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Abbreviations used

ACE: Angiotensin-converting enzyme

BMcMCs: Bone marrow–cultured mast cell

cAMP: Cyclic AMP

LT: Leukotriene

MC: Mast cell

mMCP-1: Mouse mast cell protease 1

PGD2: Prostaglandin D2

PK: Protein kinase

PSA: Passive systemic anaphylaxis
Background: Cofactors contribute to the elicitation of
anaphylaxis. b-Blockers and angiotensin-converting enzyme
(ACE) inhibitors are widely used cardiovascular drugs. We
specially designed a mouse model to further analyze the
cofactor potential of these drugs.
Objective: We sought to test the hypothesis that b-blockers and
ACE inhibitors alter the risk for severe anaphylaxis and to
pinpoint the associated mechanism.
Methods: The risk factor potency of cardiovascular drugs on
the severity of anaphylaxis in patients from German-speaking
countries was analyzed. In vivo interaction of the cardiovascular
drugs metoprolol (b-blocker) and ramipril (ACE inhibitor) with
the anaphylactic response was determined. Mast cell (MC)
mediators (histamine, serotonin, leukotriene C4, prostaglandin
D2, and mouse mast cell protease 1) were quantified in serum.
Bone marrow–derived cultured MCs served to identify whether
the therapeutics targeted MCs directly.
Results: Our anaphylaxis database indicated a higher risk of
severe anaphylaxis after monotherapy with b-blockers or ACE
inhibitors, which was more pronounced when both drugs were
combined. This was confirmed in our mouse model. While
single therapeutics had either no significant (ramipril) or a
modestly aggravating (metoprolol) effect, their combined
administration exacerbated anaphylactic symptoms potently
and simultaneously enhanced MC mediators, hinting at MCs as
direct targets. In fact, FcεRI-mediated MC histamine release
was synergistically increased by metoprolol/ramipril or
metoprolol/bradykinin (the latter increased after ACE inhibitor
intake), whereas the substances had no significant effect on their
own. MC priming was particularly pronounced when FcεRI
aggregation was in the suboptimal range, reflecting common
clinical settings.
Conclusion: b-Blockers and ACE inhibitors synergistically
aggravate anaphylaxis at least partly by decreasing the
threshold of MC activation. (J Allergy Clin Immunol
2014;nnn:nnn-nnn.)
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Anaphylaxis is a severe IgE-mediated and mast cell (MC)–
dependent hypersensitivity reaction with a potentially fatal
outcome. Together with cutaneous and gastrointestinal symp-
toms, the respiratory and cardiovascular systems are frequently
involved.1-3 The most prevalent elicitors of anaphylaxis are food,
drugs, and venom,4-6 but reactions do not always occur on contact
with the offending allergen, even in the same patient.

In fact, about 30% of reactions are elicited under specific
circumstances only, and these observations have led to the
concept of so-called augmenting factors or cofactors, which
need to combine with the triggering allergen for anaphylaxis to
ensue.7-10 Drugs are an important group of relevant cofactors.5

They can interact at several levels and through different mecha-
nisms with the anaphylactic response. The best understood exam-
ples are cases in which the drug itself acts as the allergen (eg,
b-lactams), so that MC degranulation is triggered like a classical
type I allergic reaction.11 Another group of therapeutics (eg, opi-
oids) activate MCs directly in an IgE-independent manner.12,13

The third and largest group comprises a heterogeneous collection
(eg, nonsteroidal anti-inflammatory drugs or most contrast me-
dia), which generally do not degranulate MCs directly14,15 but
which can nevertheless affect anaphylactic responses; their mech-
anisms of action are poorly defined thus far. b-Blockers and
angiotensin-converting enzyme (ACE) inhibitors are commonly
used in the management of cardiovascular diseases16,17 and sup-
posedly belong to the latter category. Their use has increased over
the last decades,18,19 but the intersection of these drugs with
anaphylaxis is not well understood. The question of whether sin-
gle cardiovascular drugs serve as potentiating factors in anaphy-
laxis is likewise still a matter of debate.20-23 Cardiovascular
medication is commonly prescribed as a combination of drugs
from different categories because single substances are often
insufficient to control blood pressure appropriately.24,25 The pos-
sibility that such cardiovascular drugs might aggravate anaphy-
lactic responses when used alone or in combination has not
been studied in detail thus far. Here we first assess the potential
role of b-blockers and ACE inhibitors in the context of anaphy-
laxis based on data extracted from our extensive registry for
1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:Margitta.worm@charite.de
http://dx.doi.org/10.1016/j.jaci.2014.09.004


