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Preoperative inhibition of angiotensin-converting enzyme improves
systemic and renal haemodynamic changes during aortic abdominal

surgery

M. LICKER, M. BEDNARKIEWICZ, P. NEIDHART, R. PRETRE, M. MONTESSUIT, H. FAVRE

AND D. R. MOREL

Summary

We studied 22 patients undergoing aortic surgery,
allocated randomly to receive, before induction of
anaesthesia, a single i.v. dose of enalapril 50 pg
kg~!' or saline. During infrarenal aortic cross-
clamping, we observed similar reductions in oxygen
uptake in the two groups, despite greater systemic
oxygen delivery in enalapril-treated patients; angio-
tensin-converting enzyme inhibition prevented the
reduction in cardiac output and attenuated the
decrease in glomerular filtration. Changes in glom-
erular filtration secondary to aortic clamping were
related positively to changes in renal plasma flow
(r =0.83 (saline group) and r = 0.65 (enalapril
group)). Creatinine clearance on the first day after
operation was significantly higher in the enalapril
compared with the saline group. We conclude that
enalapril pretreatment is effective in improving
systemic oxygen delivery, renal plasma flow and
glomerular filtration during aortic abdominal sur-
gery. (Br. J. Anaesth. 1996; 76: 632—-639)
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Major haemodynamic disturbances are often en-
countered during aortic abdominal surgery. In most
instances, infrarenal aortic cross-clamping causes
decreases in cardiac output, oxygen delivery and
oxygen uptake that are associated with reduced renal
blood flow and glomerular filtration rate [1]. After
release of the aortic clamp, systemic haemodynamic
and metabolic changes revert rapidly to normal,
whereas renal function remains impaired, at least
temporarily [2].

Although the mechanisms of perioperative renal
insufficiency were believed to be related to relative
hypovolaemia, decreased myocardial function and
increased sympathetic nervous activity, neither fluid
volume expansion nor sympathetic block, nor the use
of mannitol or dopamine have been shown to
attenuate these perioperative changes consistently
[3, 4]. Powerful endogenous vasoconstricting sub-
stances such as thromboxane A,, oxygen-derived
free radicals and endothelin-1 have been shown to be
released during aortic clamping, and all might

contribute to prolonged impairment of renal function
[5-7]. The importance of the renin—angiotensin
system (RAS) has also been emphasized in the
regulation of arterial pressure, blood flow distri-
bution and renal function [8]. Experimental evidence
suggests that angiotensin II mediates widespread
vasoconstriction by causing direct activation of
transmembrane calcium transport and indirectly
facilitating release of noradrenaline, by sensitizing
adrenergic receptors, and also by enhancing the
synthesis of thromboxane and endothelin-1 [9].
Clinical investigations have reported increased
plasma renin activity (PRA) and angiotensin II
concentrations during major surgical procedures,
including aortobifemoral bypass [10, 11], suggesting
that angiotensin II may account to some extent for
perioperative circulatory and renal haemodynamic
impairment.

Recently, angiotensin-converting enzyme in-
hibitors (ACEI) have been prescribed successfully
for the treatment of hypertension and congestive
heart failure [12]. In addition to normalizing elevated
arterial pressure, ACEI treatment improves cardiac
output by lowering vascular resistances and also
produces renal vasodilatation and natriuresis. Inter-
estingly, these agents have been advocated to prevent
deterioration of renal function in hypertensive and
diabetic patients [13]. Based on these beneficial
effects, and as the RAS is known to be stimulated
during aortic abdominal surgery, we hypothesized
that ACE inhibition would potentially attenuate
systemic haemodynamic and renal functional impair-
ments. Therefore, we tested, in a double-blind
randomized study, if a single dose of ACEI admin-
istered before operation would preserve systemic
oxygen delivery and provide protective renal effects
in adult patients undergoing infrarenal aortic sur-

gery.
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ACE inhibitors and infrarenal aortic clamping

Patients and methods

We studied 22 patients undergoing elective infra-
renal aortic surgery because of aortic aneurysm or
atherosclerotic occlusive disease. Informed consent
was obtained and the study was approved by the
Committee for Ethics in Clinical Research of
our institution. Patients with preoperative renal
dysfunction (creatinine clearance <50 mlmin~!
1.73 m~2), cardiac insufficiency (episodes of con-
gestive heart failure or left ventricular ejection
fraction <40 %), myocardial infarction within the
last 6 months, renal artery stenosis detected on the
angiogram or those receiving ACEI therapy were
excluded.

