only a non-
signi®cant degree of vasodilation (3 � 13.5%) was ob-
served for low-dose endothelin-1 in patients late after
transplantation (Fig. 2, lower right panel).

FBF in the control arm and blood pressure did not
change signi®cantly during the study, indicating that no
systemic drug effects occurred at the dosages used.

Discussion
The use of CsA for the prevention of graft rejection
after organ transplantation leads, in the majority of
patients, to an increase in blood pressure [1±3] through
an increase in systemic vascular resistance [17] but the
mechanisms underlying this adverse effect are not
clear. Several mechanisms have been proposed, among
them changes in the renal circulation [4], increased
sympathetic nerve activity [5,6], an increase in vascular
smooth muscle responsiveness to sympathetic nerve
stimulation or exogenously administered norepineph-
rine, possibly through a direct vascular smooth muscle
effect [7], increased endothelin-1 mediated vasocon-
striction [18], and a decrease in the vasodilatory capa-
city of the endothelium [9]. However, most of these
data were obtained after acute administration of CsA
either in-vitro or in animal experiments and little is
known about the effects of CsA on these parameters in
humans.

Our ®ndings demonstrate that no increase in vascular
responsiveness to norepinephrine or endothelin-1 oc-
curs late after transplantation when blood pressure is

Fig. 1

Forearm blood ¯ow responses to brachial artery infusions of
acetylcholine in eight patients early and 11 patients late after heart
transplantation. Absolute changes are depicted in the left and
percentage changes from baseline in the right panel. Open circles
represent patients early and closed circles patients late after
transplantation. ��P , 0.01, two-way analysis of variance for repeated
measurements. Values are means � SD. i.a., intra-arterially.

Fig. 2

Forearm blood ¯ow responses to brachial artery infusions of
norepinephrine (upper panels) and endothelin-1 (lower panels) in
patients early (open circles) and late (closed circles) after
transplantation. Absolute changes are shown in the left and percentage
changes from baseline in the right panels. �P , 0.05 for within-group
comparison of norepinephrine and endothelin-1 effects versus control
values. @P , 0.05 for comparison of low-dose endothelin-1 effect in
patients studied early and late after transplantation. Values are mean
� SD.
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elevated in most CsA-treated patients. Moreover, there
was no evidence for a defect in basal NO-mediated
control of tone in the FVR vessels of patients with
CsA-induced increases in blood pressure, compared
with normotensive patients. Furthermore, we could
con®rm that vasodilation occurs in the forearm vascular
bed, since basal FBF was increased and FVR decreased
in patients with CsA-induced increases in blood pres-
sure [19], in contrast to the vasoconstriction reported in
the human calf [5]. Acetylcholine-induced vasodilation
was signi®cantly reduced in patients late after trans-
plantation, a ®nding which is similar to that found in
some, but not all, patients with primary [13,20] and
secondary [21] hypertension. Finally, the vasodilator
response to low-dose endothelin-1 was absent in trans-
planted patients with CsA-induced increases in blood
pressure. A number of points relating to these ®ndings
need comment.

Difference in baseline hemodynamics
Basal FBF was increased in patients with CsA-induced
increases in blood pressure. Similarly, FBF increased
and vascular resistance decreased in another study
following the ingestion of CsA in heart transplant
recipients investigated on average 49 weeks after trans-
plantation [19]. Although we did not measure systemic
vascular resistance and, therefore, cannot be absolutely
sure that increased blood pressure was due to an
increase in systemic vascular resistance, others have
found CsA-induced hypertension to be characterized by
increased systemic vascular resistance [17]. Our obser-
vation of increased baseline FBF and reduced FVR
therefore imply that vascular resistance must be in-
creased in other vascular beds. This pattern of in-
creased skeletal muscle perfusion and presumably
decreased splanchnic and renal perfusion [19] resem-
bles to some extent that seen in normal subjects during
mental stress, preparation for physical work, and during
muscular exercise. However, cardiac output, which is
increased under these circumstances [22] is normal in
CsA-induced hypertension [17]. Such hemodynamic
changes have been ascribed to a common central
nervous system reaction seen in any defense situation
in preparation for self-preservation, i.e. the `®ght and
¯ight' reaction [22]. A central nervous system effect of
CsA appears to be an attractive, although speculative,
explanation. We have no explanation for the ®nding
that CsA decreased muscle ¯ow in the human calf [5],
although different muscular beds may respond differ-
ently to various stimuli [19,23].

