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ACE inhibitors in cardiac surgery: current studies
and controversies
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Major complications associated with cardiac surgery are still common and carry great prognostic significance. Current medical

interventions to prevent these cardiovascular complications include antiplatelet therapy, statins, b-blockers and angiotensin-

converting enzyme (ACE) inhibitors. Both experimental studies and clinical trials have shown that ACE inhibitors hold promise

as cardiovascular protective agents for cardiac surgery patients. Several lines of evidence support this hypothesis. First,

long-term use of ACE inhibitors has been well established to provide cardiovascular protection and reduce ischemic events

and complications, independent of their effect on heart function and blood pressure. Second, early ACE inhibitor therapy has

been demonstrated to produce remarkable survival and heart function benefits in patients with acute myocardial infarction.

Third, ACE blockage can prevent or delay the development or progression of renal disease at all stages, from subclinical

microalbuminuria to end-stage renal disease. Nevertheless, perioperative studies of the effects of ACE inhibitors remain few and

inconclusive. Results from recent clinical trials and observational studies are conflicting and raise more questions than answers.

Further studies, both retrospective and larger-scale prospective studies, are critically needed to examine whether ACE inhibitors

reduce mortality and major complications in patients undergoing cardiac surgery.
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INTRODUCTION

Cardiac surgery has experienced tremendous progress in the past four
decades. As a result, open-heart surgery has become a common
procedure today. Although there has been a significant decline in
overall operative mortality for cardiac surgery, especially for coronary
artery bypass grafts (CABG) (Table 1), major complications associated
with cardiac surgery are still common and carry great prognostic
significance.1–3 According to the Society of Thoracic Surgeons, the
30-day operative death and major complication rates for CABG
procedures were 3.05 and 13.40%, respectively, including stroke
(1.63%), renal failure (3.53%), reoperation (5.17%), prolonged venti-
lation (5.96%) and sternal infection (0.63%).4 Despite intensive
studies, however, the mechanisms for cardiac surgery-associated
major cardiovascular complications remain unclear and complex
(Figure 1); in addition, clinical strategies to prevent these complica-
tions are few and unsatisfactory.
Current medical interventions to prevent these cardiovascular

complications include antiplatelet therapy,5 statins,6 b-blockers7

and angiotensin-converting enzyme (ACE) inhibitors (Figure 1). For
antihypertensive medications, in a large North American observa-
tional study (n¼629 866), Ferguson et al found that preoperative
b-blocker therapy was associated with a small but consistent survival
benefit for patients undergoing CABG (unadjusted 30-day mortality,

2.8 vs. 3.4%; odds ratio (OR), 0.80; 95% confidence interval (CI),
0.78–0.82).7 This study suggests that preoperative b-blocker therapy
may be beneficial for patients undergoing cardiac surgery. However,
recent studies on perioperative b-blockers have created uncertainty
and controversy (see Perioperative Ischemic Evaluation Study (POISE)
trial8 discussed below), indicating the need for further studies,
especially for cardiac surgery patients. Meanwhile, there have been
very few clinical studies on the effects of other antihypertensive
medications in cardiac surgery patients. A few reports showed that
these antihypertensive medicines had either no significant effect or a
deleterious effect.9–11 For example, in a small randomized trial
(n¼87), Flesch et al. reported that candesartan, an angiotensin II
receptor blocker, did not affect postoperative cognitive or renal
function in patients undergoing CABG.11 In a retrospective study
(n¼414), Yong et al. reported that perioperative administration of
intravenous diltiazem, a calcium-channel blocker, started after initia-
tion of anesthesia and continued for 24h, was associated with
increased renal dysfunction in patients undergoing cardiac surgery.9

In contrast, both experimental studies and clinical trials have shown
that ACE inhibitors hold promise as cardiovascular protective agents
for cardiac surgery patients.12 Thus, in this review, we will focus on
ACE inhibitors, briefly review their research progress in cardiovascular
diseases (CVD) in the non-surgical setting and then review in more
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detail the current studies of ACE inhibitors in cardiac surgery, especially
the controversial findings. We will focus on major randomized clinical
trials and also cover important observational cohort studies.