Usual cardiac medications, except diuretics, were
continued up to and including the morning of
surgery. Patients were premedicated with midazolam
7.5 mg orally and morphine 0.1 mg kg~! i.m. In the
induction room, radial and thermodilution pulmon-
ary arterial catheters were inserted during local
anaesthesia for measurement of mean arterial
(MAP), central venous (CVP) and pulmonary ca-
pillary wedge pressures (PCWP), and intermittent
cardiac output (CO) determination. Electrocardio-
graphic leads II and V5 were attached for monitoring
heart rate (HR) and ST changes.

Anaesthesia was induced with alfentanil 30—40 pg
kg! iv., given over 1-2 min, followed by thio-
pentone to loss of the eyelid reflex (3-5 mgkg™").
Neuromuscular block was achieved with pancu-
ronium 0.1 mg kg~!. After tracheal intubation, mech-
anical ventilation with an air-oxygen mixture was
adjusted to maintain arterial blood-gas tensions
within the normal range (end-expiratory carbon
dioxide fraction 4—4.5 % and arterial oxygen satu-
ration greater than 94 %). A Foley urinary bladder
catheter was inserted after induction of anaesthesia
for urinary sampling and urine flow measurement.
Throughout the surgical procedure, anaesthesia was
maintained with an i.v. infusion of alfentanil 80—
120 pg kg™! min~! supplemented with inhaled iso-
flurane (up to 2 %). Phenylephrine was administered
at the discretion of the anaesthetist in order to
maintain MAP within a clinically acceptable range
(20 % of preoperative values).

Before operation, crystalloids 12 ml kg~! (contain-
ing Na* 130 mmol litre ™!, C1~ 118 mmol litre ! and
K* 5.4 mmol litre~!) were infused over 20 min in all
patients. During surgery, fluid loading was titrated
to maintain PCWP at 10—-15 mm Hg. Red blood cell
concentrates were given when packed cell volume
(PCV) decreased to less than 25 %. A blood salvage
device (Cell Saver 4; Haemonetics Braintree, MA,
USA) was used in each case to reduce the need for
homologous blood transfusion.

Patients were allocated in a randomized, double-
blind manner to one of two groups: the enalapril
group received enalapril 50 ug kg~! (Reniten, Merck,
Sharp & Dohme Research Laboratories, NJ, USA)
diluted in 20 ml of normal saline and injected i.v.
over 5 min (n = 12); the saline group received the
same volume of saline solution (# = 10). In a dose-
finding study, conducted in similar surgical patients,
we demonstrated that a single 50-pg kg™! i.v. in-
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jection given before surgery produced marked in-
hibition (>90 %) of plasma angiotensin-converting
enzyme activity for more than 20 h whereas lower
doses (10 and 30 pg kg~!) produced ACE inhibition
of shorter duration (90 % ACE inhibition up to 4 and
8 h after administration of enalapril 10 and 30 pg
kg~!, respectively). The drugs were given 25 min
before induction of anaesthesia, when a stable basal
systemic haemodynamic state had been reached and
while patients were fluid loaded with i.v. crystalloids.
The subsequent changes in haemodynamic state,
oxygen uptake and renal function were assessed in
the two groups before and during aortic cross-
clamping and after aortic unclamping.

Blood temperature and cardiac output, determined
in triplicate by injection of 10 ml of 5% glucose
solution, were measured by a cardiac output com-
puter (Model 9520A, American Edwards Labora-
tories, Irvine, CA, USA). Systemic haemodynamic
data (HR, MAP, CVP, PCWP, CO) were recorded
at end-expiration at the following times: (1) before
anaesthesia (i.e. before and 20 min after admin-
istration of drug), (2) during the surgical aortic
approach (i.e. 2 min after skin incision, and 2 min
before aortic cross-clamping), (3) during aortic
cross-clamping (i.e. 5 min after aortic cross-clamp-
ing and immediately before ilio-femoral unclamp-
ing) and (4) after vascular unclamping (i.e. 2 min
after “first leg” unclamping, and during peritoneal
closure). Systemic vascular resistance index (SVRI)
and cardiac index (CI) were calculated according to
standard formulae.