Interestingly, brachial artery infusion of CsA in normal
volunteers did not affect FBF but enhanced the de-
crease of FBF when NO synthesis was blocked by L-
NMMA, suggesting a compensatory increase in NO
activity as a result of CsA [11]. The similar response of
FBF to NO synthase blockade by L-NMMA argues

against this explanation as a mechanism for the in-
creased basal FBF in our patients late after transplanta-
tion. Obviously, the effects of direct brachial artery
infusion of CsA in normal volunteers may differ from
chronic oral administration of CsA in transplant pa-
tients. Our data are also somewhat at variance with
results obtained after switching renal transplant patients
from CsA to azathioprine [12]. While blood pressure
decreased in these patients, FBF fell only insignif-
icantly after switching. However, levels of CsA ap-
peared to be lower in those patients than in ours,
although a direct comparison is not possible because of
the use of a polyclonal assay in that study, and a
monoclonal assay in ours. Moreover, antihypertensive
drugs were discontinued for at least 2 weeks in our
patients, compared with 3 days. Thus, differences in
patient characteristics and methods might explain why
FBF showed a tendency to decrease only after switch-
ing from CsA to azathioprine [12].

Vascular responsiveness to vasoconstrictor stimuli
Studies in animals and in-vitro have suggested that
vasoconstrictor responses are augmented by CsA [9,10].
At the cellular level, this effect seems to be mediated
by a CsA-induced increase in transmembraneous up-
take of smooth muscle Ca2�, which increases the
availability of trigger calcium in smooth muscle cells
[7]. Although such an effect might be expected to be
present throughout the circulation, we were unable to
demonstrate differences in the responses to two differ-
ent vasoconstrictor agents, norepinephrine and en-
dothelin-1, in patients with and without CsA-induced
increases in blood pressure in the human forearm
model. Thus, these ®ndings seem to argue against the
importance of such an effect in the development of
hypertension. However, we cannot exclude the possibi-
lity that forearm resistance vessels respond differently
to norepinephrine than do, for example, renal vessels,
as has been described after acute administration of CsA
in rats [24].

Endothelial vasodilator control of vascular tone
The blockade of basal endothelium-derived NO by L-
NMMA did not reveal a difference in FBF changes in
response to L-NMMA between patients with and with-
out post-transplant hypertension either in absolute or in
relative terms. In contrast, the vasodilator response to
acetylcholine, known to be predominantly mediated
through the endothelial release of NO [25], was sig-
ni®cantly attenuated in patients late after transplanta-
tion. The similar response to the direct smooth muscle
relaxing agent SNP suggests that the impaired response
to acetylcholine is related to a defect in the endothelial
production, release or availability of NO, rather than to
a disturbed smooth muscle response to guanylyl cyclase
stimulation in patients late after heart transplantation.
However, the results obtained with SNP have to be
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interpreted with some caution because we did not
assess SNP dosages that would have resulted in ¯ow
rates similar to those seen for the higher acetylcholine
doses. Nevertheless, the reduced response to acetylcho-
line is similar to several in-vitro and animal experi-
ments, which have demonstrated in a variety of
vascular beds that endothelium-dependent vasorelaxa-
tion may be impaired in the presence of CsA [8,9].
This ®nding also resembles observations in some but
not all patients with primary hypertension, who exhib-
ited a similarly blunted response to acetylcholine
[13,20,21]. Thus it is possible that this ®nding may be
related to increased blood pressure rather than to CsA
itself. There is reason to favor the latter contention.
Thus, levels of CsA were higher in patients early after
transplantation, but the acetylcholine response was
greater than in patients late after transplantation.
Although it might be argued that prolonged exposure
to CsA is required for the development of this endothe-
lial defect, the reduction in acetylcholine response in
vitro and in animals has usually been seen after acute
administration of CsA. Therefore, it appears likely that
this ®nding in humans is related to the increase in
blood pressure rather than to direct effects of CsA on
the endothelium. Thus, CsA-induced hypertension
appears to be similar to other forms of secondary
hypertension which also show decreased acetylcholine-
mediated vasodilation of forearm resistance vessels
[26].