MECHANISMS OF ACE INHIBITOR ACTION

ACE has two primary functions. It catalyzes the conversion of
angiotensin I to angiotensin II, a potent vasoconstrictor, and it is
involved in the inactivation of bradykinin, a potent vasodilator. The
effects of angiotensin II involve all organs and systems in vivo,
including the heart, kidney, vessels, brain, the endocrine system,
inflammation and cell growth.13 Blockage of the renin–angiotensin
system (RAS) by ACE inhibitors results in decreased formation of
angiotensin II, decreased inactivation of bradykinin, reduced secretion
of aldosterone and vasopressin, decreased activity of the sympathetic
nervous system and decreased trophic effects of angiotensin II.12,13

As illustrated in Figure 1, RAS is enhanced in cardiac surgery as a
result of the extreme surgical stress and effects of extracorporeal
circulation. ACE inhibitors can function on multiple sites and levels
to block the stress response mediated by RAS and, thus, reduce
potential ischemic events after cardiac surgery. The specific mechan-
ism of ACE inhibitors in cardiac surgery needs further study. Never-
theless, as previous studies have shown, the cellular and molecular
mechanisms responsible for ACE inhibitors’ effects involve multiple
factors, including the following:

(1) Minimization of thrombosis by reducing platelet aggregation
and decreasing plasminogen activator-1 and tissue plasminogen
activator levels;14

(2) Preservation of endothelial function by preventing bradykinin
breakdown, enhancing nitric oxide production and limiting
vascular inflammation and oxidative stress;15

(3) Improvement of myocyte contractile function and prevention
of non-myocyte cellular proliferation, collagen deposition
and myocyte hypertrophic responses by normalization of
b-adrenergic receptor function and enhanced myocardial
collagen support;16

(4) Reduction of infarct size and left ventricular dilation by pre-
servation of the left ventricular myocardial collagen matrix and
reduction in the atrial natriuretic factor and cGMP, as well as
preservation of sarcolemmal b-adrenergic receptor density and
transduction;17

(5) Direct binding to matrix metalloproteinase-9, leading to inhibi-
tion of its activity, resulting in protection against ischemic heart
disease. Matrix metalloproteinase-9 is a Zn2+-dependent endo-
peptidase, and its activity is dramatically increased during the
acute phase of myocardial infarction (MI). It has been suggested
that matrix metalloproteinase-9 has a crucial role in cardiac
dysfunction and left ventricular dilatation.18,19 Selective matrix
metalloproteinase inhibition reduces left ventricular remodeling
but does not inhibit angiogenesis after MI;19

(6) Control of both systemic and glomerular capillary pressure,
thereby improving glomerular permselectivity to proteins and
reducing proteinuria;20

(7) Decreased production of many mediators of fibrosis, includ-
ing transforming growth factor beta, fibronectin, laminin,
endothelin and type-IV collagen. Apoptosis is also reduced,
thereby attenuating glomerulosclerosis and tubulointerstitial
fibrosis;20–23 and

(8) decreased activity of the central and peripheral sympathetic
nervous systems by inhibition of norepinephrine release from
the hypothalamus24 and by functioning through a bradykinin/
nitric oxide-mediated mechanism that stimulates the cGMP/
protein kinase G signaling pathway. It also may participate in
the potentiation of bradykinin release and kinin receptor ex-
pression, thereby reducing catecholamine-mediated surgical
stress responses.25,26

Further studies are needed to define the role and significance of the
above-mentioned experimental findings in real cardiac surgical
patients.

ACE INHIBITORS IN CVD

The early developmental history of ACE inhibitors is only a prelude to
their current broad applications in the treatment of cardiovascular
disease, renal diseases and diabetes. In the 1980s and early 1990s,
several major clinical studies clearly demonstrated that ACE inhibitors
reduce cardiovascular mortality and morbidity in patients with heart
failure or left ventricular systolic dysfunction.27–29

During the early and middle 1990s, investigators started to examine
the effects of ACE inhibitor application in patients post-acute myo-
cardial infarction (AMI). A series of clinical trials demonstrated the
remarkable survival benefits of ACE inhibitors in patients with AMI.
Specifically, a careful titration of ACE inhibitors in the immediate
postinfarction period was applied in these trials to avoid the devel-
opment of hypotension.30–33 For example, in the Survival and Ven-
tricular Enlargement (SAVE) trial,33 within 3–16 days after MI, 2231
patients with ejection fractions o40% but without overt heart failure
or symptoms of myocardial ischemia were randomly assigned to
receive either placebo (1116 patients) or captopril (1115 patients)

