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Angiotensin-converting enzyme (ACE) inhibitors are first-line
therapy for the treatment of hypertension, congestive heart
failure, and diabetic nephropathy. ACE inhibitors are asso-
ciated with adverse side effects such as persistent dry
cough (ACE-cough) and, rarely, life-threatening angioedema
(ACE-AE). The authors investigated the influence of ACE I/D
polymorphism in combination with serum ACE activity, B2

receptor �9/+9 polymorphism, and B2 receptor C-58T single
nucleotide polymorphism (SNP) on the development of ACE-
AE and ACE-cough. The frequencies of ACE I/D as well as
B2 receptor +9/�9 and C-58T polymorphisms were com-
pared in patients with ACE-AE, ACE-cough, and ACE
inhibitor–exposed controls, and serum ACE activity was
measured. There were 52 cases of ACE-AE, 36 cases of

ACE-cough, and 77 controls. The genotyping revealed a
significant association between the B2 �9 allele and ACE
inhibitor–induced AE (62% vs 38%, P=.008), and ACE
inhibitor–induced cough (61% vs 38%, P=.02) when com-
pared with controls. There was no significant association
between ACE I/D polymorphism as well as the B2 C-58T
SNP with both ACE-induced AE and cough. ACE activity
was significantly higher in controls compared with patients
with ACE-AE (34.5�1.14 mU/mL vs 17.8�0.86 mU/mL,
P=.0001) and ACE-cough (34.5�1.14 mU/mL vs
23.3�1.88 mU/mL, P=.0001). Thus, our data suggest that
the B2 �9 allele and reduced ACE activity are associated
with both ACE-AE and ACE-cough. J Clin Hypertens
(Greenwich). 2013;15:413–419. ª2013 Wiley Periodicals, Inc.

Angiotensin-converting enzyme (ACE) inhibitors are
used by more than 40 million people worldwide for the
treatment of hypertension, congestive heart failure,
myocardial infarction, and diabetic nephropathy.1

Although clinically effective, ACE inhibitors are com-
monly associated with adverse side effects such as
persistent dry cough (ACE-cough) and, more rarely, a
potentially life-threatening angioedema (ACE-AE).2

Clinical risk factors of ACE-AE include the black race,
female sex, smoking, seasonal allergies, and immuno-
suppressant therapy,3,4 while diabetes may be protec-
tive.4,5 However, there is an urgent need to have more
reliable predictors of ACE-AE given its potential to
cause death.

Clinically ACE-AE presents as swelling of the face,
tongue, and neck region that may obstruct the upper
airways and cause death. The vasodilator peptide
bradykinin (BK) plays a central role in the pathophys-
iology of both ACE-AE and ACE-cough.6,7 BK is
primarily degraded by ACE and secondarily by amino-
peptidase P (APP).8,9 During ACE inhibition, BK is
primarily degraded by APP.10 BK exerts its pharmaco-
logic activities through the constitutively expressed
kinin B2 receptor, whereas its vasoactive metabolite

des-arg9-BK binds to the B1 receptor.10 B1 and B2

activation results in several physiological and patholog-
ical responses, including vasodilation, increased vascu-
lar permeability, bronchospasm, edema, pain, and
cellular proliferation.11

Identification of genes associated with ACE-AE could
help elucidate its mechanism and underlying predispo-
sition. The ACE gene is located on chromosome 17 in
humans and the polymorphism is detected in intron 16
based on the insertion [I]/deletion [D] of 287 bp.12,13

The average serum levels of ACE-DD genotype are
higher than that of ACE-II genotype,14 but these
polymorphisms in Caucasians have not being associated
with ACE-AE.14 In contrast, in blacks, in whom ACE-
AE is more prevalent, there is a link with ACE II
genotype.15

Further determinants that are potentially involved in
genetic predisposition to ACE-AE are BK receptors. A
variant of the B2 receptor gene in which the presence or
absence of a 9-basepair repeat in exon 1 affects B2

transcription has been identified.16 The +9/+9 genotype
is associated with decreased vasodilation and tissue
plasmin activator production in response to BK during
ACE inhibition compared with the �9/�9 allele.17

Furthermore, the �9/�9 allele has been associated with
increased severity of AE in cases of type-1 hereditary
angioedema.18 The C-58T B2 promoter single nucleo-
tide polymorphism (SNP) has been associated with
increased risk of essential hypertension in African
Americans and also with ACE-cough in Chinese
patients.19,20 However, both �9/+9 and C-58T have
never been investigated and associated with ACE-AE.
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In this study we investigated the role the ACE I/D
polymorphism in combination with serum ACE
activity as well BK B2 receptor �9/+9 and C-58T
polymorphisms in the development of ACE-AE and
ACE-cough.

