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Abstract
Background—Angioedema is a rare adverse effect of angiotensin converting enzyme (ACE)
inhibitors that occurs more commonly in women and black Americans. Angioedema is thought to
result from decreased degradation of vasoactive peptides. During ACE inhibition, bradykinin is
primarily inactivated by aminopeptidase P (APP). Previous studies have provided conflicting data
regarding serum APP activity in patients with a history of ACE inhibitor-associated angioedema. A
single nucleotide polymorphism, −2399C>A (rs3788853, C-2399A), in XPNPEP2, the X-linked
gene that encodes membranous APP, has been reported to associate with APP activity.

Objective—To test the hypothesis that the relationship between XPNPEP2 C-2399A genotype and
APP activity or ACE inhibitor-associated angioedema is gender- and/or race-dependent.

Methods—We compared C-2399A genotype frequencies in 169 cases with a history of ACE
inhibitor-associated angioedema and 397 ACE inhibitor-exposed controls. Controls were pre-
specified to be 50% white, 50% black and 50% female. Cases and controls were group matched for
age and smoking.

Results—XPNPEP2 C-2399A genotype associated with serum APP activity in both men and
women. Serum APP activity was lower in men than in women, independent of genotype.
XPNPEP2 −2399 A/ genotype was associated with an increased risk of angioedema in men [odds
ratio 2.17 (1.09-4.32), P=0.03] in multivariate analysis. The A/ genotype was associated with
angioedema in black men (P=0.03) but not in white men.

Conclusion—APP activity is lower in men and the XPNPEP2 C-2399A polymorphism associates
with ACE inhibitor-associated angioedema in men but not women.
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INTRODUCTION
Forty million people take angiotensin-converting enzyme (ACE) inhibitors worldwide. A small
proportion of patients who take ACE inhibitors, 0.1 to 0.7 percent, will develop angioedema,
a potentially life-threatening side effect.[1,2] Angioedema is characterized by swelling of the
face, lips, tongue and airway and, if severe, can cause suffocation and death. Clinical risk
factors for ACE inhibitor-associated angioedema include black American race, female gender,
smoking, seasonal allergies, and immunosuppressant therapy.[3-5] Diabetes is associated with
a decreased risk of ACE inhibitor-associated angioedema.[4,5]

ACE inhibitor-associated angioedema is thought to result from defective degradation of the
vasoactive peptides bradykinin (BK) and substance P.[6,7] During ACE inhibition, BK and
substance P are inactivated primarily by aminopeptidase P (APP) and dipeptidyl peptidase IV
(DPPIV), respectively.[8,9] APP-inactivated bradykinin metabolites are also further degraded
by DPPIV.[8] Adam et al. have previously reported decreased APP activity in the sera of 39
white patients with a history of ACE inhibitor-associated angioedema, as compared to 39 ACE
inhibitor-exposed controls.[10] Byrd et al. reported decreased DPPIV antigen and activity
levels in the sera of 50 patients with a history of ACE inhibitor-associated angioedema as
compared to 176 ACE inhibitor-exposed controls, but did not observe a relationship between
case-control status and APP activity.[4]

Identifying genes associated with ACE inhibitor-associated angioedema can help to elucidate
mechanism. A previous study investigating the role of genetic factors in the regulation of APP
activity identified a single nucleotide polymorphism (SNP), C-2399A (rs3788853), in
XPNPEP2, an X-linked gene that encodes for membranous APP.[11] This variant segregated
with reduced serum APP activity in families in which the proband had ACE inhibitor-
associated angioedema or anaphylactoid reaction during dialysis.[11] The frequency of the
−2399A allele was also increased in 20 mixed-gender cases of ACE inhibitor-associated
angioedema as compared to 60 ACE inhibitor-exposed controls.[11] We have now collected
DNA from a large number of patients with ACE inhibitor-associated angioedema and ACE
inhibitor-exposed controls. Because studies have provided conflicting data regarding serum
APP concentrations in patients with a history of ACE inhibitor-associated angioedema and
because the gene encoding for serum APP is X-linked, we tested the hypothesis that the
relationship between XPNPEP2 C-2399A genotype and APP activity or ACE inhibitor-
associated angioedema is gender- and/or race-dependent.

