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Abstract: ACE inhibitors, sartans, and sacubitril are among the most important drugs for the pre-
vention of cardiovascular mortality and morbidity. At the same time, they are known to cause
non-allergic bradykinin-mediated angioedema, a potentially fatal swelling of the mucosa and/or
submucosa and deeper skin without signs of urticaria or pruritus, occurring mainly in the head
and neck region. In contrast with hereditary angioedema, which is also mediated by bradykinin,
angioedema triggered by these drugs is by far the most common subtype of non-allergic angioedema.
The molecular mechanisms underlying this type of angioedema, which are discussed here, are not
yet sufficiently understood. There are a number of approved drugs for the prevention and treatment
of acute attacks of hereditary angioedema. These include inhibitors of bradykinin synthesis that act
as kallkrein inhibitors, such as the parenterally applied plasma pool, and recombinant C1 esterase
inhibitor, ecallantide, lanadelumab, and the orally available berotralstat, as well as the bradykinin
receptor type 2 antagonist icatibant. In contrast, no diagnostic tools, guidelines, or treatments have
yet been approved for the diagnosis and treatment of acute non-allergic drug-induced angioedema,
although it is more common and can take life-threatening courses. Approved specific drugs and a
structured diagnostic workflow are needed for this emergency diagnosis.

Keywords: angioedema; angiotensin converting enzyme inhibitor; angiotensin receptor blocker;
sacubitril; bradykinin

1. Non-Allergic Angioedema

Angioedema is a localized swelling of mucous membranes (mucosa and/or submu-
cosa) or deeper skin layers (dermis and/or subcutis). Angioedema is self-limiting but not
harmless and can affect different parts of the body including the head and neck, gastroin-
testinal tract, genitals, and extremities [1]. In cases of mild swelling, for example on the
lips, hands, or tongue, the symptoms are not severe and usually do not last longer than
one day [2]. In contrast, swelling of the gastrointestinal tract, in hereditary angioedema
(HAE) patients for example, can last for several days and be very painful. In addition, such
angioedema are often not recognized, especially at the first manifestation, and are thus
incorrectly diagnosed and treated [3]. Swelling in the head and neck area, particularly
in the pharynx and larynx, often requires intensive in-patient treatment lasting several
days, and it can lead to death by suffocation [4]. Many different forms of angioedema
are known. They are each based on a disorder of the endothelial permeability barrier
which has different underlying causes. Allergic angioedema and angioedema in acute or
chronic urticaria is usually caused by mast cell mediators such as histamine, leukotrienes,
or cytokines, whether or not IgE is involved [1,5,6]. They are by far the most common
manifestations of angioedema and are often, but not always, characterized by concomi-
tant wheals and itching. Angioedema may also occur in connection with pseudoallergic
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reactions to drugs [7]. In contrast, the rarer non-allergic forms of angioedema are usually
triggered by bradykinin, either due to increased synthesis or decreased degradation of
bradykinin. Such angioedema is not associated with wheals and pruritus [8].

The first description of an acute and clearly defined edema, which could be dis-
tinguished from urticaria, was made by Heinrich Irendus Quincke in 1882. The term
“angioneurotic edema”, originally used by Quincke to define a circumscribed edema with-
out urticaria and/or pruritus, was changed to the term “Quincke’s edema” [9]. This term is
still used today as a synonym for non-allergic angioedema. According to a consensus paper
of the “Hereditary Angioedema International Working Group” from 2014, non-allergic an-
gioedema can be divided into different subgroups [1], because both hereditary and acquired
forms exist (Table 1). The consensus paper considers the group of non-allergic angioedema
induced by angiotensin converting enzyme (ACE) inhibitors as a separate group. In addi-
tion, it is well known that also angiotensin II receptor type 1 antagonists (sartans), sacubitril
(inhibitor of neutral endopeptidase), and other medications, for example, plasminogen
activators such as alteplase, can induce bradykinin-induced angioedema [4,10-12].