J ALLERGY CLIN IMMUNOL

nnn 2014

2 NASSIRI ET AL
German-speaking countries,8 showing that both therapeutics
display modest yet discernible anaphylaxis-promoting effects
on their own and more pronounced effects if combined. After es-
tablishing a mouse model to investigate the role of potential co-
factors on anaphylactic responses, we confirm the above effects
from epidemiologic data in the mouse and furthermore show
that the b-blocker metoprolol and the ACE inhibitor ramipril
have modest anaphylaxis-promoting activities as single sub-
stances but display clearly potentiating effects when administered
in combination. In search of the underlying mechanism, we iden-
tify MCs as direct targets of the drugs, which are primed for
enhanced responses to FcεRI aggregation. Effects preferentially
occur when the degree of FcεRI cross-linking is in the suboptimal
range, presumably reflecting the scenario most commonly
encountered in clinical settings.
METHODS

Anaphylaxis registry, data extraction, and analysis
The anaphylaxis registry contains data from patients with severe allergic

reactions entered by allergists using a standardized online questionnaire, as

described previously.3 We analyzed data sets from 4783 patients collected in

2006-2014 and defined 4 groups according to their anaphylaxis severity

grades. Severity grading was based on the clinical reaction patterns assessed

before first aid treatment was given. The groups were stratified for the vari-

ables of use of antihypertensive medication either as monotherapy or in com-

bination or patients without antihypertensive medication.
Mice
Female BALB/c wild-type mice (10-12 weeks old) were obtained from

Charles River (Sulzfeld, Germany). Animals were kept under specific

pathogen-free conditions in a temperature-controlled environment with free

access to standard chow andwater. All experimentswere approved by the local

State Office of Health and Social Affairs.
Passive cutaneous anaphylaxis
Mice received ramipril (2.5 mg/kg; kindly provided by Sanofi-Aventis,

Frankfurt, Germany) through drinking water and metoprolol (30 mg/kg

dissolved in water; Sigma-Aldrich, Hamburg, Germany) by means of oral

gavage, either alone or in combination, for 14 days. Sham-treated mice

received water instead. The average amount of daily fluid intake was

monitored for 2 weeks before the experiment and during the experiment

every day to ensure the mice received the correct dose of ramipril. On day 14,

mouse anti-trinitropehnyl-IgE (anti-TNP-IgE; BD Bioscience Pharmingen,

San Jose, Calif) was injected subcutaneously (3 ng) into the right ear and PBS

alone into the left ear. Twenty-four hours later, mice were challenged with

7 mg of TNP-BSA (Biocat, Heidelberg, Germany) together with 1% Evans

Blue administered intravenously. After 30 minutes, mice were killed, and

vascular permeability was visualized based on blue staining of the ear. Skin

samples were taken, and Evans blue was extracted with dimethylformamide.

The amount of dye was quantified based on OD600 measurement.
Passive systemic anaphylaxis
Mice were passively sensitized with anti–TNP-IgE administered intrave-

nously (7 mg), followed by an intravenous injection of TNP-BSA 24 hours

later at the dosages shown in the figure legends. Changes in rectal temperature

were assessed for 70 minutes with a digital thermometer (Physitemp

Instruments, Clifton, NJ).

After preoptimization of the passive systemic anaphylaxis (PSA) model,

mice received oral ramipril and metoprolol alone or in combination for 14

days. Sham-treated mice received water instead. Mice were then sensitized

with mouse anti–TNP-IgE, followed 24 hours later by challenge with the
optimized dose of TNP-BSA (7 mg). Anaphylaxis was determined as above,

and plasma samples were collected.
Quantification of MC mediators in serum
Levels of histamine (LDN, Nordhorn, Germany), serotonin (IBL,