METHODS

Participants
The study protocol was approved by the Human
Research Ethics Committee at the University of Cape
Town. Three different patient cohorts were recruited for
the study from the hypertension clinic at Groote Schuur
Hospital and Victoria Hospital, Wynberg Cape Town:
cohort 1 (control group) included hypertensive patients
currently taking treatment with the ACE inhibitor
enalapril for more than 2 years with no side effects;
cohort 2 included patients with ACE-AE); and cohort 3
included patients ACE-cough who had discontinued
treatment. Participants self-identified themselves as of
African ancestry (black), Cape mixed ancestry, or
Caucasian (white) and demographic details were
obtained regarding smoking, seasonal allergies, and
comorbidities such as diabetes, congestive heart failure,
and kidney failure. The date of the episode, frequency,
localization, and severity of AE were recorded.

DNA and serum samples were collected from 77
control patients and 52 ACE-AE and 36 ACE-cough
patients. Serum samples for ACE activity were taken
from controls taking enalapril and 48 hours after
discontinuation.

ACE I/D Genotyping
Genomic DNA was extracted from peripheral blood
leucocytes using QIAmp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) according the manufacturer’s instruc-
tions.

The ACE I/D polymorphism was amplified by
polymerase chain reaction (PCR) using the following
primers: forward (5′gcttgcagcatgtggcccca3′) and reverse
(5′gccatcctccagttttacccgaa3′). Amplification was per-
formed with the initial DNA denaturation step at
98°C for 2 minutes, then underwent 30 cycles of 96°C
for 30 seconds, annealing at 65°C for 30 and 45 sec-
onds at 72°C for DNA extension. After the last cycle,
the reaction was completed at 72°C for 8 minutes. PCR
products were separated using 4% agarose gel electro-
phoresis. Amplification of this primer pair resulted in
607 and 320 bp corresponding to the ACE I and ACE D
alleles, respectively.

B2 �9/+9 Genotyping
The bradykinin B2 receptor exon 1 �9/+9 polymor-
phism was amplified by PCR using the following
primers: forward (5′tctggcttctgggctccgag3′) and reverse
(5′actgaagtgcccatgccgct3′). Cycling conditions for PCR
were initial DNA denaturation at 95°C for 10 minutes,
followed by 30 seconds of denaturation at 95°C for 30
cycles, annealing at 60°C for 30 and 30 seconds at 72°C

for DNA extension, followed by final extension of 1
cycle for 8 minutes. PCR products were separated using
7.5% polyacrylamide gel electrophoresis. The presence
of the �9/+9 is confirmed by the presence of 102 and
93 bp bands.

The B2 C-58T SNP in the promoter region of the B2

gene located on chromosome14q32.1–q32.2 was
detected using PCR. Because the C-58T substitution
does not alter a recognition sequence for a restriction
enzyme, a partial recognition site for TSP45I was
introduced by introduction of a single mismatch base
(bold) in the forward primer. The primer used was a
follows: forward (5′cccaggaggctgatgacgtcac3′ and
reverse (5′tctggcttctgggctccgag3′). Thermocycling
included an initial denaturation step of 95°C for
10 minutes, followed by 30 seconds of denaturation at
95°C for 30 cycles, annealing at 60°C for 30 seconds
and 30 seconds at 72°C for DNA extension, followed
by final extension of 1 cycle for 8 minutes. PCR
products were digested with restriction enzyme TSP45I
for 2 hours at 37°C. The digested PCR product was
separated using 4% agarose gel electrophoresis. The
presence of the C-58T allele is confirmed by the
presence of 86 bp band, whereas the C-58C allele is
confirmed by PCR product of 66 and 20 bp bands,
respectively.

Serum ACE Activity
Serum ACE activity was determined using a spectroflo-
urimetric assay described by Danilov adapted from
the method by Friedland and Silverstein.21,22

Because ACE is inhibited by unidentified low
molecular weight endogenous inhibitors in serum,
urine and other tissues,21 serum was diluted in 19
phosphate buffered saline (PBS) in a dilution series of
1:2, 1:4, and 1:8 simultaneously with undiluted serum
so that the effect of these endogenous inhibitors was
minimized.

Serum ACE Inhibition
Lisinopril (10 mg) was dissolved in distilled water to
make a 1-mM stock. Different concentrations of lisin-
opril (0, 0.1, 0.3, 1, 3, 10, and 30 nM) were then made
up in 19 PBS. Serum was diluted 1:5 in 19 PBS and
180 lL was added to the Eppendorf tube containing
20 lL of each inhibitor concentration in triplicates. The
mixture was mixed and preincubated for 2 hours at
room temperature so that the enzyme and inhibitor
reached equilibrium. The residual ACE activity was
determined with 5 mM HHL and 2 mM Z-FHL, as
previously described. The Z-FHL/HHL ratio was then
calculated and plotted against the concentration of
lisinopril to determine the levels of ACE bound to
inhibitor.

Statistical Analysis
Statistical analysis was carried out using SPSS 18.0
(SPSS Inc, Chicago, IL) for categorical variables or
Statistica 10 (StatSoft, Tulsa, OK) for numerical
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variables. The controls were tested for Hardy-Weinberg
equilibrium (HWE) for all genotypes in this study. For
categorical variables, chi-square test was used to test for
significance between cases and controls. For numeric
variables, Student t test and one-way analysis of
variance was used to test for the difference. Data are
presented as mean�standard deviation.

RESULTS
A total of 165 participants were enrolled in the study to
investigate the association of genetic polymorphisms
with ACE-cough and ACE-AE in a South African
population (Table I). The majority of patients with
ACE-AE were of Cape mixed ancestry (61%), and this
cohort mirrored the demographic profile of the patients
with ACE-cough (72%). In both the ACE-AE (79%)
and ACE-cough (92%) groups, the majorities were
women and in the ACE-AE and ACE-cough cohorts,
25% and 46% were diabetic, respectively. All partici-
pants in the control group received 10 mg of enalapril
twice daily.

ACE Insertion/Deletion Polymorphism
The distribution of ACE I/D polymorphism genotypes
for 77 control patients was: ACE-II 17 (22%), ID 34
(44%), and DD 26 (34%) (Table II). In a group of 36
patients with ACE-cough, the distribution of the 3
genotypes was: ACE-II 7 (19%), ID 20 (56%), and DD
9 (25%). The frequencies of the ACE I/D genotypes in
52 patients with ACE-AE were: ACE-II 11 (21%), ID 20
(39%), and DD 21 (40%). There was no significant
difference in the distribution of ACE I/D polymorphism
between men and women (P=.910) or ethnic groups
(P=.087) (data not shown). No significant difference
was observed for the ACE-II genotype when comparing
controls with patients with ACE-cough (19% vs 22%,

P=.942) and patients with ACE-AE (21% vs 22%,
P=.926). There was also no significant association
between ACE-ID genotype and patients with ACE-
cough (56% vs 44%, P=.353) and patients with ACE-
AE (39% vs 34%, P=.644) when compared with
controls. Similarly, there was no significant difference
in the distribution of the ACE-DD genotype in patients
with ACE-cough (25% vs 34%, P=.471) and patients
with ACE-AE (40% vs 34%, P=.562) when compared
with controls. The ACE I/D genotypes were in HWE for
all controls.

