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The endothellum-dependent vasadilator substance P dilates nor-
mal and discased coronary vessels in humans in vivo and produces
a maxima; response similar to that scon with intracoronary
isosorbide dinitrate. Twelve cardiac transplant recipients under-
went intr y infusion of P after routine annual
investigations. All patients were well, with no evidence of rejection
and with anglographically normal coronary arteries. Substance P
was infused at 2 mb/min for 2 min into the coronary artery,
starting at & dose of 1.4 pmoYmin and increasing by doubling
increments, and followed by isosorbide dinitrate (1 mpg/min)
infused over 2 min. Coronary ortery diameter was measured in 23
vessel segments from 12 transplant recipients,

The following doses were infused: saline solution {1 mi/min},
substance P (0.7 {three patients], 1.4, 2.8, 5.6, 11.2, 22.4 pmol/

min) and isosorbide dinitrate (1 mg/min). The mean percent
increase in diameter (= SEM) in respanse to increasing dases of
substance P was as follows: 0, 6.5 £ 2.9%, 10.9 + 2.9%, 1.1 =
2.9%, 16.5 £ 2.6%, 19.2 + 3.1% and 25.8 + 2.2%, respectively.
Half maximal dilation was produced with 1.4 to 2.8 pmol/min of
substance P; the maximal response (mean percent diameter
change) was 22 % 2.5%. This was uot significantly different from
that achieved with _sosorbide dinitrate.
1t is concluded that caronary endothelial function as assessed
by response ta substance P is preserved in cardiac transplant
recipients with angiographically normal coronary arteries. Sub-
slance P may be a suitable agent for testing endothelial function in
these patients.
J Am Coll Cardiol 1991:17:1537-44)

‘The most important determinant of long-term prognosis after
cardiac p is the devel of accelerated
corenary artery disease {1). The normal physiologic behuv-
ior of the coronary arteries may be altered after cardiac
transplantation, as a result of several possible mechanisms
including denervation (2) and injury to the endothelium by
the cardioplegic solum)n dunng the period of i ic arrest

lial dysfunci’on in patients with atherosclerosis. In cardiac
transplant recipients. similar studies {7) using intracoronary
acelylcholine have suggested that there may be endothelial
dysfunction in the coronary arteries with graft sclerasis.
Other investigators {8) have shown a vasoconstrictor re-
sponse o intracoronary acetylcholine early after cardiac

(3). 1n additi diated injury to the
endothelium (4) may occur and lhls process of endothelial
damage has been postulated to be involved in the develop-
ment of accelerated coronary artery disease.

Endotnelial cells have been shown to be sbligatory in the
refaxation of smooth muscle by acetylcholing {5) and in vivo
intracoronary studies have been carried out using this agent.
It has been demonstrated (6) that in disease states such as
atherosclerosis there is paradoxic vasocenstriction in re-
sponse to acetylcholine. whereas normal coronary vessels
respond with dilation, suggesting that there may be endothe-
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t ion and have questioned the link between the
acetylchotine response and endothelial dysfunction in graft
coronary sclerosis. In vitro investigations (9) of isolated
coronary arteries have also shown that acetylcholine may
not always refax these vessels and, when infused directly.
may cause vasoconstriction in vivo in the majority of cases
10

Substarce P is an 1 amino acid vasodilator nenrapep-
tide. 1t is found in the peripheral nervous system in sensory
neurons (11), the vagus {12) and some sympathetic gangiia
{13). It has also been localized to the perivascular nerves of
many animals (14} and the perivascular regions of small
arterioles in the human heart (15). [t is a potent vasodilator
in humans, causing vasodilation in the forearm when infused
into the brachial artery (16) and dilating epicardial coronary
arteries when infused into the coronaty circulation (17).
The vasodilative action of substance P has been shown
1o be endothelium dependent in most species (18), including
humans (19.20), and its action in human coronary artery
rings is abolished by the nitric oxide synthesis inhibitor
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Takle 1, Clinical Characteristies of |2 Patients Undergoing Infusion of Substance P After Cardiac Transplantation
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L-N¥-monomethyl-arginine (21). These studies thereiure in-
dicate that substance P is 4 potent stimulant of endothelium-
derived relaxing factor production by endothelium. The aim
of this study was to investigate the use of substance P in the
evaluation of coronary endothelial function in patients with
angiographically normal coronary arteries after cardiac
transplantation.

Methods

Study patients (Table 1). Twelve men were studied | 10 3
years (mean 35 months) after cardiac transplantation. The
mean age was 53 years (range 47 to 63). All patients had
angiographically normal coronary arteries. which was the
only selection criterion: they were not preselecled. At the
time of routine annual investigation. all were clinically well,
with no evidence of cardiac rejection as assessed by endo-
myocardial biopsy. Table | lists the clinical characteristics of
the 12 patients and includes patient and donor age. the time
after transplantation at which the study was carried out. the
number of treated rejection episodes and the ischemic times
of the donor heart.

Infusion protocel. Substance P infusion was carried out
after right heart catheterization, lefl venticulography, selec-
tive coronary angiography and right veniricular endomyo-
cardial biopsy. Coronary aricriography was performed with
the Judkins technique. A baseline angiogram performed with
Omnipzque 350 (iohexol) was obtained in the projection best
displaying the coronary anatomy. as determined previously
from the diagnostic films. This position was not altered
throughout the course of the study. A high resolution
12.7 em image intensifier (Optimus M200 Phillips) was used.
After a conlrol angiogram was obtained, saline solution was

male: s = number of positive matches: mn = number

infused at 1 ml/min for 2 min. This vehicle infusion was
carried out before the infusion of substance P in all 12
patients, Increasing concentrations of substance P were then
infused at a starting dose of 0.7 pmol/min in three paticnts
and of 1.4 pmol/min in nine patients. Immediately after the
infusion. another coronary angiogram was performed. A
dose of substance P twice as large as the previous dose was
then infused at the same infusion rate. Angiograms were
repeated and this procedure was continued to a maximal
dose of 22.4 pmol/min in 10 patients and of [1.2 pmol/min in
2 patients. On completion of the substance P infusions.
isosorbide dinitrate was infused at 1 mg/min for 2 min, when
a final angiogram was taken. In 11 of the 12 patients,
substance P was infused into the leit coronary artery and in
| patient it was infused into the right coronary artery.

Ethics. Informed written consent was obtained from each
patient. The study was approved by the Ethical Committee
of Harefield Hospital and the Research and Ethical Commit-
tees of Hammersmith Hospital,

Quantitative angiographic analysis. Coronary artery lumi-
nal diamelter was measured by an aulomated edge detection
computer analysis syster {Cardiovascular Angiography
Analysis System. CAAS. Pie Data Medical). End-diastolic
film frames were used for analysis and specific proximal
segments of the left anterior descending and circumflex
coronary arleries were chosen. A point after the first diago-
nal branch of the lefi anterior descending artery and after the
first obtuse marginal branch of the left circumflex artery was
used and the diameter across this point was measured. The
size of the coronary catheter (7F in all cases) was used for
calibration of the image in millimeters and correction was
made for radiographic pincushion distortion. In all, 23 cor-
onary vessel segments were analyzed: 11 left anterior de-
scending artery segments, il left circumflex artery segments
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and | right coronary artery segment (in the paticnt who hart
the right coronary artery infusion). Six of the 12 films were
reanalyzed by a second observer and the measurement was
highly reproducible (r = 0.983, p = NS between observa-
tions).

Data presentation. Coronary diameter is expressed in
millimeters or 2s percent diameter change from the control
value. Mean values * 1 SEM are given for each dose vl
substance P. Responses were compared by using repeated
measurements analysis of variance. A p value <0.05 was
taken to indicate significance.

Results

The infusion studies were well tolerated by all patients.
with no adverse effects during substance P or isorbide
dinitrate infusion. No patient experienced symptoms during
any stage of the infusions. No alterauon in the surface
electrocardiogram was seen.

Epicardial dilation (iable 2), The initial infusion of 0.95
N salin¢ solution caused no significant change in coropary
diameter compared with that determined the bas:li
vehicle infusion. Substance P caused a dose-dependent
increase in proximal luminal diameter (Fig. 1). [n 135 vessel
segments, the maximal response occurred at the two maxi-
mal doses of substance P, but in the remaining 8 segments
the maximal responsc occurred at lower doses of 2.8 and
5.6 pmol/min; half maximal dilation was produced wiih .4 1o
2.8 pmol/min. The mean maximal percent dilation achieved
with sub; P was not i ty different from that
achieved with isosorbide dinitrate (22.02 = 2.46% vs.
25.76 = 2.17%) (Fig. 1). The mean preinfusion diameter was
2.98 £ 0.12 mm. For the total group, there was a significant
difference between baseline vehicle infusion. lower doscs of
substance P and the 11.2 and 22.4 pmolmin doses of
substance P. Analysis of individual patient maximal re-
sponse to substance P and isosorbide dinitrate, however.
showed that there were six vesse! segments in six paticnis
whose maximal substance P response was attenuated in
comparison with the response to isorbide dinitrate (Fig. 2).

Peripheral hemodynamic effects. There was no significant
change in heart rate with increasing doses of substance Pand
isosorbide dinitrate. Femoral ariery systolic pressure
showed a tendency to decrease at higher doses of substance
P that reached significance at the (1.2 and :_ 4 pmol/min
level {p < 0.03) compared with the lower doses (Fig. 3). The
mean maximal decrease in systolic pressure was 11.25 mm
Hg. There was no further significant decrease in aortic
systolic pressure after infusion of isorbide dinitrate. There
was a similar trend for aortic diastolic pressure, with a
significant difference between the 2.8 pmol/min dose and the
two maximal doses {11.2 and 22.4 pmol/min) of substance P
{p < 0.05). The mean maximal dccrease in aortic diastolic
pressure, 5.63 mm Hg, occurred at 22.4 pmol/min. Aortic
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diactolic pressure was unaltered by infusion of isosorbirle
dinitrate.

Follow.up angiography. Five patients (Patients | to 3)
have now been followed up for routine annual investigation
1 year after the substance P infusion study. In these patients.
the coronary arteries remain normal, with no detectable
change in coronary artery dimensions.

Discussion

This study has shown that cardiac transplant recipients
have a preserved vasodilator response to intracoronary
infusion of substance P. The degree of maximal vasodilation
observed in large epicardial vessels is similar in degree to the
vasodilation observed in normal patients after infusion of
intracoronary substance P and nitrates (17). Furthermore. in
onf patients. there was no relation between the length of
time after cardiac transplantation and the degree of response
10 substance P. suggesting that the coronary endathelium
remains a physiologically active organ many vears after
reansnlaniation

Comparison with other studies. A recent in vitro sludy
(21} of human epicardial coronary rings indicated that relax-
ation induced by substance P is mediated by endothelium-
derived relaxing factor because relaxation of ceronary rings
was inhibited by L-N®-monomethyl-arginine (L-NMMA).
which is a specific inhibitor of nitric oxide formation from its
precursor L-arginine. Nitric oxide is now thought to be
endothelium-derived relaxing factor (22). These observa-
tions suggest that the vasodilation observed in response to
substance P in our patients is due 1o the release of endothe-
lium-derived relaxing factor. [n contrast, it was previously
sugpested {7) that endothelial dysfunction, to a degree that
suggests a lack of cndothelium-derived relaxing factor re-
lease. is an early finding after cardiac transplantation as
shown in studies with intracoronary acetylcholine. Acetyl-
choline has been demonstrated to be a dilator of coronary
arteries in vivo and in vitro in the presence of an intacl
endothelium. However, different studies (7.8) of the re-
sponse of coionary arteries ir cardiac transplant recipients
10 intracoronary acetylcholine have sheva varving results.
Fish et al. (7) demonstrated that in the majority of patients
with angiographically smooth caronary arteries. the arteries
failed 1o dilate or displayed paradoxic vasoconsiiiction in
response to acetylcholine. It was implied that endothelial
dysfunciion was present and that there is some causal
refation to the develop of coronary ather is in
Ihese patients. More recently, it was shown (23) that acetyh
choline may have a much greater effect on coronary blood
flow than on epicardial coronary diameter and that it tends to
cause coronary vasoconstriction in the majority of patients,
even those with normal coronary arteiies. Although studies
in vitrp (9.19) and in vivo (6) have demonsirated a dilative
response of epicardial coronary arteries to acetylcholine,
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Table 2. Absolute Diamcter and % Diameter Change in 12 Patients Undergoing Infusion of Substance P After Cardiac Transplantation

i Substance P Dose 1.AD Dism LAD LCx Diam LCx RCA Diam RCA
No. (pmulmin) ) & Diam {mm) % Diam fmm} % Diam*
1 Saline 288 i} 260 a
0.7
14 279 =211 2.58
R 36 308
30 18.25 289
L2 12,63 ki3
2.4 18.6: %
ISDN 20,00 LK 13
2 Saline 0 1% 0
0.7 ~17.62 184 ~1341
1.4 —6.10 292 -10.98
28 298 339 xn
36 -4.47 3.99 2165
1.2 1020 3.66 1159
24 -7.69 362 10.37
1SDN 15.14 4.14 2632
3 Saline 258 O 287 o
07
1.4
pa ] kR 1L.90 kXU 4.88
s6 .65 2.7 2.80 -2.4
1.2 15 nm k& 15.33
24
ESDN 383 29.83 3.67 27.87
4 Saline 4.2 ¢ 240 0
0.7 396 ~-3.88 249 375
14 442 78 238 -0.83
28 4.46 835 248 333
4.49 898 24 0.42
423 2.67 242 0.83
432 4.85 nn
5 Saline 3.80 0 0
0.7
X} 400 5.2 -7.94
18 4.35 14,47 ~19.84
5.6 4.37 15.00 -3
nr 423 1.32 397
224 403 6.05 13.49
iSDN 433 13,95 57
6 Saline 351 )
0.7 361 285
14 3.35 -4.56
28 396 1282
56 4,17 1880
1nz 4.32 .08
n4
ISDN 4.59 30.77
7 Suline 142 4 280 ¢
07
1.4 277 14.46 in 1.9
28 3.02 n“n 339 2107
56 287 18.60 2.86 214
12 269 1116 320 14.29
24 298 B4 214 =L
ISDN 312 28.93 3.29 17.50
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Pt Substance P Dose LAD Diam LAD LCw Dam LEx RCA Diam
No. {pmol/min) mm) ¢ Diam (mm 7 Dom fmm!
8 Saline 17 0 hR) 0
0.7
14 m 141y padi)
2% 277 0.73 00
56 T naY hai by
1.2 iR 2436 36.96
24 362 RIS )
ISDN 345 345 330
9 Saline 204 1+ 1]
07
14 pi
R 97
56 XN
1.2 274
24 279
ISDN mn
0 Saline 310 348
0.7
14 R 37
28 196 364
56 235 136
2 19 199
24 Lad 42
1SDN 3.68 4.66
I Saline i) 0 X3 0
07
14 234 2566 186 .56
28 190 RN am 151
56 9 29.68 LX) 1183
1.2 294 0.8 3% 1R
224 293 2468 427 nal
ISDN i A 487 .73
12 Saline 343 0 KRS 13
27
1.4 -612 AN
28 R4S EXt
Sa ki) 187 bt
2 kN2 EAt 335
2.4 RN 16.03 R
ISDN jAL) 0,50 IRl

*Because control valuey are expressed s 0. vasocanstriction iy expressed as o negative value and vasodilation as a positive value. Diam = diameter:
% Diam = percent change in diameter: ISDN = isosorhide dinitrate (2 mg): LAD = left anterior descending coranary artery: LCx = left circumflex coronary

artery: Pt. = patient: RCA = right coronrary artery.

Nellessen et al. (8) demonstrated coronary vasoconstriction
in patients after cardiac transplantation as well as in patients
without cardiac transplaniation or angiographic coronary
artery disease. They (8) conciuded that acetylcholine may
not be a suitable agent for testing endothelial function. In
vitro studies (9} have also shown that acetylcholine fre-
quently fails to dilate arterial preparations.

It is probable that the overall effect of acetylcholine
depends on the interplay between direct vasoconstriction
and endothelium-derived relaxing factor-mediated vasodila-

tion. In view of the widely differing findings obtained from
different groups, it appears that acetylcholine is not a spe-
cific agent for testing endothelial function. Our findings
suggest thut substance P may be a more specific marker of
endothelium-dependent vasodilation. which produces a
greater magnitude of dilation than that achieved with acetyl-

choline.
Physiol role of sub P. Sub e P is a neu-
ropeptide and i eactivity has been d rated in

the human heart (15). Although its specific role has yet to be
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Figure 1. Plot of percent increase in coronary artery diameter (mean
+ SEM) in 23 vessel segments after a 2 min infusion of saline
solution and substance P in a doubling dosage protocol starting at a
dose of 1.4 pmol/min. followed by isosorbide dinitrate (ISDN) at a
dose of 1 mg/min for 2 min,

identified, substance P may play a part in the neural regula-
tion of coronary artery tone. Long-term studies after human
cardiac transplantat:or »uggest that the donor hearl remains
functionally {24) and anatomicaily (25) denervated. We have
shown that substance P causes vasodilation in the dener-
vated heart similar to Lhal demonstrated in patients with
normally innervated hearts and no evidence of coronary
artery diseasc (17). Denervation. therefore, docs not appear
to cause significant changes in substance P receptor func-
tion, unlike the denervation hypersensitivity demonstrated
in response to sympathomimetic amines in the transplanted
human heart (26) and in canine preparations (27). In this
respect, these results complement the observations of others
(28) using aniraal preparations that hypersensitivity does not
occur with other neuropeptides such as itonin gene-
related peptide. Receptors for substance P have been dem-
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Figure 3. Changes (A) recorded in femoral artery systolic pressure
(F SYST BP), femoral artery diastolic pressure (F DIAST BP) and
heart rate (HR) with increasing concentrations of substance P
followed by isosorbide dinitrate (ISDN),

nary artery (Dashwood MR, personal communication). A
recent study (31) demonstrated that substance P is released
from the rat hind limb vasculature under conditions of
increased blood flow before and after pharmacologic dener-
vation, suggesting that the source of substance P might be
the endothelium itself; it was further observed that release of

onstrated by autoradiographic analysis of the endothelium of
the dog carotid (29) and renal (30) artery and human coro-

Figure 2. Maximal response (expressed as percenl increase in
diameter) to intracorenary substance P in 23 vessel segments
comparcd with the response 1o intracoronary isosorbide dinitrate
(ISDN) in the same vessel segments.

60

B SUBSTANCEP
O ISoN

50

40

% diameter change

b P was abolished after | of endothelium.
These studies, in addition to our own findings, suggest that
substance P is active mainly at the endothelial level and jts
action is not affected by denervation despite its demonstra-
tion in neural tissue {1 1-13).

Relevance of vasodilator response. The response to sub-
stance P in the presence of atherosclerosis has been
demonstrated to be preserved in some patients but not
in others (32), implying that even in the presence of athero-
sclerosis, there may be enough functional endothelium to
mediate a vasodilator response. It is therefore possible
that lack of response to substance P may only be a marker
of severe endothelial damage. Bossaller et al. {19), how-
ever, showed in isolated preparations of human coronary
arteries that the response to substance P in the presence of
atherosclerosis is diminished. It is therefore difficult to
speculate whether the finding of reduced response to sub-
stance P in comparison with that to isosorbide dinitrate in
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some of the vessel segments studied represents endothelial
dysfunction or the development of undetected coronary
artery dizease.

Correlation with clinical factors, There was no relation
between the magnitude of dilator response to substance P
with other factors. such as time after ransplantation. donot
age, ischemic time of the donor heart and number of rejec-
tion episodes. Two patients (Patients 4 and 11} had more
than four episodes of rejection early in their postoperative
course. One of these patients (Patient 4) had a markedly
reduced response 10 substance P. but the other (Patient 11)
had a very powerful vasodilaior response. It seems unlikely
that there is an associalion between previous rejection
episodes and substance P response. 1t is not clear, however.
what the response would be during the active phase of
rejection,

Comparison with isosorbide dinitrate response. Although
there was some individual variability in the maximal re-
sponse o substance P, the mean response was not signifi-
cantly different from that to isosorbide dinitrate. In most of
the vessels siudied, substance P achieved maximal or near
maximal dilation compared with isosorbide dinitrate. ln only
two of the vessel segments studied was the response to
isosorbide dinitrate substantially greater than that oblamed
with substance P. In those patients who did not respond well
10 cither isosorbide dinitrate or substance P. it is fikely that
there is limitation of vasorelaxation, which may in part resuit
from the state of denervation (2).

C i In cardiac transplant recipients, coronary
endothelial function is preserved, as demonstrated by a
preserved relaxant response to intracoronary substance P.
In patients with no evidence of accelerated coronary
artery disease, the degree of response is not affected
by the time after transplantation. suggesting that the
endothelium remains a functionally active organ in the.e
patients. Substance P appears to be a useful pharmacologic
agent for the investigation of endothelial function and is
active in very small amounts. Further investigations are
necessary to determine endothelial function in those patients
who have already developed coronary artery disen
examine the role that endothelium plays in the
pracess.
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