Table 1 Abbreviations used in the text

Medical terminology

ACE Angiotensin converting enzyme

AMI Acute myocardial infarction

ARB Angiotensin II receptor blocker

CABG Coronary artery bypass graft

CHF Congestive heart failure

CI Confidence interval

CSA-AKI Cardiac surgery associated-acute kidney injury

CVD Cardiovascular disease

OR Odds ratio

RAS Renin–angiotensin system

RR Relative risk

Clinical trial acronym

APRES Angiotensin-converting Enzyme Inhibition Post

Revascularization trial

BENEDICT BErgamo NEphrologic Diabetes Complication trial

BPLTTC Blood Pressure Lowering Treatment Trialists¢ Collaboration

CONSENSUS II Cooperative New Scandinavian Enalapril Survival Study II

EUROPA European Trial on Reduction of Cardiac Events with

Perindopril in Stable Coronary Artery Disease

GISSI-3 Effects of lisinopril and transdermal glyceryl trinitrate singly

and together on 6-week mortality and ventricular function

after acute myocardial infarction

HOPE Heart Outcomes Prevention Evaluation trial

IMAGINE Ischemia Management with Accupril Post Bypass Graft via

Inhibition of Angiotensin Converting Enzyme trial

POISE Perioperative Ischemic Evaluation Study

QUO VAIDS Effects of Quinapril on Clinical Outcome After Coronary

Artery Bypass Grafting

SAVE Survival and Ventricular Enlargement trial
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and were followed up for an average of 42 months. The results showed
that all-cause mortality was significantly reduced in the captopril
group (228 deaths, or 20%) compared with the placebo group (275
deaths, or 25%); the reduction in risk was 19% (95% CI 3–32%;
P¼0.019). In addition, the incidence of both fatal and non-fatal major
cardiovascular events was consistently reduced in the captopril group.
The risk reduction was 21% (95% CI, 5–35%; P¼0.014) for death
from cardiovascular causes, 37% (95% CI, 20–50%; Po0.001) for the
development of severe heart failure, 22% (95% CI, 4–37%; P¼0.019)
for congestive heart failure (CHF) requiring hospitalization and 25%
(95% CI, 5–40%; P¼0.015) for recurring MIs.
In the early 2000s, increasing evidence showed that ACE inhibitors

also provide end-organ protection, independent from their effects on
ventricular function and blood pressure. Two large randomized
clinical trials, the Heart Outcomes Prevention Evaluation (HOPE)
trial34 and the European Trial on Reduction of Cardiac Events
with Perindopril in Stable Coronary Artery Disease (EUROPA),35

demonstrated that ACE inhibitors could affect the atherosclerotic
process and reduce ischemic events and complications independent
of their effects on heart function and blood pressure. For example, in
the HOPE study,34 patients at high risk for cardiovascular events but
without left ventricular dysfunction or heart failure received ramipril
(10mg once daily) or placebo. After a mean follow-up of 5 years,
treatment with ramipril reduced the rates of death from cardiovascular
causes (6.1% in the ramipril group vs. 8.1% in the placebo group;
relative risk (RR) 0.74; Po0.001), MI (9.9 vs. 12.3%; RR 0.80;
Po0.001), stroke (3.4 vs. 4.9%; RR 0.68; Po0.001), death from any
cause (10.4 vs. 12.2%; RR 0.84; P¼0.005), revascularization proce-
dures (16.3 vs. 18.8%; RR 0.85; Po0.001), cardiac arrest (0.8 vs. 1.3%;
RR 0.62; P¼0.02), (corrected) heart failure (9.1 vs. 11.6%; RR 0.77;
Po0.001) and complications related to diabetes (6.4 vs. 7.6%; RR
0.84; P¼0.03).

In the Blood Pressure Lowering Treatment Trialists’ Collaboration
(BPLTTC, a meta-analysis from 26 large-scale trials), in terms of blood
pressure-dependent effects, ACE inhibitors and angiotensin II receptor
blockers showed similar magnitudes of risk reduction for stroke,
coronary artery disease and heart failure. With regard to blood
pressure-independent effects, however, at zero blood pressure reduc-
tion, ACE inhibitors were associated with a significantly decreased risk
of coronary artery disease. This cardioprotective effect of ACE
inhibitors was significantly greater than that of angiotensin II receptor
blockers, a similar drug class.36

Recently, multiple clinical trials and meta-analyses of these trials led
to the conclusion that ACE inhibitors reduce total mortality and
major cardiovascular events in patients with coronary artery disease
without left ventricular systolic dysfunction or heart failure.37,38

As clearly stated in an expert consensus document on ACE inhibitors
in CVD issued by the European Society of Cardiology in 2004, ‘long-
term treatment with ACE inhibitors in patients without heart failure is
beneficial in patients with known CVD or diabetes and some other
risk factors.39 This recommendation was labeled as class I, level of
evidence A.

ACE INHIBITORS IN RENAL DISEASE

Another unique feature of ACE inhibitors is their renoprotective
effect. Several major randomized clinical trials with ACE inhibitors
have clearly demonstrated that ACE blockage can prevent or delay the
development or progression of renal disease at all stages of the
continuum, from subclinical microalbuminuria to end-stage renal
disease.40–44 In the BErgamo NEphrologic DIabetes Complication
(BENEDICT) trial (2004), Ruggenenti et al. investigated the effect of
the ACE inhibitor trandolapril in 1204 hypertensive patients with type
2 diabetes and normal urinary albumin excretion. After a median of
3.6 years of follow-up, microalbuminuria had developed in 11% of the

ACEi ACEi
ACEi
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activation
RAS activation
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due to 
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and Kidney

Inflammation
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Ischemic
Events

ACEi ACEi

ACEi

Complications
 Heart: MI, Block, failure, etc
 Brain: Stocke 
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Risk profiles:
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Figure 1 Proposed mechanisms for complications of cardiac surgery and actions of ACEi blockade on multiple sites and levels. ACEi, angiotensin-converting

enzyme inhibitor; AKI, acute kidney injury; CPB, cardiac pulmonary bypass; CVS, cardiovascular system; MI, myocardial infarction.
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placebo group and in 6% of patients who received ACE inhibitor
therapy. After adjustment for baseline variables, the acceleration factor
(a measure of the effect of one treatment relative to another on the
progression of disease) was 0.44 in the ACE inhibitor group compared
with the placebo group, indicating that ACE inhibitor therapy
significantly delayed the progression of renal impairment.44

ACE INHIBITORS IN CARDIAC SURGERY

Table 2 lists major clinical studies on ACE inhibitors in cardiac
surgery, and both randomized clinical trials and observational studies
are covered, with emphasis on randomized trials.

Effects of ACE inhibitors on major morbidity and mortality
in cardiac surgery
In the late 1990s, (Table 2) a few observational studies by Rady et al.45

and Weightman et al.46 showed that preoperative therapy with ACE
inhibitors did not have a significant effect on clinical outcomes after
cardiac surgery, including organ dysfunction, duration of mechanical
ventilation, length of stay in ICU or in-hospital mortality.
In 2001, Oosterga et al.,47 in the Effects of Quinapril on Clinical

Outcome After Coronary Artery Bypass Grafting (QUO VAIDS) trial,
examined whether quinapril, an ACE inhibitor, can decrease ischemic
events, including death, revascularization, MI, recurrence of angina

Table 2 ACE inhibitors in cardiac surgery: major clinical studies

Study Design

Groups and patient

numbers Morbidity (%)

Mortality

(%)

RR, HR or OR

(95% CI) Comments

Ischemic eventsb

QUO VAIDS47

2001

RCT Quinapril, n¼75

Placebo, n¼73

4a

15

NA ACEi vs. placebo: HR 0.23

(0.06–0.87)

Quinapril 40 mg/day started 4 weeks

before CABG and continued for one year.

Composite resultsc

APRES48

2000

RCT Ramipril, n¼80

Placebo, n¼79

8a

18

1a

7

ACEi vs. placebo: RR 0.58

(7–80) for composite results

159 patients (130 CABG, 29 PCI) with

moderately depressed ejection fraction

received ramipril or placebo for a med-

ian 33 months.

MI, stroke and death

HOPE34 2000 RCT Ramipril, n¼4654

Placebo, n¼4652

14.0a

17.8

10.4a

12.2

ACEi vs. placebo: RR 0.84

(0.75–0.95) for mortality

A landmark study on ACEi. Of total

9297 patients, 25% of them had

already undergone CABG. A mean fol-

low-up was 5 years.

Composite resultsd

IMAGINE49

2008

RCT Quinapril, n¼1280

Placebo, n¼1273

13.7

12.2

2

2

ACEi vs. placebo: HR 1.00

(0.59–1.69) for mortality

Only included ‘‘low-risk’’ patients and

excluded diabetic patients; the doses of

quinapril may have been excessive.

AKI

Benedetto et al58

2008

Retrospective

cohort

ACEi, n¼281

No ACEi, n¼255

6.4a

12.2

2.8

3.5

ACEi vs. without one: OR

0.48 (0.23–0.77) for AKI

Patients included had received 2 or

more weeks of ACEi until the day of

surgery and underwent isolated CABG.

AKI

Arora et al59

2008

Retrospective

cohort

RASi, n¼706

No RASi, n¼652

43.4a

36.7

NA RASi vs. without one: OR

1.35 (1.05–1.73) for AKI

The patients on RASi were significantly

sicker (more with diabetes, hyperten-

sion, heart failure, obesity, etc.) than

without one.

AKI

Barodka et al60

2009

Retrospective

cohort

RASi, n¼122

No RASi, n¼224

1.64a

7.59

5.7

4.0

RASi vs. without one: OR

0.19 (0.04–0.84) for AKI

All included patients were X65 years

old and underwent CABG or valve sur-

gery. The sample size lacked power to

reveal the difference for mortality.

MI

Benedetto et al50

2008

Retrospective

cohort

ACEi, n¼245

No ACEi, n¼236

2.0

4.2

NA NA ACEi prior to surgery was found to

reduce postoperative cTnl release

significantly.

AKI

Miceli et al52 Retrospective

cohort

ACEi, n¼3052 No

ACEi, n¼3052

7.1a

5.4

1.3a

0.7

ACEi vs. without one: OR

2.00 (1.17–3.42) for

mortality

At baseline, the patients on ACEi were

markedly sicker (more with hyperten-

sion, diabetes, left main disease, pre-

vious MI and etc.) than without ACEi.

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; AKI, acute kidney injury; CABG, coronary artery bypass graft; CI confidence interval; HR, hazard ratio; MI, myocardial infarction; NA,
not available; OR, odd ratio; PCI, percutaneous coronary intervention; RASi, renin-angiotensin system inhibitors; RCT, randomized clinical trial; RR, relative risk.
aWith significant difference vs. placebo, no ACEi or no RASi group, respectively (Po0.05).
bIschemic events include death, revascularization, MI, recurrence of angina pectoris, ischemic stroke and transient ischemic attack.
cTriple-composite outcomes include cardiac death, acute MI or clinical heart failure.
dComposite end points include cardiovascular death, resuscitated cardiac arrest, non-fatal MI, coronary revascularization, unstable angina or heart failure requiring hospitalization, documented
angina and stroke.
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pectoris, ischemic stroke and transient ischemic attack in patients
undergoing CABG. The patients (n¼149) were randomized to receive
quinapril (40mg/day up to 1 year) beginning 4 weeks before CABG.
The results showed that treatment with quinapril significantly reduced
clinical ischemic events after CABG (4% in quinapril patients vs. 15%
in placebo patients; hazard ratio 0.23, 95% CI 0.06–0.87, P¼0.02). In
the Angiotensin-converting Enzyme Inhibition Post Revascularization
(APRES) trial, Kjoller-Hansen et al.48 studied 159 patients (130 CABG,
29 PCI) with normal blood pressure and moderately depressed
ejection fractions, who were randomly assigned to receive either
ramipril or placebo shortly after invasive revascularization and sub-
sequently followed up for a median of 33 months. The results showed
that ramipril significantly reduced the incidence of the composite end
point of cardiac death, AMI or clinical heart failure (risk reduction
58%; 95% CI 7–80%, P¼0.031). Both the QUO VAIDS and the
APRES studies are randomized trials but are limited by their small
sample size (o160 patients); thus, it is important not to make strong
conclusions based on such studies. Instead, these studies indicate the
need for larger confirmatory studies.
In 2008, Rouleau et al.49 found in the Ischemia Management with

Accupril Post Bypass Graft via Inhibition of Angiotensin Converting
Enzyme (IMAGINE) trial (n¼2553) that postoperative therapy with
quinapril (40mg/day, started o7 days after surgery) did not improve
clinical outcomes (cardiovascular events and death) up to 3 years after
surgery in low-risk CABG patients. Instead, postoperative treatment
with quinapril may have increased adverse events in the early post-
operative period (hazard ratio 1.52, 95% CI 1.03–2.26, P¼0.0356).
The IMAGINE trial is the largest randomized trial thus far in the field
of ACE inhibitors in cardiac surgery. In contrast to the results from the
QUO VAIDS and APRES trials, the IMAGINE trial indicated that ACE
inhibitors may not benefit patients undergoing cardiac surgery but can
instead have deleterious effects. Nevertheless, one limitation of this
study is the inclusion of only ‘low-risk’ patients undergoing CABG.
Another limitation is that the doses may have been excessive, as a
significantly higher incidence of hypotension was found in patients
receiving quinapril (12%) vs. those receiving placebo (5.5%,
Po0.001). Finally, the ACE inhibitor used in that study was started
acutely in the postoperative period, although it is known that the
potential benefits of ACE inhibitors, especially their pleiotropic effects,
occur over long periods of time.
With regard to observational studies, Benedetto et al.50 found in a

retrospective study (n¼481) that ACE inhibitors before surgery confer
added myocardial protection (reducing cardiac troponin release) in
patients undergoing CABG. Further evidence supporting the beneficial
effects of the ACE inhibitor ramipril in reducing/preventing cardio-
vascular events comes from the landmark Heart Outcomes Prevention
Evaluation trial, which included 9297 patients with high risk of CVD.
Of these patients, 26% had already undergone CABG. Compared with
placebo, long-term treatment with ramipril significantly decreased the
rates of MI, stroke and death (RR of 0.78, 95% CI 0.70–0.86,
Po0.01).34

Recently, two retrospective studies reported conflicting results.
On the basis of 9129 patients undergoing elective or urgent CABG
and/or valve surgery from January 1994 to December 2007 at Johns
Hopkins University in the USA, Barodka et al.51 found that
preoperative use of ACE inhibitors was independently associated
with a significantly reduced risk of 30-day mortality (OR 0.72, 95%
CI 0.57–0.92, Po0.007). In contrast, on the basis of the data of 10 023
patients undergoing isolated CABG between April 1996 and May 2008
at Bristol Heart Institute of UK, Miceli et al.52 reported that pre-
operative therapy with ACE inhibitors was associated with an

increased risk of mortality (OR 2.00, 95% CI 1.17–3.42, Po0.03).
At this time, it is difficult to compare these two large observational
studies, as the study by Barodka et al. has not been published as a full-
length paper. Of note, in the study by Miceli et al,52 the patients on
ACE inhibitors at baseline were obviously more sick than those not on
ACE inhibitors, as shown clearly in higher rates of hypertension,
diabetes, CHF, previous MI, left main disease and urgent and off-
pump CABG in the former group. It is likely that this was responsible
for the increased mortality in patients with ACE inhibitors. Although
the authors used the propensity score to match the patients in their
trial, this score cannot overcome pitfalls, such as the initial selection
bias and unmeasured confounders. It may also disregard individuals
who cannot be matched, but an effect modification may exist.53

Thus far, very few reports have specifically addressed the potentially
different effects of ACE inhibitors on patients undergoing on-pump or
off-pump cardiac surgery. In a small (n¼80), non-randomized pro-
spective study, Lee et al. reported that preoperative treatment with an
ACE inhibitor significantly increased the amount of vasoconstrictor
necessary to maintain the target mean arterial pressure during
off-pump CABG.54 As often seen in non-randomized studies, the
patients on preoperative ACE inhibitors in this study were in poorer
health than controls, as evidenced by higher rates of diabetes and
hypertension.

ACE inhibitors in cardiac surgery associated-acute kidney injury
Very few studies have been conducted specifically to investigate the
effect of ACE inhibitors on acute kidney injury (AKI) or renal failure
in cardiac surgery patients (Table 1). Several small randomized clinical
trials (n¼14–40) provide evidence that perioperative ACE inhibitor
therapy improved renal blood flow and/or function in patients
undergoing cardiac surgery.55–57 In the postoperative intensive care
unit, Wagner et al. investigated the effects of enalaprilat on cardiac and
renal function in patients (n¼40) with a left ventricular ejection
fraction o35% following CABG. The results showed that intravenous
enalaprilat increased creatinine clearance and decreased serum creati-
nine and urea. This therapy also improved cardiac and stroke volume
indexes and lowered pulmonary vascular resistance.55

In observational studies, Benedetto et al.58 evaluated the effect
of preoperative ACE inhibitors on acute kidney injury (AKI) in 536
patients undergoing CABG. They found that the incidence of acute
kidney injury (AKI) was 6.4% in patients with ACE inhibitors
but 12.2% in patients without ACE inhibitors (OR 0.48, 95% CI
0.23–0.77; Po0.04). The results of this study are largely in line with
the findings from our study (see below).
In contrast, Arora et al. (2008)59 and Miceli et al. (2009)52 found in

their retrospective studies that preoperative use of RAS inhibitors in
cardiac surgery patients was associated with increased risk of post-
operative renal dysfunction. However, the patients who were on RAS
inhibitors compared with those not on RAS inhibitors showed
significantly increased rates of history of diabetes, hypertension,
CHF and obesity, which likely explains why the patients on RAS
inhibitors had an increased incidence of postoperative acute kidney
injury (AKI) in these two studies.
We also conducted a retrospective cohort study in a single institu-

tion to examine the effects of preoperative use of RAS inhibitors on
postoperative renal failure in aging patients (n¼346) undergoing
cardiac surgery. With multivariate logistic regression analysis, the
results from our study showed that preoperative use of RAS inhibitors
significantly and independently reduced the incidence of postoperative
renal failure in aging patients undergoing cardiac surgery compared
with those not taking RAS inhibitors preoperatively (1.6 vs. 7.6%; OR
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0.19, 95% CI 0.04–0.84, P¼0.029), indicating that ACE inhibitors may
benefit a subgroup of patients, if not all patients, undergoing cardiac
surgery.60

Potential side effects and their controversies
In the non-surgical setting, as described above, ACE inhibitors have
been conclusively demonstrated to reduce the risk of cardiovascular
death, MI and death in patients at risk for cardiovascular events but
without heart failure.34,35 In the surgical setting, however, the use of
ACE inhibitors has been intensely debated. A major issue in the debate
is hypotension or ‘vasoplegia’, a potential side effect of the periopera-
tive use of ACE inhibitors. The mechanism of vasoplegia is unclear
and likely related to the pathological activation of several vasodilator
mechanisms and resistance to vasopressors.61 Because of this concern,
there seem to be quite a few pros62–66 and cons67–69 as to whether
preoperative ACE inhibitors should be continued or withdrawn before
cardiac surgery.
It may be beneficial to review briefly the following related rando-

mized clinical trials while considering the potential side effects of
preoperative use of ACE inhibitors:

(1) Dose titration is key for successful application of this class of
medicine. Here, the history of ACE inhibitor development is
elucidative. In the early 1990s, investigators started to examine
the effects of ACE inhibitors in patients post-AMI. An early and
disappointing result from the Cooperative New Scandinavian
Enalapril Survival Study II (CONSENSUS II) in 199270 was soon
overshadowed by a series of clinical trials that demonstrated the
remarkable survival benefits of ACE inhibitors in patients with
AMI, especially after a careful titration of ACE inhibitors in the
immediate postinfarction period was applied in these trials to
avoid the development of hypotension.30–33 For example, in the
study of the effects of lisinopril and transdermal glyceryl trini-
trate, dosed singly and together, on 6-week mortality and
ventricular function after AMI (GISSI-3 trial),30 patients with
a systolic blood pressure of 120mmHg or lower at randomiza-
tion or in the first 3 days could be given a lower dose of lisinopril
(2.5mg). If hypotension (systolic blood pressure p100mmHg)
occurred at any time during the study, a maintenance dose of
5mg daily could be adopted. Temporary reductions to 2.5mg
were also allowed. In severe hypotension (systolic blood pressure
o¼90mmHg), lisinopril could be withdrawn.