METHODS
Case and Control Subjects

The study protocol was approved by the Vanderbilt Institutional Review Board, and all subjects
provided written informed consent. Case and control subjects were identified as previously
described.[4] Briefly, blood samples were obtained from 169 subjects with a history of ACE
inhibitor-associated angioedema, defined as swelling of the face, lips, or pharynx while taking
an ACE inhibitor but no history of angioedema when not taking an ACE inhibitor. Because of
the difficulty in diagnosis, we excluded subjects with angioedema of the bowel. Samples were
also collected from 397 control subjects who had been treated with an ACE inhibitor for at
least 6 months without experiencing angioedema. Controls were pre-specified to be 50% black
American, 50% white American and 50% female, 50% male. Cases and controls were group-
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matched by age and smoking status. Medical history, including the history of angioedema, was
confirmed by a research nurse using a detailed case report form.

PCR
DNA extraction was performed using a standard automated protocol (Qiagen, Valencia, CA).
Genotyping of the C-2399A SNP in XPNPEP2 was accomplished using allele-specific PCR
described elsewhere.[12] Two standard PCRs were performed using one common
(AACCCTCCCCACGTTGAATCA) and either of two allele-specific oligonucleotides
(GCACTGCTGAAATAGCAGTTGTTAG and GCACTGCTGAAATAGCAGTTGTTAT),
which differed only at the nucleotide at the 3′-end.[11] PCR products were visualized by
electrophoresis on a 1.5% agarose gel.

APP activity
Sera was stored at −80°C until the time of assay. Serum APP activity was measured using a
modified version of the assay previously described by Lefebvre et al.[13] Two or 4μl serum
samples, plated in a 96-well format, were incubated at 37°C for 3h with 5μM L-lysyl(ε-2-
aminobenzoyl)-L-prolyl-L-prolyl-4-nitroanilide [H-Lys(ε-Abz)-Pro-Pro-pNA] (Bachem,
Torrance, CA), an internally quenched fluorescent substrate.[14] Fluorescence was measured
at 5 to 7 time points in a Flexstation II 384 spectrofluorometer (Molecular Devices, Sunnyvale,
CA). After the 3h reading, 1nmol of internal standard, Abz-Gly (Bachem, Torrance, CA), was
routinely added to each well to normalize for serum and substrate quenching effects.

DPPIV activity
Serum DPPIV activity was measured as previously described.[13] Briefly DPPIV activity was
assayed by incubating sera with a colorimetric substrate, L-glycyl-L-prolyl p-nitroanilide
(Sigma-Aldrich, St. Louis, MO), at 37°C.

Statistical Analysis
Data are presented as mean ± standard deviation (SD), unless otherwise noted. Between- or
among- group comparisons were made using χ2 testing for categorical values and ANOVA for
continuous variables. Multivariate analysis was performed using binary logistic regression. A
2-sided P<0.05 was considered significant. Statistical analysis was performed using SPSS 17.0
(SPSS Inc, Chicago, IL).

RESULTS
Subject characteristics appear in Table 1. As specified in the methods, cases were pre-specified
to be 50% black American and 50% female and matched for age and smoking status. Fifty-six
percent of cases were women. The median ACE inhibitor exposure time for controls was 42
months. Only 16 controls took an ACE inhibitor for less than one year. The median exposure
time for cases was 5 months (P<0.001). The prevalence of seasonal allergies was significantly
higher in cases compared with control subjects. Month of ACE inhibitor initiation was similar
in the two groups (P=0.26). Overall, there was no difference in serum APP activity between
cases and controls (220.6 ± 162.2 vs 216.9 ± 161.1 pmoles/ml/min, P=0.9). Serum DPPIV
activity was lower in case subjects as compared to controls, as previously reported for a subset
of these subjects.[4]

XPNPEP2 C-2399A genotype frequencies were similar in white and black women and in white
and black men (Table 2). Genotypes were in Hardy-Weinberg equilibrium among women. Age
was similar among genotype groups (58.2 ± 13.3, 59.2 ± 11.7, 58.1 ± 12.2 years in C/C, C/A
and A/A) women and (56.5 ± 11.7, 54.8 ± 10.9 years in C/ and A/) men. There was no
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association between XPNPEP2 C-2399A genotype and the prevalence of diabetes or smoking
(both P>0.2).

There was a significant association between XPNPEP2 C-2399A genotype and serum APP
activity in both men and women (Figure 1). XPNPEP2 C-2399A genotype accounted for 9%
of the variability of serum APP activity in women and 13% in men. Serum APP activity was
lower in men compared to women, regardless of genotype. Serum APP activity was similar in
older and younger women (P=0.19). There was no relationship between APP activity and age
(P=0.27). Serum APP activity trended higher in black men compared to white men (P=0.058).