Hamburg, Germany), leukotriene (LT) C4, prostaglandin D2 (PGD2; Cayman

Chemical, Ann Arbor, Mich) andmouse mast cell protease 1 (mMCP-1; eBio-

science, Frankfurt, Germany) were measured by using ELISA, according to

the manufacturers’ instructions.
MCs
Bone marrow specimens were obtained from female BALB/c mice and

cultured in IMDMmedium (PAA, C€olbe, Germany) in the presence of mouse

recombinant IL-3 (ImmunoTools, Friesoythe, Germany) for 4 to 6 weeks at

378C and 5%CO2 in a humidified atmosphere to obtain bonemarrow–cultured

mast cells (BMcMCs), which were identified as MCs by the expression of c-

Kit and FcεRI. BMcMCs were sensitized with anti–TNP-IgE (1mg/mL) over-

night, washed with PAG-CM buffer (PIPES albumin glucose buffer, pH 7.5,

containing 3 mmol/L CaCl2 and 1.5 mmol/L MgCl2), and preincubated with

different concentrations of ramiprilat (active form of ramipril, kindly provided

by Sanofi-Aventis), metoprolol, or bradykinin (Sigma-Aldrich) alone or in

several combinations for 20 minutes at 378C to investigate the effect of cardio-

vascular medication on histamine release. Drug concentrations were based on

clinical plasma concentrations achievable during antihypertensive medica-

tion.26-28 Cells were activated by the addition of 2 concentrations of anti-

IgE (0.4 or 4 mg/mL; BD PharMingen, San Jose, Calif) or kept in PAG-CM

only (spontaneous release) for 25 minutes at 378C. Calcium ionophore

A23187 (2 mmol/L; Calbiochem, San Diego, Calif) was used as a positive

control to assess the degree of MC release. Total histamine content of the

cells was determined after cell lysis with 1% perchloric acid (complete). His-

tamine release was assessed in cell supernatants by using an autoanalyzer

(Borgwald Technik, Hamburg, Germany).29,30 Net histamine release was

calculated as follows:

Net histamine release ð%Þ5 ½ðStimulated release2Spontaneous releaseÞ=
Complete�3 100:

Statistical analysis
Logistic regression to compute crude and adjusted odds ratios was

performed with STATA software, version 12 (StataCorp, College Station,

Tex). All other statistical analyses were performed with PRISM 5.0 software

(GraphPad Software, La Jolla, Calif) by using nonparametric 1-way ANOVA,

followed by the Bonferroni test. Data are shown as means6 SEMs. A P value

of less than .05 was considered statistically significant.
RESULTS

Increased risk for severe anaphylaxis in patients

taking ACE inhibitors and b-blockers
It is still controversial whether monotherapies with either

b-blockers or ACE inhibitors aggravate anaphylaxis. Therefore
we analyzed the effect of b-blocker and ACE inhibitor intake on
the severity of anaphylaxis using clinical data from the
anaphylaxis registry. A summary of anaphylactic cases collected
in 2006-2014 is presented in Table I. We performed a risk factor
analysis, which included 4 groups of anaphylactic patients, clas-
sified into severity grades according to Ring and Messmer.31

Our results show a slight increase in odds ratios for patients
who used the combined drugs (Fig 1, A) if severity grades I/II
and III/IV were used as dependent variables. This effect was
more pronounced when patients with the most severe reactions
were analyzed in comparison with patients with less severe



TABLE I. Elicitors and cofactors of anaphylaxis

Severity grades

TotalI II III IV

Total cases (%) 189 (4) 2756 (58) 1722 (36) 116 (2) 4783 100%

Children (female/male) 47 (24/23) 596 (203/393) 470 (153/317) 10 (2/8) 1123 23%

Adults (female/male) 142 (83/59) 2160 (1280/880) 1252 (702/550) 106 (43/63) 3660 77%

Elicitors (% of total no. in line 1)

Insect 92 (49) 1410 (51) 807 (47) 58 (50) 2367 49%

Food 40 (21) 638 (23) 535 (31) 9 (8) 1222 26%

Drugs 36 (19) 442 (16) 228 (13) 38 (33) 744 16%

Other 1 (1) 98 (4) 41 (2) 4 (3) 144 3%

Unknown 20 (11) 168 (6) 111 (6) 7 (6) 306 6%

Cofactor involvement

Yes (% of total no. in line 1) 79 (42%) 1113 (40%) 733 (43%) 72 (62%) 197 42%

Cofactors (% of no. with cofactor involvement)

Exercise 46 (58) 519 (47) 329 (45) 21 (29)

Drugs (ACE-i, BB, At2, ASA, PPI) 32 (41) 488 (44) 342 (47) 46 (64)

Alcohol 3 (4) 73 (7) 63 (9) 3 (4)

Infection 6 (8) 80 (7) 58 (8) 1 (1)

Other (stress, menses, others) 13 (16) 202 (18) 128 (17) 17 (24)

First-line treatment by professionals

Yes (% of total no. in line 1) 84 (44) 1451 (53) 926 (54) 77 (66) 2538 53%

Adrenaline (% of no. with first-line treatment) 1 (1) 238 (16) 236 (25) 51 (66) 526 21%

Anaphylaxis severity was assessed according to the method of Ring and Messmer.31 Data sets from January 2006 to March 2014 were depicted. In total, 4960 cases were reported

to the anaphylaxis registry from Germany, Switzerland, and Austria. For 177 cases, the use of ACE inhibitors or b-blockers was unknown, and thus 4783 cases could be analyzed.

ACE-i, ACE inhibitor; ASA, acetylsalicylic acid; At2, angiotensin 2 inhibitor; BB, b-blocker; PPI, proton-pump inhibitor.

FIG 1. Risk factor calculation of anaphylactic symptoms. A, Risk factor calculation for ACE inhibitor (ACE-i)

and b-blocker intake with severity grade I/II (n5 2945) versus III/IV (n5 1883) as dependent variables (crude

analysis). B, Risk factor calculation for ACE inhibitor and b-blocker intake with severity grade I to III (n 5
4667) versus severity grade IV (n 5 116) as dependent variables (crude analysis). C, Risk factor calculation

as indicated in Fig 1, A, adjusted for sex and age. D, Risk factor calculation as indicated in Fig 1, B, adjusted
for sex and age. Crude odds ratios (OR) and adjusted odds ratios (aOR) are shown (log 10-scale). ORs and

aORs of greater than 1 indicate increased risk of severe anaphylactic symptoms. *P < .05, **P < .01, and

***P < .001.
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reactions (Fig 1, B). When considering other variables with a
well-known effect on anaphylaxis, such as sex and age, the re-
sults still indicate moderate effect sizes (Fig 1, C and D).
Together, the results suggest that the combined use of these
drugs modestly but significantly increases the risk for severe
anaphylaxis.



FIG 2. Dose response of TNP-BSA.A,Mice were administered anti–TNP-IgEmAb to sensitizeMCs and, after

24 hours, injected with different doses of TNP-BSA. Rectal temperature was assessed and is shown as a

function of time. B, Maximum temperature decrease was calculated for each dose.

FIG 3. Pretreatment with ramipril (R) plus metoprolol (M) aggravates PSA and passive cutaneous anaphy-

laxis (PCA). A, BALB/c mice received oral ramipril and metoprolol alone/in combination or water as a nega-

tive control for 14 days. PSA was induced as described in the Methods section. B, Maximum temperature

decrease was calculated. C, Body core temperature as a function of time. D, PCA was induced as described

in theMethods section. Data are represented asmeans6 SEMs (n5 4-6). *P < .05, **P < .01, and ***P < .001.
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Model of suboptimal anaphylaxis for the study of

cofactor potency
It was crucial to identify an allergen dose that, by itself, elicited

anaphylaxis in a suboptimal manner to determine the proanaphy-
lactic effect of cofactors in a mouse model. To achieve this, we
used a model of PSA in which the dose of the transferred TNP-
specific IgEwas kept constant and the allergen varied over a broad
range of doses. We observed that even small dose differences
resulted in substantial changes in the anaphylactic response, as
measured by the decrease in body core temperature. For example,
there was a profound difference between 5 and 7 mg of TNP-BSA
(Fig 2, A). At high doses, a further increase did not result in an
increment of anaphylaxis but rather led to a reduction in the
maximum temperature decrease when compared with the opti-
mum at 50 mg. The resultant bell-shaped curve is typically
observed in patients with allergic reactions (Fig 2, B), but to our