Hypercholesterolemia impairs endothelium-mediated
NO release following muscarinic receptor stimulation
[27] and the majority of our patients required lipid-
lowering therapy during long-term follow-up. However,
cholesterol levels did not differ between patients early
and late after transplantation. In addition, patients late
after transplantation receiving lipid-lowering drugs had
a somewhat, though not signi®cantly, smaller response
to acetylcholine than those not receiving lipid-lowering
drugs. Because lipid-lowering therapy restores impaired
NO-mediated vasodilation in hyperlipidemic patients
[16], it might be argued that the acetylcholine response
in our patients would have been even more impaired
without lipid-lowering therapy. For this reason, it
appears unlikely that this difference in therapy explains
our observations.

Patients with CsA-induced increases in blood pressure
did not respond to low-dose endothelin-1 infusion with
vasodilation. This vasodilator effect, mediated by acti-
vation of endothelin type B receptors on endothelial
cells, appears to be the result of endothelial release of
prostacyclin or NO, or both [28,29]. A suppression of
the generation of endothelial prostacyclin by CsA has
been described in isolated human umbilical veins in
culture [30]; this ®nding may therefore indicate an
endothelial defect related to CsA. However, a non-

speci®c effect related to the increase in blood pressure
cannot be excluded [5,19,24,31±33].

Limitations of the study
We used the forearm infusion model with a ®xed
sequence of drug administration. Although time was
allowed for FBF to return to control values after an
intervention, it cannot entirely be ruled out that drug
interactions in¯uenced our ®ndings, except for baseline
measurements. Differing baseline FBF values also in-
¯uence the effective intra-arterial concentration of a
drug. Thus, the reduced response to acetylcholine late
after transplantation might have been, at least in part,
the result of higher baseline FBF and, therefore,
reduced concentrations of acetylcholine. However, the
differences with respect to acetylcholine-induced vaso-
dilation were most marked for the higher concentra-
tions. when the difference between absolute FBF
values in both groups were only approximately 25%
compared with almost 50% at baseline. Similarly, the
missing vasodilator response to low-dose endothelin-1
might have been in¯uenced by such an effect. In
addition, the response to SNP either tended to be
smaller (when analyzed as absolute FBF changes) or
was signi®cantly reduced (when analyzed as percentage
changes from the higher baseline values) in patients
late after transplantation. Since we did not assess
whether this difference persisted at ¯ow rates similar to
those seen for the higher acetylcholine doses, we
cannot exclude the possibility that a reduced smooth
muscle responsiveness to NO stimulation contributed
to the reduced response to acetylcholine. However, in-
vitro and animal experiments suggest that smooth
muscle responsiveness to NO is not impaired by CsA
[34,35]. Finally, the interpretation of ®ndings derived
using this technique must be made with caution,
because differences between this vascular bed, which
supplies mostly muscle and skin, and others can not be
excluded.

Conclusions
Our ®ndings argue against there being a generalized
increased vasoconstrictor response or a disturbance of
tonic, basal release of NO in the pathogenesis of CsA-
induced blood pressure increases in patients late after
cardiac transplantation. The vasodilator response to
stimulation of the production or release of endothelial
NO by acetylcholine and low doses of endothelin-1
were impaired. However, these changes are more likely
to have been caused by the increase in blood pressure
than by the effects of CsA itself, and appear similar to
those described, at least for the acetylcholine response,
in primary and secondary forms of hypertension. How-
ever, we cannot exclude the possibility that an impaired
smooth muscle responsiveness to NO contributed to
the impaired vasodilator response to acetylcholine and
that differences exist between the vascular bed studied,
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i.e. forearm resistance vessels, and other beds regarding
the mechanisms investigated.
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