Table 1. Subtypes of non-allergic Angioedema listed according to Cicardi et al. [1], a new yet
unpublished classification by the DANCE Steering Committee was presented during the Bradykinin
Conference 2022 in Berlin (see Text).

Subtypes of non-allergic Angioedema

Hereditary Angioedema (HAE)

Increased generation of bradykinin caused by mutations of the C1-Esterase-Inhibitor (C1-INH) gene SERPINGI inducing a loss of
C1-INH (HAE type 1, 85% of the cases), or dysfunction of C1-INH (HAE type 2)

Increased generation of bradykinin despite normal C1-INH caused by missense mutations in the Factor 12 gene [13], the plasminogen
gene [14], the angiopoietin-1 gene [15], the kininogen 1 gene [16], the myoferlin gene [17], the HS35T6 gene [18] or of unknown cause [19]

Acquired Angioedema

Decreased degradation of bradykinin caused by drugs such as ACE-inhibitors, sartans #, plasminogen activators, or the Neprilysin

inhibitor sacubitril

Increased generation of bradykinin caused by a loss of C1-INH due to autoantibodies and/or underlying (malignant) conditions

Angioedema of an unknown cause not responding to antihistamines

# angiotensin II receptor type 1 antagonists.

According to a new, yet unpublished classification by the DANCE Steering Committee,
the category “angioedema with normal C1-Esterase-Inhibitor (C1-INH)” was subdivided
into the subgroups “contact pathway mutations” and “intrinsic vascular endothelium
dysfunction”, as well as the category “drug adverse reactions”. The latter includes various
drugs such as ACE inhibitors (unpublished classification, we refer to a lecture by Dr. Avner
Reshef, Israel, during the Bradykinin Conference 2022 in Berlin).

2. Epidemiology

Hereditary angioedema caused by increased generation of bradykinin is an orphan
disease. The estimated prevalence varies from 1,/100,000 to 1/10,000 [1,20]. Other subtypes
of HAE are even rarer. In contrast, given the wide use of ACE inhibitors worldwide,
angioedema induced by this group of drugs is by far the most common subtype of non-
allergic angioedema. Again, various studies have reported fluctuating incidences, which
could partly be explained by ethnic differences between patients. Caucasians were de-
scribed to have an incidence of ACE-inhibitor-induced angioedema of 0.1-0.7% [21-23],
whereas susceptibility was higher in black patients by a factor of 4.6 (relative risk) [24]. This
ethnic group also showed a higher sensitivity to intradermal bradykinin [25]. A later meta-
analysis of the side effects of drugs for the treatment of cardiovascular diseases showed a
three-fold higher relative risk for the manifestation of ACE-inhibitor-induced angioedema
in black patients compared with white patients [26]. In addition, in large clinical trials
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(HOPE, VALIANT, OCTAVE, and ONTARGET), the frequency of angioedema varied with
enalapril (0.7%) or captopril /ramipril (0.3-0.5%), while angioedema induced by telmisartan
or valsartan was less frequent overall (0.1-0.25%) [23,27-29]. A meta-analysis of 40 studies,
in which 74,857 patients were treated with ACE-inhibitors and 35,479 patients with sar-
tans, showed very similar results. In this analysis, the incidence of ACE-inhibitor-induced
angioedema was 0.3% and that of sartans was 0.11% [30]. In addition, oral antidiabetic
drugs of the gliptin type could significantly increase the risk of ACE inhibitors inducing
non-allergic angioedema [31,32]. However, other side effects such as cough (88.2%) or
symptomatic hypotension (4.1%) are significantly more likely to lead to ACE-inhibitor
intolerance [33]. A frequently discussed problem is the question of whether patients with
prior ACE-inhibitor-induced angioedema are prone to develop sartan-induced angioedema
when regular sartan treatment is initiated after termination of the ACE inhibitor. Ras-
mussen et al., performed a nationwide retrospective registry-based cohort study of the
Danish population from 1994 to 2016 and found no increase in the incidence of angioedema
in patients with sartan and previous ACE-inhibitor-related angioedema when compared
with other antihypertensive drugs [34]. Nevertheless, recurrent and sometimes severe non-
allergic angioedema has been described to occur after discontinuation of ACE inhibitors
and switching to a sartan [35,36]. In addition, a clinical investigation suggests that sartans
reduce bradykinin metabolism by ACE, which provides a molecular pathway triggering
non-allergic angioedema [37].