FIG 4. Pretreatment with ramipril and metoprolol (R1M) increases levels of MC mediators during anaphy-

laxis. A-E, Plasma levels of various MC mediators were measured by means of ELISA. Data are shown as

means 6 SEMs (n 5 4-6). *P < .05, **P < .01, and ***P < .001.
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knowledge, this has not been formally proved in a model of
anaphylaxis. TNP-BSA (7 mg) induced a temperature decrease
of 38C (Fig 2, A), which was considered adequate for the study
of cofactor activity in the forthcoming experiments.
Ramipril and metoprolol cotreatment aggravates

anaphylaxis
To assess whether cardiovascular drugs can augment anaphy-

lactic symptoms in a controlled in vivo setting, we treated mice
with metoprolol, ramipril, or both drugs combined for 14 days
(to mimic long-term treatment in patients with cardiovascular dis-
eases) before induction of PSA (Fig 3, A). As shown in Fig 3, B,
ramipril-treatedmice exhibited a slight enhancement in hypother-
mia compared with the sham-treated group (20.758C). Although
there was a significant decrease in the temperature of mice treated
with metoprolol alone (21.188C), it was the combination of both
drugs that caused the clearest aggravation of hypothermia, result-
ing in a decrease in core body temperature by an additional 2.228C
(Fig 3, B and C). Together, the data indicate that a single cardio-
vascular drug can already exacerbate anaphylaxis but that the
combined treatment results in a more pronounced augmentation.
To determine whether systemic symptoms are reflected by local
MC responses, we used the model of passive cutaneous anaphy-
laxis. Also in this model prior treatment with ramipril and meto-
prolol increased anaphylactic serum extravasation (Fig 3, D). On



FIG 5. Ramiprilat (Ra) and metoprolol (M) decrease the threshold for MC activation in a synergistic fashion.

BMcMCs were sensitized with IgE for 24 hours, pretreated with antihypertensive drugs for 20 minutes, and

activated with 0.4 mg/mL (A and B) or 4 mg/mL (C andD) anti-IgE for a further 25minutes. Released histamine

was quantified from the supernatants and is shown as a percentage of total cellular histamine content. Data

are shown as means 6 SEMs (n 5 10-14). *P < .05, **P < .01, and ***P < .001 versus control (anti-IgE only).
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the basis of these observations, we conclude that the combination
of ramipril and metoprolol aggravates anaphylactic responses in
systemic but also local IgE-dependent models.
Ramipril and metoprolol enhance MC mediator

release during systemic anaphylaxis
MC activation results in the release of various soluble

mediators, which can be measured in serum during an anaphy-
lactic episode. These include preformed granule-associated
factors, such as histamine, serotonin, and MC-specific proteases,
as well as the lipid-derived mediators LTC4 and PGD2, which are
rapidly generated from arachidonic acid. Here we first verified
that these mediators are induced in our PSA model. As shown
in Fig 4, PSAwas indeed associated with increased levels of his-
tamine and serotonin, as well as increased production of LTC4 and
PGD2, although LTC4 levels were only slightly increased. An
even more pronounced increase was found for mMCP-1 in
anaphylactic versus sham-treated mice (Fig 4, E). Thus even
though anaphylaxis was elicited at a suboptimal level, it was
nevertheless mirrored by the accumulation of typical MC media-
tors in serum. Treatment of mice with ramipril and metoprolol led
to clear increments in the levels of histamine, serotonin, LTC4,
and PGD2. Surprisingly, the mMCP-1 level was slightly (yet
not significantly) decreased in drug-treated mice. Together, the
aggravated anaphylactic response on ramipril and metoprolol
intake (Fig 3) is reflected by the accumulation of mediators
released by MCs during an anaphylactic episode (Fig 4).
Ramipril and metoprolol exert proanaphylactic

effects by priming MCs
Having found that levels of MC mediators are increased in

anaphylactic mice receiving antihypertensive medication, we
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addressed the underlying mechanism. Two potential explanations
might have accounted for the increased concentrations of MC
mediators in drug-treated anaphylactic mice: (1) a direct interac-
tion of the drugs with MCs to directly influence their activation or
(2) indirect effects on MC responses through action on neigh-
boring cells and cell-cell communication networks.We addressed
the first possibility and treated MCs with metoprolol, ramiprilat,
or bradykinin (a vasodilator levels of which are increased after
ACE inhibitor intake), either alone or in different combinations
and then stimulated by augmenting concentrations of anti-IgE.
An identical panel of treatments in the absence of anti-IgE served
to determine whether the substances alone could trigger MC
degranulation. The degree of MC activation was assessed based
on histamine release.

Calcium ionophore A23187 served as a positive control of MC
activation (net histamine release, 31.4% to 42.3%; data not
shown). Neither the drugs nor bradykinin triggered histamine
release when used in the absence of anti-IgE (data not depicted).

Single treatments with the drugs slightly enhanced the MC
degranulation triggered by FcεRI without reaching statistical
significance. A constant concentration of metoprolol (150 ng/
mL) combined with ramiprilat elicited a clearly stronger MC
activation than the control without drug pretreatment (Fig 5, A and
C). Bradykinin alone slightly increased IgE-mediated histamine
release without reaching statistical significance (data not shown).
Again, the combination of metoprolol and bradykinin potentiated
anti-IgE–mediated activation (Fig 5, A andC). The drug combina-
tions enhancedMC degranulation by up to 92% versus the control
on activation with 0.4 mg/mL anti-IgE (Fig 5, A), whereas the in-
crease was less pronounced if the antibody was upscaled to elicit
stronger responses on its own (maximum increase by 69%; Fig
5,C). Similar resultswere obtained in the panels inwhich bothme-
toprolol and ramiprilat concentrations varied (Fig 5, B and D).
Again, the releasewas significantly enhanced with various combi-
nations of ramiprilat/metoprolol, and this was likewise more pro-
nounced when FcεRI cross-linking was lower (by 156% at 0.4
mg/mL vs 111% at 4 mg/mL anti-IgE). This suggests that the ther-
apeutics preferentially primeMCswhen activation by allergen is in
the suboptimal range, which is consistent with clinical observa-
tions. Overall, we conclude thatmetoprolol/ramiprilat ormetopro-
lol/bradykinin combination acts directly on MCs to augment their
releasability through FcεRI, potentially explaining the increased
anaphylactic response on treatmentwith these drugs (Figs 3 and 4).
DISCUSSION
b-Blockers or ACE inhibitors have been associated with

anaphylactic responses, but the data remain somewhat contro-
versial regarding monotherapy with either group of therapeutics.
In clinical settings patients commonly receive drug combinations
for full control of hypertension.24,25 Drug combinations might
well act synergistically to increase the small proanaphylactic ac-
tion of each substance, but little is known about such drug-drug
interactions in the context of anaphylaxis. Here the effect of the
drugs on symptom severity in anaphylactic patients was analyzed,
and patients receiving combined medication with b-blockers and
ACE inhibitors were found to be at higher risk for severe anaphy-
lactic symptoms. This effect was diminished when the data were
adjusted for sex and age. As we previously reported, age itself is a
risk factor for the development of severe anaphylactic symp-
toms,3 which can explain the lower effect of the drugs on the
age-adjusted data. Nevertheless, our results suggest that these
drugs can increase the severity of anaphylactic symptoms, espe-
cially when different therapeutics are combined, even though
more studies need to be done to accurately calculate the relative
risk imposed by the substances.

A mouse model was established that allowed for the identifica-
tion of cofactors of anaphylaxis to further elucidate whether
cardiovascular drugs influence anaphylactic responses.Wenoticed
that even small differences in the dose of the triggering allergen
had a substantial effect on the severity of the ensuing anaphylactic
response, making it crucial to use a dose producing suboptimal
anaphylaxis in the absence of the potentiating factor. Using such
preoptimized conditions, we found that ramipril and metoprolol,
when administered individually, augmented the severity of
anaphylaxis but that the degree of this potentiation was rather
weak (not significant in the case of ramipril), fitting the observa-
tions in anaphylactic patients. A remarkable effect was achieved
with both drugs combined, indicating that it is the concomitant use
of different substances that might ultimately create the conditions
to set off a clinically relevant anaphylactic reaction.

The present study verifies in a mouse model what has been
known from clinical observations for quite a while, namely that
several augmenting factors can unite to ultimately decrease the
threshold for anaphylaxis to take effect.10 The individual cofac-
tors can act either at the level of effector cells or at the level of
the ‘‘shock tissue’’ reacting to the mediators released from MCs
and basophils.

We tested the hypothesis that the medication alters effector cell
responsiveness. Because the PSAmodel used is MC dependent,32

the levels of MCmediators commonly released after FcεRI cross-
linking33 were assessed. Histamine, serotonin, and PGD2 levels
increased after PSA elicitation, even under the suboptimal condi-
tions used here, whereas LTC4 levels were only slightly increased,
suggesting that the unstable molecule LTC4 might have been
metabolized to its degradation products (LTD4 and LTE4) at the
time of analysis.33,34 After treatment with ramipril and metopro-
lol, levels of MC mediators (including LTC4) increased versus
those seen in untreated anaphylactic mice, indicating that the 2
drugs combined augmented the activatory potential of MCs in a
generalized fashion. The only exception was mMCP-1, levels of
which increased during anaphylaxis but were slightly reduced
(rather than increased) by ramipril and metoprolol. mMCP-1 is
specifically produced by MCs in the gut, whereas high amounts
of PGD2 and especially LTC4 are derived from lung MCs.35,36

The results raise the interesting possibility that MCs in the
different tissues might react heterogeneously to the medication,
hinting at MC variability among organs regarding sensitivity to
these drugs. Future studies will be required to address this subject.

The strong association between the severity of anaphylaxis and
the increase in levels of MC mediators (except for mMCP-1)
implied that the former resulted from an altered potential of MCs
to become activated after antihypertensive medication. We
addressed this issue by studying the effect of the drugs on MC
activation in vitro. Neither metoprolol nor ramiprilat had an effect
on histamine release in the absence of FcεRI aggregation (data not
shown); thus the antihypertensive treatment by itself was unable
to degranulate MCs. However, histamine release was enhanced
after drug treatment whenMCs were triggered by FcεRI aggrega-
tion. Although the individual drugs had little effect on FcεRI-
mediated degranulation, their combination had an enhancing
effect. This effect was more pronounced when allergen
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concentrations were low. ACE inhibitors are suspected to modu-
late allergic responses through the stabilization of bradyki-
nin,37-39 and therefore we also tested the effect of bradykinin.
Bradykinin slightly increased FcεRI-induced degranulation, and
again, this effect was potentiated by metoprolol. Taken together,
ACE inhibitors seem to augment MC responses either through
direct interaction with MCs or through stabilization of bradyki-
nin, which then secondarily increases MC releasability.

MCs are known to express functional b-adrenoceptors, the
activation of which leads to G protein–mediated adenylcyclase
stimulation and subsequent cyclic AMP (cAMP) accumulation.
This is followed by activation of the cAMP/protein kinase (PK)
A cascade, a negative regulator of allergen-induced MC re-
sponses,40-42 and inhibition of PKC. Because b1-adrenoreceptors
are expressed byMCs, it is conceivable that theb1-antagonist me-
toprolol mediates its proanaphylactic effect through inhibition of
the cAMP/PKA cascade. MC histamine release critically depends
on calcium influx43 and translocation of PKC to the cell mem-
brane.44,45 Interestingly, the ACE inhibitor captopril was reported
to activate MCs by increasing their permeability for calcium,
which led to a direct influx of extracellular calcium into the
cytosol to enhance exocytosis.46,47 We assume that ramiprilat
can act in a similar manner. In addition, ACE inhibition can
lead to an accumulation of bradykinin and kinin-assistedmediator
release from MCs.48,49

It is important to realize that the above interactions of the
therapeutics withMCs are probably weak, require high doses, and
do not commonly occur in clinical settings. In fact, the b-blocker
alone, or when combined with ramipril, did not induce an MC-
dependent response in mice in the absence of allergen (data not
illustrated). In addition, the drugs (either alone or in several
combinations) did not induceMCdegranulation on their own (data
not depicted). Even when combined with FcεRI triggering, the
drugs had a subtle effect when used as single substances. Therefore
even though individual drugs might contribute to anaphylactic
responses only marginally, the combination of several suboptimal
events could be sufficient to eventually trigger anaphylaxis.

Taken together, our data provide evidence that antihypertensive
medication with ACE inhibitors and b-blockers augments
anaphylactic reactions and that this is at least partially caused
by direct MC priming. Our model might not only help to identify
additional cofactors of anaphylaxis and their mechanisms,
through which they operate, but also uncover drug combinations
with more favorable safety profiles. This is crucial in view of the
large number of patients who critically depend on daily medica-
tion with such molecules.
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Clinical implications: Patients receiving cardiovascular drugs,
such as ACE inhibitors, b-blockers, or both, have an increased
risk of severe anaphylactic symptoms caused by the priming of
MCs toward enhanced responsiveness to FcεRI aggregation.
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