There was no association between XPNPEP2 genotype and case-control status, in all women
(P=0.7), in white women (P=0.9) or in black women (P=0.6) when heterozygote was treated
as intermediate (Table 2). There was also no association between XPNPEP2 genotype and
angioedema in women when the −2399A allele was treated as dominant (i.e. A/A + C/A vs C/
C). In contrast, among men, the frequency of the −2399 A/ genotype tended to be increased in
cases compared to ACE inhibitor-exposed controls (P=0.07 for univariate analysis) for black
and white males combined (Table 2). This was attributable to a significantly increased
frequency of the XPNPEP2 −2399A allele in black males with a history of angioedema
compared to ACE inhibitor-exposed black male controls (31.3% vs. 13.3%, P=0.03). The
frequency of the −2399A allele was 23.1% in white males with angioedema versus 20.6% with
ACE inhibitor-exposed controls, but this difference was not significant.

In multivariate analysis, the XPNPEP2 −2399 A/ genotype was associated with a 2.2-fold
increased risk of angioedema in all males (P=0.03) after controlling for diabetes mellitus,
seasonal allergies and DPPIV activity (Table 3). A history of seasonal allergies and DPPIV
activity were associated with an increased risk of angioedema in both males and females in the
multivariate analysis. When multivariate analysis was further stratified by race, the
XPNPEP2 −2399 A/ genotype was associated with increased risk of ACE inhibitor-associated
angioedema in black males (P=0.01) but not white males (P=0.53).

DISCUSSION
Angioedema is a rare, serious, adverse drug reaction that affects 40,000 to 280,000 patients
who take ACE inhibitors a year.[1,2] Associated risk factors, including black American race,
female gender and smoking, suggest that both genetic and environmental factors influence the
development of ACE inhibitor-associated angioedema.[3,5,6,15-17] Previous studies suggest
that altered degradation of the vasoactive peptides, bradykinin and substance P, contributes to
the pathogenesis of angioedema.[7,18] During ACE inhibition, aminopeptidase P inactivates
bradykinin.[8] We examined the relationship between a previously-described functional
polymorphism in XPNPEP2 in a large case-control study of ACE inhibitor-associated
angioedema. We report that APP activity associates with XPNPEP2 C-2399A genotype in men
and women, but that APP activity is lower in men compared to women regardless of genotype.
Moreover, we observe an association between XPNPEP2 C-2399A genotype and ACE
inhibitor-associated angioedema in men but not in women.

We found that APP activity is decreased in males compared to females, even after controlling
for XPNPEP2 C-2399A genotype. Regulation of APP by sex hormones could contribute to
gender differences in enzyme activity. The effect of estrogen on APP expression or activity
has not been reported. Progesterone increases APP activity.[19] Androgens increase APP
activity in patients with hereditary angioedema, suggesting that increased testosterone
concentrations in men cannot account for gender differences.[20] In addition, a prior study
suggests XPNPEP2 escapes X-inactivation.[21]
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XPNPEP2 C-2399A genotype was associated with ACE inhibitor-associated angioedema in
all men and in black men, but not in white men. The risk of angioedema is increased in blacks
compared to whites. Prior studies suggest that black Americans exhibit increased sensitivity
to the effects of bradykinin-induced vascular permeability compared to white Americans.
[22] Thus, black American men may be more susceptible to angioedema when the inactivation
of bradykinin by APP is decreased. In addition, given the small sample size, we cannot exclude
the effect of XPNPEP2 genotype in white men.

Despite the association between XPNPEP2 C-2399A genotype and ACE inhibitor-associated
angioedema in men, we did not detect a difference in circulating APP activity overall between
cases and controls. This is likely because, as reported previously [6], the majority of patients
with ACE inhibitor-associated angioedema are women. Thus, while genetic variation in
XPNPEP2 associates with angioedema, it is unlikely that variation in this X-linked gene
accounts for the majority of cases of ACE inhibitor-associated angioedema.