A combination of the neprilysin inhibitor sacubitril and valsartan has become available
for the treatment of heart failure with reduced ejection fraction [38]. Inhibition of the non-
specific protease neprilysin also leads to a reduction in the breakdown of bradykinin and thus
to the occurrence of non-allergic angioedema [4]. This was already shown in 2004 in a large
clinical study (OCTAVE) on the efficacy and safety of the drug omapatrilat in 25,302 hyper-
tensive patients [39]. Although omapatrilat treatment was more effective than enalapril in
lowering blood pressure, it was associated with a significantly higher incidence of angioedema
(2.2% vs. 0.7%) and thus did not receive marketing approval [40]. This result seems quite
conclusive, as omapatrilat inhibits both neprilysin and ACE. When comparing enalapril and
sacubitril /valsartan in 8442 patients with heart failure, the pivotal study (PARADIGM-HF)
showed a 0.2% incidence of angioedema with enalapril (10 cases in 4187 patients), while the
incidence with sacubitril /valsartan was 0.5% (19 cases in 4212 patients). However, as in
the VALIANT trial conducted with captopril and valsartan [28], this difference was not
significant due to the rarity of events [38]. At first glance, however, it is not the higher
frequency of angioedema in the sacubitril/valsartan arm that is surprising, but the com-
paratively low incidence of angioedema in the enalapril arm, which might be related to
the strict pre-selection of the study population in the PARADIGM-HF study with regard
to tolerability.

There are more drugs that can possibly trigger bradykinin-mediated angioedema, but
are less known in this regard. The incidence rates vary in the current literature. Examples
are tissue plasminogen activators [41-43], renin inhibitors [30,44], dipeptidyl peptidase-4
inhibitors [32,45], and mTOR inhibitors such as sirolimus and everolimus [46]. Table 2
summarizes drugs that are currently known to trigger bradykinin-mediated angioedema.

3. Diagnosis

The acute differential diagnosis between drug-induced-angioedema mediated by
bradykinin, HAE, and “histaminergic” angioedema such as acute urticaria without wheals
or acute allergic angioedema is often challenging. In the emergency situation, there are
three important factors: the medical history, the clinical picture, and the treatment re-
sponse. Laboratory values are relevant in the course of disease, but in most of the cases,
not for acute diagnosis. Based on these clinical parameters (age, dyspnea, itching, ery-
thema, response to corticosteroids, and the intake of ACE-inhibitors or angiotensin-receptor
blockers), Lenschow et al., proposed a scoring algorithm to identify patients with acute
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bradykinin-mediated angioedema [47]. In the following, we summarize the most important
characteristic parameters for each diagnosis.

3.1. Drug-Induced-Angioedema Mediated by Bradykinin

In patients with a regular intake of one of the drugs summarized in Table 2 in combi-
nation with a non-itching angioedema in the head and neck region without wheals, the
diagnosis drug-induced-angioedema mediated by bradykinin is extremely likely. These
swellings often do not sufficiently respond to a therapy with corticosteroids or antihis-
tamines [48]. Laboratory markers are not available, but complement testing for C1q and C4
and assessment of the C1-INH concentration and activity as well as the family history is
suitable to exclude HAE or acquired angioedema with reduced C1-INH values [49]. An
example of a possible step-by-step treatment approach was published elsewhere [50].