Glomerular filtration rate (GFR) and effective
renal plasma flow (ERPF) were estimated using a
constant infusion technique of inulin and para-
aminohippuric acid (PAH). Priming doses of
inulin 30 mgkg™! (10 % Inulin; Laevosan GmbH,
Linz, Austria) and PAH 8 mgkg™! (Merck, Sharp
& Dohme, NJ, USA) were given i.v. followed by
a continuous infusion of both drugs at doses of
0.20 mg kg ! min~! and 0.15 mg kg~! min !, respect-
ively. After an 80-min equilibration period, urine
was collected over at least 30 min before (pre-
clamping) and during aortic cross-clamping (clamp-
ing), and after “first leg” reperfusion (post-clamp-
ing); arterial blood was sampled in the middle of
each collection period. Urinary and plasma inulin
and PAH concentrations were assayed spectrophoto-
metrically. Inulin and PAH clearances (Cw, Cpan)
were calculated as the respective urine concentration
divided by arterial plasma concentration multiplied
by urine volume in mlmin~!; these data were
corrected for standard body surface area (1.73 m?).
As PAH handling within the kidney is altered during
surgery and anaesthesia, the renal extraction fraction
of PAH (Epau = arterial — venous plasma concen-
tration divided by arterial concentration of PAH)
was determined. Therefore, the surgeon directly
punctured the renal vein and slowly withdrew
venous blood as close to the kidney as possible.
A “corrected” ERPF was obtained (ERPF =
Cran/Epay) and RBF was calculated as: RBF =
ERPF x 100/(100 — PCV). During the pre-clamping,
aortic clamping and post-clamping periods, systemic
haemodynamic variables (MAP, CVP, CO) were
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averaged as the mean of three measurements
obtained 15 min apart at the beginning, middle and
end of urine sampling. Renal vascular resistance
(RVR) and fractional renal blood flow (RBF)
were calculated using the following equations:
RVR = (MAP —CVP)/RBF x79.9 and fractional
RBF = RBF/CO x 100.

Additional renal functional tests comprised cal-
culation of creatinine clearance (Ccra), fractional
sodium excretion (FEng+), total sodium excretion
(Uxe+ ) and protein excretion. FEn,+ was calculated by
dividing the urine-to-plasma sodium ratio by the
urine-to-plasma creatinine ratio times 100; Uy,+
equals the product of urinary sodium and urinary
flow. Proteinuria and Ccr. Were also assessed on the
day before surgery and 12 h after operation (12-h
urine collection period). Serum and urinary sodium
and creatinine concentrations were measured with a
standard flame emission photometer. Diuretics,
mannitol and dopamine were not given during the
entire study.

In arterial and mixed venous blood samples,
haemoglobin (Hb), oxygen tension and oxygen
saturation (Sao, ,SVo, ) were measured directly (ABL
Radiometer OSM3, Copenhagen, Denmark). Total
body oxygen consumption (Vo,) was estimated
as the product of CO and the arteriovenous oxygen
content difference. Total body oxygen delivery (Do,)
was derived as CO x arterial oxygen content.

STATISTICAL ANALYSIS

All data are expressed as mean (sD). The influence of
enalapril treatment was tested by the Mann—Whitney
two-sample test. To determine if differences existed
between times, repeated measures analysis of vari-
ance was performed followed by the two-tailed
paired Student’s ¢ test and Dunnett’s correction for
multiple comparisons. Regression analyses between
changes in systemic and renal haemodynamic state
and renal functional variables in response to aortic
clamping and after aortic unclamping were analysed
within each group. Correlations were also deter-
mined between inulin and creatinine clearance and
between changes in Do, and Vo,. For all statistical
comparisons, significance was defined as P < 0.05.