B2 �9/+9 Insertion/Deletion Polymorphism
Genotyping results for the B2 �9/+9 polymorphism
results are presented in Table II. Genotypes were not in
HWE among controls (P=.03). The B2 �9/+9 polymor-
phism genotype frequencies were similar between men
and women (P=.37) and ethnic groups (P=.09) in all
patients (data not shown). The �9/�9 genotype was not
significantly associated with ACE-AE (15% vs 10%,
P=.11) or ACE-cough (11% vs 10%, P=.87) when
comparing these groups with controls (Figure 1A).
However, for the �9/+9 genotype there was a significant
association with both ACE-AE (46% vs 28%, P=.01)
and ACE-cough (50% vs 28%, P=.01). The frequency
of the +9/+9 genotype was significantly lower in ACE-
AE patients compared with controls (39% vs 62%,
P=.008), as well as between ACE-cough patients and
controls (39% vs 62%, P=.02). When the B2–9 allele
was treated as dominant (�9/�9+�9/+9) (Figure 1B) in
ACE-AE patients compared with controls, the B2–9
allele was significantly associated with ACE inhibitor–
induced AE (62% vs 38%, P=.008). Similarly, if the
B2–9 was treated as dominant in ACE-cough patients vs

TABLE I. Characteristics of All Patients Enrolled in
the Study

Characteristics

Controls

(n=77)

ACE-AE

(n=52)

ACE-Cough

(n=36)

Race

Cape mixed ancestry 56 (71) 32 (61) 27 (72)

Black 19 (26) 17 (33) 4 (14)

White 2 (3) 3 (6) 5 (14)

Sex

Male 33 (43) 11 (21) 3 (8)

Female 44 (57) 41 (79) 33 (92)

Mean age (IQR) 59 (50–70) 49 (49–70) 59 (50–70)

Comorbidities

Diabetic 23 (30) 13 (25) 12 (46)

Nondiabetic 54 (70) 39 (75) 24 (54)

Abbreviations: ACE-AE, angiotensin-converting enzyme inhibitor–

associated angioedema; ACE-cough, angiotensin-converting enzyme

inhibitor–associated cough; IQR, interquartile range. Values are

expressed as number (percentage).

TABLE II. Genotype Frequencies of ACE I/D and
Bradykinin B2 Receptor �9/+9 Polymorphisms and
B2 C-58T SNP

Gene Polymorphism

Controls

(n=77)

ACE-Cough

(n=36)

ACE-AE

(n=52)

ACE I/D

II 17 (22) 7 (19) 11 (21)

ID 34 (44) 20 (56) 20 (39)

DD 26 (34) 9 (25) 21 (40)

B2 �9/+9

�9/�9 8 (10) 4 (11) 8 (15)

�9/+9 21 (28) 18 (50) 24 (46)

+9/+9 48 (62) 14 (39) 20 (39)

B2 C-58T SNP

TT 11 (14) 6 (16) 5 (10)

CT 19 (25) 15 (42) 24 (46)

CC 47 (61) 15 (42) 23 (44)

Abbreviations: ACE, angiotensin-converting enzyme; ACE-AE, angio-

tensin-converting enzyme inhibitor–associated angioedema; ACE-

cough, angiotensin-converting enzyme inhibitor–associated cough;

SNP, single nucleotide polymorphism. Values are expressed as

number (percentage).
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controls, the results also displayed a significant associ-
ation (61% vs 38%, P=.02).

B2 C-58T Genotype in ACE-AE and ACE-Cough
B2 C-58T genotype distributions were in HWE. Patient
characteristics are shown in Table II. The C-58T SNP
genotype frequencies displayed no significant associa-
tion with men and women (P=.388) and ethnic groups
(P=.422) in the study (data not shown). The TT
genotype frequency was similar in ACE-AE patients
compared with controls (10% vs 14%, P=.6) as well as
ACE-cough patients compared with controls (16% vs
14%, P=.96) (Table II and Figure 2A). The CT hetero-
zygote was significantly associated with ACE-AE (46%
vs 25%, P=.01), but there was no significant association
with ACE-cough (42% vs 25%, P=.07). The CC
genotype frequency was similar in both ACE-AE (44%
vs 61, P=.089) and ACE-cough (42% vs 61%, P=.08)
compared with controls. When the T allele was treated
as a dominant (ie, TT+CT), no significant association
with the �58T allele was observed in both ACE-AE
(56% vs 39%, P=.06) and ACE-cough (58% vs 39%,
P=.06) patients vs controls (Figure 2B).

Analysis of Serum ACE Activity in Patients
With ACE-AE and ACE-Cough
Endogenous ACE inhibitor in serum adversely affects
the enzymatic activity of ACE.21,23 Furthermore, the
determination of ACE activity using two substrates (Z-
FHL and HHL) and the calculation of the ratio of
ZPHL/HHL activity provides a sensitive method for the
detection of ACE inhibitors in biological samples.21

ACE activity and Z-FHL/HHL ratios indicated that
there was minimal inhibition of ACE at serum dilutions
of 1:4 and 1:8 (data not shown). Thus, a 1:5 dilution of
serum was found to be most convenient for the
measurement of maximal ACE activity. ACE activity
was determined in 29 controls, 52 ACE-AE, and 35
ACE-cough patients. For controls, ACE activity was
determined during and 48 hours after discontinuation
of enalapril. The mean ACE activity of patients off
and on enalapril was approximately 3-fold higher
(34.5�1.14 mU/mL vs 9.0 mU/mL, P=.0001) (Fig-
ure 3A). The Z-FHL/HHL ratio was significantly higher
in controls taking or not taking enalapril (3.25 vs 0.91,
P=.0001), confirming adherence with enalapril
(Figure 3B).

The mean ACE activity of patients with ACE-AE and
ACE-cough was 50% and 30% less than that of

P=.01

P=.01

P=.02

P=.008

A

B P=.008

P=.02

FIGURE 1. Analysis of the B2 �9/+9 insertion/deletion
polymorphism. (A) Comparison of the B2 �9/+9 polymorphism in
controls (black bars) with angiotensin-converting enzyme inhibitor–
associated cough (ACE-cough) (grey bars) and angiotensin-
converting enzyme inhibitor–associated angioedema (ACE-AE)
(white bars). (B) Analysis of the dominant �9 variant in controls,
ACE-AE, and ACE-cough.
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FIGURE 2. B2 C-58T genotype in angiotensin-converting enzyme
inhibitor–associated angioedema (ACE-AE) and angiotensin-
converting enzyme inhibitor–associated cough (ACE-cough). (A)
Evaluation of B2 C-58T SNP in controls (black bars) with ACE-cough
(grey bars) and ACE-AE patients (white bars). (B) Analysis of the
dominant B2 C-58T allele in ACE-AE and ACE-cough patients vs
controls.
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controls, respectively (Figure 4). There was a smaller,
but significant, difference in the mean ACE activity of
cough vs AE patients (P=.0003). The ACE activity in
serum was correlated with ACE genotype in controls
and ACE-AE and ACE-cough patients (Figure 5). ACE

activities of controls, ACE-AE, and ACE-cough were
similar between, ACE-II, ID, and DD. However, ACE-
AE and ACE-cough II homozygotes had significantly
lower mean ACE activities compared with controls
(P=.0001 and P=.01, respectively). In contrast, the
lower mean activity ACE-AE compared with ACE-
cough ACE-II homozygotes was not significant
(17.05�5.16 mU/mL vs 23.05�10.19 mU/mL, P=.11).
This profile of ACE activity was similar in ACE ID and
DD genotypes, but the difference between the mean
ACE activity of ACE-AE and ACE-cough was less
pronounced in the ACE-DD genotype for cough-AE,
P=.188 for ACE-DD genotype; P=.0016 for ACE-ID;
and P=.115 for ACE-II).

DISCUSSION
Much research has been done on the clinical and
molecular bases of the ACE inhibitor side effects.
However, the mechanisms that cause ACE-AE and
ACE-cough are still not fully understood. In the present
study we investigated whether ACE I/D and bradykinin
B2 receptor �9/+9 polymorphism and the B2 C-58T
SNP are associated with the occurrence of ACE-AE and
ACE-cough. Previous studies have shown that the ACE
I/D polymorphism is associated with diseases such
asthma, myocardial infarction, and idiopathic nephritic
syndrome.24–26 In this study, there was no significant
association between the ACE I/D polymorphism and
ACE inhibitor–associated AE or cough. These findings
are in agreement with recent work investigating the
impact of the ACE I/D polymorphism in Caucasian
patients with documented episodes of ACE-AE,27 but in
contrast to previous work suggesting that the ACE-II
genotype was dominant in black patients with
ACE-AE.15 However, serum ACE activity was signifi-
cantly decreased in both ACE-AE and ACE-cough
patients, and not related to ACE I/D polymorphisms.
This confirms a previous report that ACE genotype has
limited impact on ACE activity in a black male South
African cohort.28 We found that ACE activity is higher

B

A
P=.0001

P=.0001

FIGURE 3. Serum angiotensin-converting enzyme (ACE) activity in
controls on and off treatment. (A) Paired test comparing serum
mean ACE activity of patients on and off treatment. Values are
mean�standard deviation. (B) ZFHL/HHL ratio to check for patient
compliance.