In addition, a newly developed LC-MS/MS methodology for the measurement of
plasma peptides in the kallikrein-kinin system [51] might be helpful as well. This method
has been successfully used to detect increased concentrations of the bradykinin metabolites
bradykinin; 5 and bradykinin, ¢ in patients with HAE [52] representing uncertain cases of
drug-induced-angioedema mediated by bradykinin. Nevertheless, it is not yet established
in everyday clinical practice and further research and a structured guideline is necessary.

Table 2. An overview of drugs with influence on bradykinin, possibly leading to bradykinin-mediated
angioedema (! heart failure with reduced ejection fraction, > dipeptidyl peptidase 4).

Medication

Influence on Bradykinin

Indications

Further Remarks

ACE-inhibitors

ACE is involved in the degradation of
bradykinin to bradykinin;_y
and bradykinin;_s

Hypertension, heart failure !, diabetic
nephropathy, event prevention in
cardiovascular disease

Event prevention at high cardiovascular
risk only, unless required to control
hypertension [53]

Aliskiren

Direct renin inhibitor; the exact
pathophysiology of angioedema is not
yet understood

Essential hypertension

No reduction of cardiovascular or
renal endpoints

Angiotensin II
receptor blockers
(sartans)

reduced bradykinin metabolism by
ACE and Neprilysin, molecular
mechanism remains unclear [37]

Hypertension, diabetic nephropathy,
heart failure !, event prevention in
cardiovascular disease

Event prevention at high cardiovascular
risk only, unless required to control
hypertension [53]

Direct DPP-4
inhibitors 2

DPP-4 further degrades bradykinin
after cleavage by aminopeptidase P to
the ineffective bradykinin, g

Type 2 diabetes mellitus

unlikely leading to
bradykinin-mediated angioedema
alone, only in combination, e.g., with
an ACE inhibitor

m-TOR inhibitors

The mechanism of angioedema
development remains unclear.

Prophylaxis of kidney, heart and liver
transplant rejection

Significantly higher incidence of
angioedema in combination with an
ACE inhibitor

Neprilysin
inhibitors

Neprilysin is involved in the
degradation of bradykinin.

Heart failure !

No combination with ACE-inibitors or
sartans

Tissue plasminogen
activator

catalyzes the conversion of
plasminogen to plasmin; plasmin has
influence on bradykinin production

Fibrinolysis in acute myocardial
infarction, acute ischemic stroke and
pulmonary embolism

Relatively high number of potential
life-threatening orolingual
manifestations reported

3.2. Hereditary Angioedema

Patients with diagnosed HAE usually are equipped with an emergency ID. In not
yet diagnosed patients with HAE, patients often report a family history of angioedema.
The head and neck region is less frequently affected and wheals and pruritus are absent.
Individual prodromi such as an erythema marginatum can appear. Hereditary angioedema
shows no treatment response to corticosteroids or antihistamines. With reference to the
diagnostic workflow of the hereditary angioedema guideline, C1-INH values and C4
complement should be measured to support the diagnosis. Nevertheless, retrieving the
results of the values can last for several days, as not every laboratory can measure them [54].
In addition to this, the rare forms of HAE with normal C1-INH can only be diagnosed via
genetic testing or according to the clinical picture and patient’s history (including family
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members with a history of recurrent angioedema), as it is extremely likely that not all
underlying mutations are known [55].

3.3. Acute Urticaria

Urticaria is characterized by the development of wheals (hives), angioedema, or
both. Isolated angioedema in acute spontaneous urticaria is not easy to differentiate from
bradykinin-mediated edema. According to the current guideline, routine diagnostic tests
are only necessary in chronic urticaria (>6 weeks) [56]. The resolution of acute angioedema
in urticaria can take up to 72 h and additional itching may occur. In some forms of urticaria,
eliciting factors such as pressure are reported.

3.4. Allergic Angioedema

Angioedema is one of the most common symptoms of acute allergic immediate hyper-
sensitivity reactions and anaphylactic reactions. Regarding the medical history, questioning
trigger factors, augmentation factors, and known allergies are most important. Concomitant
hives and pruritus are frequent. The use of clinical criteria to identify anaphylaxis is sug-
gested according to the current guideline, with blood sampling for the later measurement
of tryptase [57].