Results

Two patients (one in each group) were excluded
from the study because the surgeon had to proceed
with vascular clamping involving one (or both) renal
artery(ies). Therefore, there were nine and 11
patients in the saline and enalapril groups, re-
spectively. There were no differences between the
two groups in preoperative clinical characteristics
and surgical management (table 1). All patients
(except one in the saline group) were treated with
either B-blockers, calcium-channel blockers, diure-
tics or a combination of these drugs. Preoperative
creatinine clearance was within the normal range in
both groups. Intraoperative fluid requirements
tended to be slightly greater in the enalapril group
compared with the saline group, but this was not
statistically significant for red cell transfusion and
crystalloid infusion.
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SYSTEMIC HAEMODYNAMIC AND METABOLIC DATA
(fig. 1, table 2)

Before anaesthesia and after fluid loading, enalapril
50 pg induced increases in CI (412 %; P = 0.023)
and Do, and decreases in SVRI, without changes in
MAP and HR. In the saline group, CI tended to
increase, although this was not significant (+7 %).
General anaesthesia was associated with similar
decreases in Vo, in the two groups (—19 % in the

Table 1 Patient characteristics and operative data (mean (SD or
range) or number). No significant difference between the two

groups
Enalapril
Saline group group
(n=9) (n=11)
Patient characteristics
Age (yr) 68 (53-79) 69 (55-81)
Sex (M/F) 7/2 10/1
Body surface area (m?) 1.74 (0.21) 1.82 (0.11)
Aortic aneurysm (7) 2 2
Hypertensive disease (7) 8 10
Coronary artery disease (1) 3 4
History of pulmonary
oedema (n) 1 0
Creatinine clearance
(ml min—! 1.73 m2) 87 (21) 77 (19)
Preoperative drug therapy
B blockers (n) 5 5
Ca?*-channel blockers (1) 3 5
Diuretics () 1 2
Intraoperative data
Cross-clamping time
(min) 69 (26) 74 (23)
Duration of surgery
(min) 300 (78) 292 (46)
Packed red cells (ml) 311 (314) 487 (413)
Crystalloids (litre h—?) 1.76 (0.21) 1.97 (0.45)
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Figure I Changes in systemic oxygen delivery (Do2) and
oxygen consumption (V0) in the saline (O) and enalapril

(@) groups. Data represent mean (SD) values of averaged Do
and V0. measured before (Pre.) (2 min after incision and 2 min
before aortic cross-clamping), during (clamp.) (5 min after
aortic clamping and before aortic unclamping) and after (Post.)
2 min after unclamping and at peritoneal closure) aortic cross-

clamping.
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Figure 2 Effective renal plasma flow (ERPF), fractional renal
blood flow (% RBF/CO) and renal vascular resistance (RVR) at
the pre-clamping, clamping and post-clamping periods, in the
saline ([]) and enalapril (M) groups. *P < 0.05 compared with
saline group; TP < 0.05 compared with pre-clamping.

saline group and —6 % in the enalapril group).
Two patients in the enalapril group and one in the
saline group required an i.v. bolus of phenylephrine
100 pg after induction of anaesthesia.

There was no significant difference in HR or MAP
between the two groups at any time. Towards the
end of surgery, MAP and SVRI were decreased
significantly in the two groups, compared with pre-
anaesthesia baseline values.

British Journal of Anaesthesia

In the saline group, aortic cross-clamping induced
a decrease in CI (—29 %; P = 0.001); the associated
reduction in Do, (—28 %) correlated with the
reduction in Vo, (—24 %; P < 0.001; »r = 0.85) and
was accompanied by decreased oxygen saturation in
mixed venous blood (Svp,, —9 %; P = 0.030). In
contrast, in the enalapril group, CI was maintained
at pre-clamping values and the reduction in Vo,
—20%; P < 0.001) induced by aortic cross clamp-
ing was not associated with significant changes in
Do, or SV, . After aortic unclamping, Vo, increased
to pre-clamping values in the two groups; this was
accompanied by a significant increase in Do, in the
saline group only (+ 19 %; P = 0.034).

RENAL HAEMODYNAMIC VARIABLES AND FUNCTION
(fig. 2, table 3)

During the pre-clamping period, in enalapril-treated
patients, Ccrear Was increased compared with the
preoperative period (427 %; P = 0.035) and higher
ERPF values were noted compared with saline-
treated patients (P = 0.027).

In the saline group, aortic cross-clamping was
associated with significant decreases in Ccrears, Civ
and ERPF, whereas the fraction of CO (RBF/CO
ratio) delivered to the kidney did not change. In the
enalapril group, after aortic cross-clamping, the
RBF/CO ratio decreased significantly and GFR was
greater than in the saline group, as indicated by Ccrear
(78 (28) v5 53 (17) ml min~' 1.73 m~% P = 0.052)
and C (79 (32) vs 49 (22) ml min~! 1.73 m™%
P = 0.033). The simultaneous changes in systemic
and renal haemodynamic variables resulted in un-
changed RVR in the enalapril group whereas renal
vasoconstriction occurred in the saline group, as
indicated by increases in RVR (P = 0.044). In both
groups, a positive linear relationship was found
between aortic clamping-induced changes in ERPF
and GFR (r = 0.83 in the saline group and r = 0.65
in the enalapril group). No such relationship was
found between CI and ERPF and between CI and
GFR.

After vascular unclamping and until 24 h after
surgery, Ccra values in the saline group remained

Table 3 Mean (sD) renal functional data in the saline (n = 9) and enalapril (z = 11) groups. P < 0.05 compared
with saline group; TP < 0.05, 1P < 0.01 compared with preoperative period; §P < 0.05 compared with pre-

clamping period

Surgery
Aortic

Variable Group Preoperative Pre-clamping clamping Post-clamping Postoperative
Creatinine clearance Saline 87 (21) 76 (34) 53 (17)1§ 59 (26)1§ 64 22)T

(mlmin~' 1.73 m2)  Enalapril 77 (19) 97 (28)t 78 (28)§ 80 (33) 88 (23)T
Urinary flow Saline 0.7 (0.3) 1.8 (1.0) 1.2 (0.6) 2.1 2.4t 1.5 (0.3)t

(ml min—!) Enalapril 0.8 (0.3) 3.0 (1.8)F 3.6 2.1)T 3.7 2.3)t 1.6 (0.6)Tt
Free water clearance Saline —0.8 (0.2) —0.2 (0.8) —0.3 (0.3)t —0.6 (0.8) —0.6 (0.2)

(ml min—1!) Enalapril —0.9 (0.2) —1.1(1.0) —1.0(0.7) —0.8 (1.0) —1.0(0.9)
Proteinuria Saline 0.08 (0.05) 0.61 (0.50)T 1.19 (1.06)T 2.42 2.54)T 1.08 (0.98)T

(mg min—!) Enalapril 0.12 (0.05) 1.10 (1.03)t 1.29 (1.98)t 3.12 (4.21)t 1.44 (1.32)t
Na* fractional Saline 0.3 (0.2) 2.4 (1.2)11 2.4 (1.t 3.4 2.1t 2.4 (1.6)11

excretion (%) Enalapril 0.4 (0.2) 3.1 2.1t 3.7 B.4H)tt 4.3 3.3)1t 1.7 (1.2)1t
Na* urinary Saline 39 (30) 207 (121t 145 (90)t 245 (125)t 163 (63)T

excretion Enalapril 44 (33) 400 (135)1+ 453 2011t 502 (375)tt 173 (90)t

(LEg/min)
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significantly lower than during the preoperative
period. In contrast, in the enalapril group, Ccrear did
not differ from preoperative values, and post-
operative Ccrear Was significantly higher than in the
saline group. During operation, urinary output was
comparable, whereas FEy,+, Une+ and proteinuria
were significantly increased compared with pre-
operative values in the two groups.

We found a close correlation between Cny and
Cerea (r = 0.89; n = 59; P < 0.001) and no significant
change in Epay at the three intraoperative study
times.

All patients survived the operation; the trachea
was extubated in the operating theatre and they were
monitored in a post-anaesthesia recovery unit for
24 h. No patient had ECG evidence of myocardial
infarction and no episode of delayed renal failure
occurred until discharge from hospital in the two
groups.

Discussion

In this study we have demonstrated that preoperative
administration of enalapril, a long-acting ACEI,
prevented the decrease in CI and Do, induced by
infrarenal aortic cross-clamping, without influencing
changes in oxygen uptake. Acute RAS block is
associated with improved intraoperative renal per-
fusion and better preservation of GFR, lasting at
least 24 h after surgery.

We administered enalapril in an unusually high
dose (50 pg kg™1) with the aim of inhibiting plasma
ACE activity, and hence angiotensin II synthesis, for
at least 24 h. Indeed, elevated PRA has been reported
after surgical incision and increased angiotensin II
plasma concentrations are known to culminate at the
time of unclamping and to persist for more than 6 h
after operation [9, 10, 14]. We also found that lower
enalapril doses (10 and 30 pg kg™!) did not afford
suppression of plasma ACE activity for the whole
perioperative period.

Acute removal of angiotensin II vasopressor
effects could potentially contribute to intraoperative
hypotension because of synergistic effects between
ACEI and other chronic antihypertensive drugs
given before operation. Surprisingly, acute block of
the RAS was associated with a stable haemodynamic
state and there were no differences in vasopressor
and fluid requirements between the two groups. We
believe that haemodynamic tolerance to enalapril
pretreatment was attributed to optimal i.v. fluid
loading. In addition, the other arterial pressure
regulating mechanisms (the sympathetic nervous
system and arginine vasopressin), were either un-
affected or blocked incompletely; hence, these
mechanisms were presumably activated after surgical
incision, to maintain arterial pressure homeostasis
after withdrawal of the vasoconstricting influence of
angiotensin II [15].

In accordance with previous investigations [16],
we observed a marked decrease in CO (—29 %)
despite stable arterial and cardiac filling pressures
after exclusion of the lower body compartment in
saline-treated patients. Several physiological mecha-
nisms are thought to be implicated in the haemo-
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dynamic changes associated with aortic cross-clamp-
ing. First, mechanical occlusion of the aorta directly
increases cardiac afterload whereas activation of the
sympathetic nervous system and the RAS results in
increased arteriolar vasomotor tone and myocardial
contractility. Second, using radioisotopic tech-
niques, it has been shown that blood volume is
redistributed from the lower body to the more
compliant splanchnic compartment [17]. Third,
decreased right ventricular end-diastolic volume has
been reported, despite unchanged cardiac filling
pressures, suggesting lower cardiac preload associ-
ated with reduced ventricular diastolic compliance
[18]. Taken together these data suggest that the
reduction in CO results mainly from reduced blood
flow return to the heart (partly attributed to the
slower time constant of blood flow within the
splanchnic compartment) combined with a sudden
increase in impedance to blood flow as a result of
mechanical aortic occlusion and arteriolar vaso-
constriction. Interestingly, several studies have dem-
onstrated less haemodynamic changes after aortic
cross-clamping in patients with aorto-occlusive dis-
ease than in those with abdominal aortic aneurysm.
It is currently believed that the amount of collateral
vascularization in patients with aorta-occlusive dis-
ease could afford some protection against major
reductions in CO and increases in arterial pressure
after aortic cross-clamping [19].

An important finding of this study was that
enalapril pretreatment prevented the decrease in
cardiac output induced by aortic cross-clamping.
Experimental data suggest that the splanchnic vas-
cular bed is extremely sensitive to vasoconstrictor
agents, including catecholamines and angiotensin II,
particularly during pathological conditions such as
hypovolaemia or cardiac failure [20-22]. Acute
administration of ACEI in dogs with congestive
heart failure has also been shown to increase the
unstressed splanchnic vascular volume and to im-
prove circulatory output by promoting active vaso-
dilatation [23]. Based on these results, we speculate
that block of the RAS prevented the reduction in CI
by alleviating elevated angiotensin II-dependent
vascular impedance and hence by promoting “adap-
tive” splanchnic vasodilatation to accommodate for
the sudden shift in blood volume from the lower to
the upper body compartment. Other vasodilatators
such as nifedipine [24], urapidil [25] and nitro-
glycerine [26] were also found to reverse the decrease
in cardiac output induced by cross-clamping; how-
ever, in contrast with ACEI, they are associated with
increased sympathetic discharge, that may affect the
extent and pattern of changes in blood volume
redistribution and in haemodynamic response.

Although pretreatment with enalapril produced
maintenance of CI and Do,, Vo, decreased similarly
during infrarenal clamping in the two groups.
Gelman and co-workers [25] reported similar results
when nitroglycerine was infused at a rate of 1 to 2 g
kg !min~! in order to maintain cardiac output. As
whole body oxygen utilization was not restored after
the pharmacologically induced increase in Do,, we
assume that maximal vasorelaxation had already
occurred in ischaemic tissues located below the
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aortic clamp (in response to local vasodilators) and
that enalapril (and nitroglycerine) increased shunt
blood flow in the upper body compartment with no
improvement in nutritive flow or tissue oxygen
extraction, or both. Hence, systemic oxygen supply
was matched adequately to the cross-clamp “adapted
Vo,” in the saline group whereas “unnecessary”
elevated oxygen supply and myocardial work were
achieved during aortic cross-clamping in the enala-
pril group.

Considering the stimulatory effects of surgical
stress on the RAS and the potent renal vasocon-
strictor effects of angiotensin II, it was not surprising
to find that suppression of circulating and, pre-
sumably, intrarenal angiotensin II generation in
enalapril-treated patients was associated with higher
ERPF (a mean difference of 17 %) compared with
saline-treated patients. Animal studies have demon-
strated that enhanced renal blood flow was the most
impressive regional haemodynamic change after
administration of different types of ACEI [26];
blood flow within the inner cortex was predomi-
nantly increased and accompanied by enhanced GFR
[27]. The renal haemodynamic actions of ACEI have
at least two components: suppression of angiotensin
II synthesis and prolongation of bradykinin half-life
through inhibition of its degradation. This latter
component is thought to mediate renal vasodilatation
even when RAS activation is prevented by pre-
operative (3 blocker treatment [28], as renin secretion
from the juxtaglomerular cells is dependent on 3,
receptor stimulation.

Before aortic cross-clamping, ACEI-treated
patients had higher GFR compared with saline-
treated patients, because of higher ERPF as in-
creased cortical blood flow would transform “silent”
nephrons into new filtering units. During aortic
cross-clamping, a reduction in GFR occurred in
both groups and the changes in GFR correlated
positively with changes in ERPF, indicating that the
neurohumoral mediators that regulate renal haemo-
dynamic state ultimately influence glomerular filtra-
tion properties. Deterioration of systemic haemo-
dynamic state and release of vasoconstrictor medi-
ators such as angiotensin II, thromboxane A, and
endothelin-1 after aortic cross-clamping are believed
to contribute to impaired renal function [29]. In this
study, maintenance of GFR in enalapril-treated
patients could be attributed to a lesser decrease in
ERPF or to an increase in the glomerular ultra-
filtration coefficient as a consequence of the with-
drawal of the constricting effects of angiotensin II on
mesangial cells, or both. Endothelin-1 has several
additional synergistic interactions with the RAS,
including enhanced ACE activity (conversion of
angiotensin I to angiotensin II), potentiation of
endothelin constriction by angiotensin II and ac-
tivation of endothelin-1 synthesis by angiotensin II.
The clinical importance of these interactions has
recently been emphasized by demonstration that
ACEI pretreatment abolishes renal vasoconstriction
and the decrease in GFR induced by endothelin-1
[30].

In the saline group, GFR remained depressed
after aortic unclamping, at a time when CI had
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recovered to pre-clamping values. Adenosine and
oxygen-derived free radicals liberated from the
ischaemic reperfused tissues are potential candidates
for this transient renal dysfunction. Adenosine
requires a normally functioning RAS to mediate its
pre-glomerular vasoconstrictor action and admin-
istration of an ACEI has been shown to attenuate
adenosine-mediated vasoconstriction [31]. Colson
and co-workers [32] studied patients who received
enalapril 10 mg orally, for 2 days before undergoing
vascular surgery during i.v. anaesthesia. In agree-
ment with our results, they found lesser haemo-
dynamic changes induced by aortic cross-clamping
in the treated group. However, there was no positive
effect on renal haemodynamic state or function, as
assessed from clearance of “technetium-diethyl-
enetriaminepenta-acetic acid and '*'iodo-hippuran,
respectively. Differences in dose regimen, anaes-
thetic management and measurements methods
could account for these contradictory results.

In summary, we have demonstrated that a single
i.v. dose of enalapril can be administered safely in
patients undergoing elective abdominal aortic sur-
gery when optimal fluid loading is maintained. This
pretreatment is associated with suppression of the
aortic clamping-induced reduction in cardiac output,
renal vasodilatation and better preservation of glom-
erular filtration. Oxygen consumption decreased
markedly after aortic-clamping, despite ACEI-in-
duced maintenance of systemic oxygen supply. The
renoprotective effect of enalapril could be attributed
to withdrawal of the constricting action of angio-
tensin II, reduced kinin degradation and antagonism
of endothelin-1. These effects would also be po-
tentially helpful in patients undergoing suprarenal
aortic cross-clamping or kidney transplantation.
However, it should be kept in mind that ACE
inhibitors could precipitate onset of renal failure in
hypovolaemic subjects or in the presence of renal
artery stenosis. Before suggesting specific indi-
cations, further studies are needed to define in which
population subgroups RAS block may be beneficial.
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