Mechanistically, defects in multiple pathways may contribute to the pathogenesis of ACE
inhibitor-associated angioedema. Bradykinin increases vascular permeability by stimulating
its B2 receptor.[23] Bradykinin also stimulates the release of substance P from nerve terminals,
and substance P increases vascular permeability via NK1 receptor stimulation.[23] In animal
models, blocking either B2 or NK1 receptors prevents ACE inhibitor-associated angioedema.
[7] Thus, variation in enzymes responsible for the inactivation of bradykinin (ACE, APP,
neutral endopeptidase P (NEP)) or substance P (ACE, DPPIV, NEP), or for the receptor targets
of bradykinin (B1 and B2) and substance P (NK1) could contribute to angioedema. We have
previously reported that DPPIV activity is decreased in some patients with ACE inhibitor-
associated angioedema.[4] Pharmacologic inhibition of both ACE and NEP increases the risk
of angioedema when compared to ACE inhibition alone.[24] Genetic variation in the
bradykinin B2 receptor influences bradykinin-mediated vasodilation during ACE inhibition.
[25]

In summary, the XPNPEP2 C-2399A genotype associates with APP activity and the frequency
of the loss-of-function XPNPEP2 −2399 A/ genotype is increased in men with ACE inhibitor-
associated angioedema. Nevertheless, variation in this X-linked gene does not account for the
pathogenesis of ACE inhibitor-associated angioedema in women, who comprise the majority
of cases. The combination of multiple genetic and environmental factors that affect the
degradation and action of vasoactive peptides during ACE inhibition likely contribute to ACE
inhibitor-associated angioedema pathogenesis.
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Figure 1.
C-2399A Variant Associates with APP Activity. For post-hoc analysis, *P<0.001 vs C/C or
C/; †P<0.001 vs C/C women; ‡P<0.01 vs A/A women.
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Table 1

Characteristics of Cases and Controls

Characteristic ACEi exposed controls
(397)

ACEi angioedema cases
(169)

Blacks : Whites 179 : 218 87 : 82

Male : Female 200 : 197 73 : 96

Age (years) 57.4 ± 11.4 57.3 ± 14.1

Median ACE inhibitor exposure
months (n)

42 (299) 5 (92)*

Diabetic : Non-diabetic 147 : 247 54 : 112

Smoker : Non-smoker 102 : 293 49 : 116

Seasonal allergies (yes:no) 184:213 97:51*

APP activity (pmoles/ml/min) 216.88 ± 161.07 (n=387) 220.60 ± 162.19 (n=149)

DPPIV activity (nmoles/ml/min) 30.45 ± 8.74 (n=373) 28.24 ± 10.88 (n=144)†

Data presented as means ± standard deviations.

*
P<0.001

†
P<0.05 versus control
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Table 2

XPNPEP2 C-2399A Variant Genotype and Allele Frequencies by Gender and ACE Inhibitor-Associated
Angioedema Case-Control Status

XPNPEP2 allele frequency
Patient Type

Control Case

Female

 All n=181 n=93

  C/C, n (%) 116 (64.1) 56 (60.2)

  C/A, n (%) 53 (29.3) 32 (34.4)

  A/A, n (%) 12 (6.6) 5 (5.4)

  OR (95% CI) 1.18 (0.7-2.0)

 Blacks n=84 n=51

  C/C, n (%) 55 (65.5) 29 (56.9)

  C/A, n (%) 24 (28.6) 19 (37.3)

  A/A, n (%) 5 (6.0) 3 (5.9)

  OR (95% CI) 1.44 (0.7-2.9)

 Whites n=97 n=42

  C/C, n (%) 61 (62.9) 27 (64.3)

  C/A, n (%) 29 (29.9) 13 (31.0)

  A/A, n (%) 7 (7.2) 2 (4.8)

  OR (95% CI) 0.94 (0.4-2.0)

Male

 All n=185 n=71

  C/, n (%) 153 (82.7) 52 (73.2)

  A/, n (%) 32 (17.3) 19 (26.8)

  OR (95% CI) 1.75 (0.9-3.3)

 Blacks n=83 n=32

  C/, n (%) 72 (86.7) 22 (68.8)

  A/, n (%) 11 (13.3) 10 (31.3)

  OR (95% CI) 2.98 (1.1-7.9)

 Whites n=102 n=39

  C/, n (%) 81 (79.4) 30 (76.9)

  A/, n (%) 21 (20.6) 9 (23.1)

  OR (95% CI) 1.16 (0.5-2.8)

Odds ratios (OR) and 95% confidence intervals (CIs) were calculated for C-2399A A/A + C/A vs C/C (reference) or A/ vs C/ (reference).
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