4. Symptoms and Course

In contrast with HAE, which manifests itself most often on the skin of the extremities
and the abdomen, and less frequently in the head and neck [1], ACE-inhibitor-induced
angioedema occurs mainly in the head and neck region [8]. The development and the
severity of such non-allergic angioedema gradually increases within a time-span of several
hours. Usually affected are the face, lips, facial soft tissues, eyelids, uvula, and the mucous
membranes of the pharynx and larynx [48]. In contrast, gastrointestinal manifestations
have only been reported sporadically [3,58]. It must be assumed that swellings in the head
and neck region (Figure 1) are often not recognized as ACE-inhibitor-induced angioedema
and thus discontinuation of the ACE inhibitor (see Section 6.1) is not considered. Of note,
ACE-inhibitor-induced angioedema has also been described to occur in a small child [59].
The clinical course of ACE-inhibitor-induced angioedema cannot be foreseen. It can range
from fast dissolving angioedema to a clinical emergency situation, especially in the case of
swellings in the pharynx and larynx. In addition, a retrospective study involving 84 patients
with ACE-inhibitor-induced angioedema found a nine times higher risk for emergency
airway management compared with angioedema due to other reasons [60]. Upper airway
obstruction, which occurs in about 10% of cases, can cause acute laryngeal obstruction with
stridor and acute shortness of breath, and, in the worst case, can be fatal [61,62]. However,
in contrast with HAE [63,64], there are no specific tools for diagnosis. Despite the current
short availability and still limited use of sacubitril/valsartan, life-threatening angioedema
has already been described for this combination [65].

Another important feature of ACE-inhibitor-induced angioedema is the time of onset
after the initial start of ACE-inhibitor therapy. It is generally assumed that ACE-inhibitor-
induced angioedema occurs within the first week of treatment. However, this is often
not the case. For example, an analysis of data from more than 12,000 patients randomly
assigned to enalapril treatment showed that although the incidence of angioedema was
highest in the first four weeks, angioedema continued to occur after 12 weeks of therapy,
albeit with a significantly lower incidence [23]. A retrospective analysis of the data from
the ear nose and throat (ENT) clinic of the University Hospital Diisseldorf showed a
significantly higher mean duration of uneventful treatment of about 39 months before an
angioedema event [66]. In addition, one review listed a number of case studies in which
ACE-inhibitor-induced angioedema occurred with a significant delay; in one case, after
23 years of uncomplicated therapy with enalapril [67].

Emergency admissions due to ACE-inhibitor-induced angioedema account for about
one third of all emergency admissions for angioedema [68]. In view of the growing
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need to treat particular elderly and chronically ill patients with cardiovascular diseases,
an increasing number of drug-induced non-allergic angioedema, including potentially
life-threatening events, must be expected [69]. Moreover, the increase in the use of ACE-
inhibitors is associated with an increase in hospitalization rates due to ACE-inhibitor-
induced angioedema [40]. This is also supported by a study investigating the change in
mortality rates of angioedema in the U.S. between 1979 and 2010. According to this study,
the mortality rate of HAE fell from 0.28 to 0.06 per million, while the mortality rate of other
non-allergic angioedema rose from 0.24 to 0.34 per million [70].

Figure 1. Different manifestations of angiotensin converting enzyme (ACE)-inhibitor-induced an-
gioedema (see arrows). (Left) Mildly pronounced angioedema in the cheek area; (Right) Severe case
of ACE-inhibitor-induced angioedema with tongue base involvement, shortness of breath, intubation,
and emergency admission in a female senior.

5. Pathophysiology
5.1. Endothelial Permeability

Angioedema is generally thought to be caused by a disturbance of endothelial perme-
ability, although an obstruction of the flow of interstitial fluid into the lymphatic vessels
is probably also involved (see below) [71]. