Transpl Int (1998) 11 [Suppl 1]: S519-S524
© Springer-Verlag 1998

S.M. Wildhirt

M. Weis

C.Schulze
G.Rieder
G.Enders

U. Wilbert-Lampen
P.Ueberfuhr

H. Reichenspurner
W.von Scheidt
B.Reichart

S.M. Wildhirt (C=]) - C.Schulze -
P.Ueberfuhr - H. Reichenspurner -
B.Reichart

Department of Cardiac Surgery,
Ludwig-Maximilians University,
Marchioninistrasse 15, D-81377 Munich,
Germany

Tel. + 49-89-7095-3453;

Fax + 49-89-7095-8875

e-mail wildhirt@hch.med.uni-muenchen.de

M. Weis - U. Wilbert-Lampen -

W.von Scheidt

Department of Cardiology,
Ludwig-Maximilians University, Munich,
Germany

G.Rieder - G.Enders

Department of Surgical Research,
Ludwig-Maximitians University, Munich,
Germany

HEART-LUNG

Endothelium-dependent microvascular
vasomotion and its correlation

with vasoactive mediators early

after cardiac transplantation in humans

Abstract Endothelial dysfunction
precedes and predicts transplant
vasculopathy. We investigated the
relationship between endothelial
dysfunction and the vasoactive me-
diators nitric oxide and endothelin,
33.7£2.0 days after heart trans-
plantation. Coronary flow was mea-
sured in 18 patients to determine the
endothelial microvascular vasomo-
tor response to acetylcholine. Endo-
myocardial biopsies were taken to
determine the levels of gene expres-
sion of isozymes of endothelin and
nitric oxide synthases (NOS). Blood
samples from the coronary sinus and
aorta were withdrawn for measure-
ment of endothelin, nitrite and cy-
tokines. Five patients (30 %)
showed an impaired coronary flow
reserve response to acetylcholine,

significantly higher inducible NOS
gene expression and significant
transcardiac nitrite production.
Plasma nitrite correlated with tu-
mour necrosis factor-alpha levels in
coronary sinus and a transcardiac
net extraction of endothelin was
noted in all patients. In conclusion,
30 % of patients develop endothelial
dysfunction early after heart trans-
plantation; this correlates with the
expression and activation of vasoac-
tive and immunomodulatory media-
tors, which may predict the deve-
lopment of transplant vasculopathy.
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Introduction

The integrity of the coronary endothelium plays a key
role in the protection of the vasculature from injury; it
is a target organ in several disease states such as diabe-
tes, hypercholesterolaemia, hypertension and in pati-
ents with chronic, (smoulder) high immunological activ-
ity such as after cardiac transplantation. Endothelial in-
jury leads to the development of coronary atherosclero-
sis, myocardial ischaemia and infarction [1]. The devel-
opment of transplant vasculopathy (TVP) as a more
progressive and accelerating form of coronary athero-
sclerosis has been observed with the establishment of
cardiac transplantation as a therapeutic modality for
end stage heart disease. Recently, it has been reported
that an early endothelial dysfunction (ED) after cardiac

transplantation precedes and predicts the development
of TVP [2, 3]. Several vasoactive mediators have been
discussed as pathological key factors leading to graft
atherosclerosis and dysfunction after cardiac transplan-
tation; these include enhanced endothelial release of
the potent vasoconstrictor peptide endothelin-1 (ET)
and impaired or increased production of nitric oxide
(NO) derived from the constitutive [4-6] and inducible
[7-10] nitric oxide synthases (cNOS, iNOS).

The present study investigated the relationship be-
tween ED and expression and production of ET and
NO in an early but stable phase after cardiac transplan-
tation in humans.



Materials and methods

The study protocol was reviewed and approved by the Human
Subjects Research Committee of the Ludwig-Maximilians Univer-
sity and all participants granted written informed consent. Eigh-
teen patients were included in the study. Exclusion criteria were
impaired renal function (serum creatinine levels > 1.5 mg/dl),
acute signs of infection 10 days or less prior to blood sample collec-
tion and/or rejection grade = 1b (ISHLT) 10 days or less prior to
collection of biopsy samples. ‘

Donor hearts were preserved with University of Wisconsin so-
lution and recipients were kept on standard immunosuppressive
therapy which included tacrolimus (FK 506; Fujisawa) in combina-
tion with azathioprin and prednisolone. Except for the immuno-
suppressive regime, all medication was discontinued 12-24 h in pri-
or to data and sample collection. All patients were subjected to en-
domyocardial biopsy and coronary angiography 33.7 + 2 days after
heart transplantation. Two myocardial samples were collected, im-
mediately frozen in liquid nitrogen and stored at —80°C until re-
verse transcriptase—-polymerase chain reaction (RT-PCR) was per-
formed. Blood was withdrawn from the coronary sinus (CS) and
aorta and stored frozen at -80°C.