P=.0003

P=.001

P=.001

FIGURE 4. Analysis of serum angiotensin-converting enzyme (ACE)
activity in patients with ACE-associated angioedema (ACE-AE) and
ACE-associated cough (ACE-cough). One-way analysis of variance
comparing ACE enzymatic activity of controls with patients with
ACE-AE and ACE-cough. Values are mean�standard deviation.

FIGURE 5. Analysis of serum angiotensin-converting enzyme (ACE)
activity in ACE insertion/deletion genotypes. Correlation between
serum ACE activity and ACE ID genotype in controls (black bars)
with patients with ACE-associated cough (ACE-cough) (grey bars)
and ACE-associated angioedema (ACE-AE) (white bars).
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in controls than in ACE-AE and ACE-cough patients
across all genotypes and this suggests that it may be a
clinically useful risk marker for ACE-AE and ACE-
cough. The reason for the altered ACE activity is
unclear; however, it is possible that this might be due to
aberrant processing of the membrane-bound form of
ACE as opposed to changes in activity or protein
expression.29,30 A soluble isoform of ACE produced by
alternative splicing was identified in human umbilical
vein endothelial cells.31 However, this form has not
been identified in patients during or after ACE inhibitor
treatment.

BK increases vascular permeability and stimulates
cough reflex in the lung by stimulating the B2 receptor,
and is probably the underlying mechanism for cough
and angioedema. Genetic mutations in the BK metabolic
pathway are attractive candidate genes for ACE-cough
and ACE-AE. The B2 �9/+9 polymorphisms have been
linked to increased vasodilation during ACE inhibi-
tion,17 and hereditary AE in cases of C-1 esterase
inhibitor deficiency. To our knowledge, this is the first
study to associate both ACE-AE and ACE-cough with
the �9/+9 B2 receptor polymorphism. There was a
significant association with B2–9 variant with both
ACE-AE and ACE-cough. The C-58T receptor promoter
SNP has been associated with ACE-cough in Asian
patients.20 In this study, however, no correlation was
shown between C-58T SNP and ACE-AE and ACE-
cough.

STUDY LIMITATIONS
There are a number of limitations in this study that are
worth highlighting. By chance, white patients and men
with angioedema were underrepresented, making it
difficult to carry out meaningful ethnic and sex com-
parisons. Van Guilder and colleagues17 have reported
that the �9/+9 genotype is associated with increased
systolic blood pressure in normotensive white Ameri-
cans and with increased forearm vascular resistance in
normotensive black Americans. Thus, the findings of
this study are not applicable to other ethnic groups.
While the association of the ACE B2 �9/+9 genotype
with ACE-AE and ACE-cough is of interest, greater
numbers are required to further validate these findings.
Finally, previous studies have reported an increase in
ACE activity following prolonged ACE inhibitor treat-
ment in hypertensive patients.32 However, there was no
change in ACE expression in rats following lisinopril
administration.33 Consequently, while it is possible that
the increased ACE activity in the controls could be
partly due to an ACE inhibitor–induced increase in ACE
expression, the ACE activity of the patients with ACE-
AE was significantly lower than that of patients with
ACE-cough.

CONCLUSIONS
In the present study we showed a significant correlation
between B2 �9/+9 and low ACE activity and the
development of ACE-AE and ACE-cough. Furthermore,

no significant association was shown between ACE I/D
or B2 C-58T gene polymorphisms and ACE-AE and
ACE-cough. The difficulty in elucidating the genetic
basis of complex diseases is entrenched in multiple
factors that have an effect in the development of a
disease. Therefore, further studies should be carried out
to determine whether the combination of genetic poly-
morphisms might be risk factors for the development of
both ACE-AE and ACE-cough.
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