(2) Although the HOPE trial34 did not specifically address the issue
of ACE inhibitors in cardiac surgery patients, 26% of the 9297
patients in the trial had already undergone a CABG. In these
CABG patients, long-term use of the ACE inhibitor ramipril
significantly reduced cardiovascular complications and death,
which occurred when a low dose of ramipril was given (starting
with 2.5mg per day to a full dose of 10mg per day). As a result,
the mean reduction in blood pressure in the ramipril group was
only 2–3mmHg, suggesting that the beneficial effects of ACE
inhibitor therapy were largely due to the inhibition of tissue
ACE-mediated processes, aside from the antihypertensive effects
of this therapy, and this could be achieved without drug-induced
hypotension or vasoplegia.

(3) Although the aim of the Perioperative Ischemic Evaluation Study
(POISE)8 was to determine the effects of perioperative meto-
prolol on major cardiovascular events, the design of this study
also helped the analysis of results from similar clinical studies on
ACE inhibitors. The results of the POISE are mixed. There were
significant reductions in the primary outcomes of cardiac death,

non-fatal MI and cardiac arrest, but there was an increase in
death (total mortality) and stroke. Other adverse effects included
significant bradycardia and hypotension. In this study, patients
(n¼8351) received an oral dose of 100mg control-release
metoprolol or placebo 2–4 h before surgery and between 0 and
6h after surgery. At 12h after the first postoperative dose,
patients started taking 200mg metoprolol or placebo daily and
continued for 30 days after surgery. This treatment regimen and
the fixed, higher dose and acute initiation metoprolol immedi-
ately before surgery are likely responsible for significant brady-
cardia and hypotension and, therefore, an increase in death and
stroke.71 The results from the POISE highlight the risk of
assuming that a prophylactic therapy with sympathetic block
drugs, such as beta-blockers and ACE inhibitors, would have
benefits without substantial harm.

Aside from hypotension, ACE inhibitor therapy usually improved
renal function in patients with CVD and renal disease, but its use can
be associated with a syndrome of ‘functional renal insufficiency’ and/
or hyperkalemia, which is most likely to occur when renal perfusion
pressure levels cannot be sustained, (for example, hypotension,
dehydration or renal artery disease).72 These conditions should be
avoided or rectified during ACE inhibitor therapy.
The aldosterone ‘escape’ or ‘breakthrough’ phenomenon has been

observed during long-term ACE inhibitor treatment. The incidence
of this phenomenon ranges from 10% over 6 months to 53% over
1 year.73 This could be the result of ACE gene polymorphisms that are
involved in the modulation and adequacy of the neurohormonal
response to long-term ACE inhibition.74 Aldosterone breakthrough
may attenuate the myocardial protective effect of ACE inhibitors,75

and the additional inhibition of aldosterone may provide better
myocardial protection than an ACE inhibitor alone.

Current clinical use of ACE inhibitors
Several large clinical trials have demonstrated that ACE inhibitors are
remarkably safe and well tolerated by most patients, and the side
effects are generally reversible after discontinuation of the medica-
tion.30,34,35 During therapy with ACE inhibitors, mild, asymptomatic
hypotension is an acceptable side effect, but the development of
significant hypotension should be avoided in patients undergoing
cardiac surgery.
Nevertheless, optimal type, dose, timing, duration, titration and

potential side effects of perioperative use of ACE inhibitors remain to
be investigated, especially hypotension/vasoplegia and its prognostic
significance. At present, perioperative use of ACE inhibitors should be
started long before the scheduled surgery and then titrated carefully to
seek their beneficial effects while avoiding hypotension or vasoplegia.

Summary
Although tremendous progress has been made in the field of cardiac
surgery over the past four decades, clinical preventive therapy research
on the reduction of major complications associated with this type of
surgery is sparse and inconclusive; yet the complications of cardiac
procedures remain significant and costly. Meanwhile, multiple rando-
mized clinical trials and meta-analyses have clearly demonstrated that
long-term use of ACE inhibitors in the non-surgical setting provides
end-organ protection and reduces mortality and morbidity, including
cardiovascular and renal events in patients with CVD, AMI, diabetes
and kidney diseases. However, thus far, the results of ACE inhibitor
studies in the surgical setting, especially for cardiac surgery patients,
remain uncertain, controversial and even contradictory. Therefore,
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on the basis of the evidence and limitations described above,
well-designed clinical studies, including both retrospective (multi-
centers) and prospective (large randomized clinical trial) studies,
conducted before potentially widespread use of ACE inhibitors may
settle controversies, save considerable money and time and ultimately
spare lives.
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