Endothelium-dependent microvascular vasomotion

After a bolus of intravenous heparin (5000 U), microvascular vaso-
motor response was assessed by flow velocity measurements with
an intracoronary Doppler flow wire (0.04 cm; Flo Wire, Cardio-
metrics, USA). The technical details of the system and its valida-
tion for accurate measurements have been described in detail else-
where [11]. The Doppler flow wire was positioned in the proximal
part of the left anterior descending coronary artery. After baseline
flow velocity readings were obtained, the endothelium-dependent
changes in flow velocity were measured with intracoronary acetyl-
choline (30.0 ug/min over 5 min). Increases in peak flow velocity
by a factor of 2.0 and greater were considered normal. Increases
in flow velocity below factor of 2.0 were considered as ED. Heart
rate, mean arterial pressure, coronary flow velocity and electrocar-
diograms were monitored continuously throughout the procedure.

RNA extraction and cDNA preparation

Samples were homogenised with an OMNI 200 homogeniser (Siid-
Laborbedarf, Germany) in 600 ul of lysis buffer (Quiagen, Germa-
ny). Insoluble material was separated from the lysate by centrifu-
gation at 10000 g for 3 min. Total RN A was extracted from the su-
pernatant using spin columns with a selective binding silica-based
membrane (RNeasy kit, Quiagen). Total RNA was quantified by
measuring the optical density at A, and was confirmed by gel
electrophoresis. cDNA was prepared from 2 ug of total RNA in
30 ul reverse transcription buffer (Gibco BRL, UK) supplemented
with 0.6 mM cach of dATP, dGTP, dCTP and dTTP (New England
Biolabs, Germany), 32 U RNase inhibitor (Boehringer, Germany),
400 U of Moloney murine leukacmia virus reverse transcriptase
(MMLV-RT; Gibco BRL), 10 mM dithiothreitol and 1.5uM
(p(dt),s primer (Boehringer) at 37°C for 60 min. Subsequently,
the reaction mixture was heat inactivated for 10 min at 95°C.

Table 1 Sequences of the primers used in this study are shown.
The various primers were designed to result in specific detection
of products from the ¢cDNA and not from the genomic DNA.
(GAPDH Glyceraldehyde-3-phosphate dehydrogenase, iNOS in-
ducible nitric oxide synthase, ecNOS endothelial constitutive nitric
oxide synthase, E7-7 endothelin-1)

Product
size (bp)

GAPDH TGAAGGTCGGAGTCAACGGATTTGGT 983
CATGTGGGCCATGAGGTCCACCAC

Primer  Sequence (5 to 3")

iINGS GGCCTGGAAACGCACAAGCTG 506
TTGGGGTTGAAGGCACAGCTG

ecNOS GAAGAGGAAGGAGTCCAGTAACAC 451
GGTGGCCCTCGTGGACTTGCTG

ET-1 GTCAACACTCCCGAGCACGTT 350
CTGGTTTGTCTTAGGTGTTCCTC

PCR procedure

An aliquot (3 pl) of cDNA was amplified by PCR with a DNA
thermal cycler (Perkin Elmer 480, Cetus, USA). The amplification
reaction was carried out in a total volume of 50 ul of PCR buffer
containing 10 mM TRIS-HCT (pH 8.3), 1,5 mM MgCI2, 50 mM
KCI, 200 pM each of dATP, dGTP, dCTP and dTTP, 400 nM each
of 3* and 5’ primers, and 1 U Taug DNA polymerase (Boehringer)
The oligonucleotide primers had been synthesised on a DNA syn-
thesiser (Applied Biosystems, USA} and purified using Sephadex
columns (NAP 5: Pharmacia, Germany).

The primers were designed such that only the expected prod-
ucts were obtained from the cDNA and not from genomic DNA
[12]. The glyceraldehyde-3-phosphate dehydrogenase transcript
was used as an internal control of the processed RNA. The nucle-
otide sequences of the primers used in the amplification reaction
are shown in Table I. The PCR reaction mixture was covered
with 50 ul of light mineral oil (Sigma Chemie, Germany). After
| min predenaturation at 94°C, the PCR conditions were as fol-
lows: denaturation at 94 °C for 45 s, annealing at 62°C for 45 s and
extension at 72°C for 1 min. To ensure detection of low-abundance
mRNA, 35 amplification cycles were performed. A sample (10 ul)
of each amplified product was subjected to electrophoresis in a
1% agarose gel (Promega, USA), stained with ethidium bromide
and visualised by UV illumination.

Determination of plasma ET levels

Plasma (ca 5.0 ml) was frozen at —80°C. Plasma ET concentration
was determined by radioimmunoassay (RIA), as described previ-
ously [13]. In brief, samples were lyophilised and redissolved in
350 ul of RIA buffer (containing 13.75 g NaH,PO,. 43.8 g Na(l,
0.5 % bovine serum albumin, 5 g gelatin and 0.5 % Triton X-100in
51 deionised water at pH 7.3) to which 100 ul ET-1 antiserum
(RAS 6901 N, rabbit: Peninsula, Germany) was added. Cross-reac-
tivity of the antiserum was 100 % to the human antigen, as speci-
fied by the manufacturer. [3-13T-Tyr-]-ET-1 (50 ul) was added to
the assay reaction and samples were incubated overnight. Separa-
tion of bound and unbound tracer was achieved by addition of
500 pl charcoal suspension (containing 0.5 g bovine serum albumin
and 1.25 g activated charcoal in 100 ml of RIA buffer without Tri-
ton X-100). Bound radioactivity was measured in a gamma counter
and calculated in fmol/ml.
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Fig.1A,B Myocardial gene expression of inducible (iNOS)} and
constitutive nitric oxide synthases (ecNOS) and endothelin (ET-1)
were semiquantitatively determined by reverse transcriptase—poly-
merase chain reaction using specific primers. As shown in A a sig-
nificantly higher iNOS gene expression was noted in patients with
impaired coronary flow reserve (CFR). No significant differences
were noted with respect to cNOS and ET. B Gene expression for
three different patients in each group. Patients 1-3 have impaired
CFR. 4-6 have normal CFR. Lane 7 DNA marker, lanes 8, 9 posi-
tive and negative controls, respectively. Glyceraldehyde dehydro-
genase (GAPDH) served as a control gene

Determination of total plasma nitrate/nitrite oxide
and cytokine levels

Total nitrate/nitrite levels were measured by the Gries reaction. In
brief, plasma was deproteinised by ultrafiltration (Centrifree mi-
cropartition system; Amicon., USA). The nitrate content of the
sample was reduced to nitrite with nitrate reductase. Sample ali-
quots were incubated in the presence of 0.1 U/ml nitrate reductase
in 2.5 mM phosphate buffer containing 5.0 uyM FAD and 50 uM
NADPH (all from Boehringer-Mannheim) in a final sample vol-
ume of 106.7 1l and incubated for 30 min at 37°C. NADPH was ox-
idized by adding 6.7 ul of a reaction mix containing lactate dehy-
drogenase (dilution 1:10: 60 ul) and pyruvate (140 ul) followed
by 5 min incubation at 37 °C. Finally, the Gries reagent was added
followed by incubation at 37°C for 10 min. The reaction was stop-
ped by adding 333.0 ul cold TCA (1.2 M). Samples were measured
by spectrophotometric analysis at 540 nm. A standard curve was
performed in each experiment. The nitrite content of the samples
was calculated from the standard curve. which was linear within
this range.

The pro-inflammatory cytokine tumour necrosis factor (TNF)-
alpha and its specific receptors TNF-Rpl, TNF-Rp2 was well as in-
terleukin (IL)-6 and sIL-2r were measured by enzyme immunoas-
say and ELISA, was described in detail elsewhere [14].

Statistical analysis

Group data are presented as arithmetic mean values £ SEM. One-
way analysis of variance was performed to compare patients with
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and without ED. A paired ¢-test was used to assess differences be-
tween each individual. Correlation coefficients were determined
by simple regression analysis. P values of 0.05 or less were consid-
ered statistically significant.

Results

All patients presented with normal renal function pa-
rameters (serum creatinine 1.1 + 0.3 mg/dl} and absence
of acute rejection episodes of grade = 1b (ISHLT) for
at least 10 days prior to examination. In addition, no
signs of acute bacterial or viral infection were observed
or had had to be treated within 10 days prior to exami-
nation.

Thirteen patients showed normal, endothelium-de-
pendent coronary flow reserve (CFR 2.8 + 0.2). Howev-
er, in five patients (29 % ). an impaired flow increase in
response to the endothelium-dependent vasodilator
acetylcholine was observed, suggesting an ED (CFR
1.5+ 0.9). None of the patients presented with angiog-
raphic evidence of macroscopic coronary atherosclero-
sis.

Patients with impaired CFR showed a significantly
higher score for myocardial iNOS gene expression
and an equal or lower cNOS gene expression than pa-
tients with normal CFR (Fig.1). In addition, CS plas-
ma nitrite levels tended to be higher than the aortic
concentration in patients with ED, suggesting transcar-
diac NO production (Fig.2). Moreover, CS nitrite lev-
els correlated with CS TNF-alpha concentration
(Fig.2).

ET gene expression was noted in all patients (Fig. 1).
However, the plasma ET concentration was significantly
lower in the CS than in the aorta, suggesting a transcar-
diac ET extraction (Fig.3). Moreover, plasma ET levels
correlated with CFR in response to acetylcholine
(Fig.3).
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In up to 60 % of all patients, a significant transcardiac
cytokine release was observed (IL-6) 58.8 %, TNF-Rp2
58.8%. TNF-alpha 53.3%. sIL-2R 50%, TNF-Rpl
41.6%9.

Discussion

The results of the present study indicate that nearly
30% of patients have an impaired endothelium-depen-
dent CFR in response to acetylcholine 1 month after
heart transplantation. This finding may be of impor-
tance since recent data suggest that epicardial ED early
after cardiac transplantation predicts the development
of TVP at 1 year posttransplant [2]. However, a possi-
ble relationship between ED and expression and activa-
tion of vasoactive mediators early after cardiac trans-
plantation has not been addressed to date. The new
finding of the present study is the increased iNOS

Coronary Flow Reserve

gene expression in patients with impaired microvascu-
lar endothelial function. In addition, there was a trend
for transcardiac nitrite production in patients with im-
paired CFR, indicating cardiac NO production. Which
isoenzyme has actually produced NO within the heart
remains uncertain. However, increased iNOS gene ex-
pression may be a potential source of cardiac NO pro-
duction and might cause the impairment of endothelial
response to acetylcholine. In this context, iNOS activa-
tion might deprive the endothelium of substrate for
NO production and might explain the compromised en-
dothelium-dependent vasodilatation observed in these
patients. Similar findings have been shown recently in
a rabbit model of atherosclerosis [15]. In addition, up-
regulation of iNOS activity has been shown in acute
cardiac allograft rejection. Selective modulation of this
isozyme by aminoguanidine prolonged graft survival
and prevented vascular barrier dysfunction in rats [7,
16]. Moreover, Lewis et al. [9] showed an association



between vascular and contractile dysfunction of the left
ventricle and induction of iNOS in the human cardiac
allograft. In the present study, endothelial ctNOS gene
expression appeared to be unchanged or impaired in
patients with ED. Similar findings were reported by
Akytirek et al. [17] who observed unchanged cNOS ex-
pression during development of TVP in rat aortic
grafts. Decreased endothelium-derived NO may con-
tribute to ED due to enhanced leucocyte and platelet
adhesion to the vascular wall, as shown recently after is-
chaemia and reperfusion [18-20]. This is supported by
Drexler et al. [21]. who reported beneficial effects of in-
tracoronary L-arginine in cardiac transplant recipients
with severely depressed blood flow response to acetyl-
choline, supporting the notion that ED in those patients
was improved by administration of the NO precursor.
Moreover, decreased ¢cNOS activity may enhance the
expression of adhesion molecules, contributing to fur-
ther endothelial cell injury and subsequent develop-
ment of TVP. In fact, it has been shown recently that
enhanced arteriolar endothelial ICAM-1 expression
correlated with early angiographically visible TVP in
humans [22, 23].

An important finding in this study is the correlation
of CS nitrite levels and CS TNF-alpha concentration
Fig.2). TNF-alpha and other cytokines are known to up-
regulate iNOS gene expression and activation [24]. High

amounts of NO produced by NOS could contribute to
endothelial and myocardial dysfunction, as previously
reported [9, 16, 25].

In addition to alterations of the NO pathway, a signif-
icant transcardiac extraction of ET was noted in most
patients. The functional significance of this finding re-
mains elusive but similar findings have been reported
by others [26]. Whether or not the transcardiac net ex-
traction of ET reflects myocardial activation of ET re-
ceptors cannot be answered in the present setting. How-
ever, ET may contribute to ED and impaired CFR due
to enhanced vasoconstriction and mitogenic effects, as
shown previously in early atherosclerosis [5]. The posi-
tive correlation between TNF-specific receptors and
CS ET levels is noteworthy and reflects an immunologi-
cal process in the development of ED.

In conclusion, the present data indicate that approxi-
mately 30 % of patients develop ED within 1 month af-
ter cardiac transplantation, which is associated with al-
terations of vasoactive and immunomodulatory media-
tors such as NO, endothelin and cytokines. Since trans-
plant vasculopathy is a major limiting constituent of life-
time after heart transplantation, the contribution of va-
soactive factors to the development of ED in the early
phase after heart transplantation should not be underes-
timated and may be an important therapeutic target in
these patients.
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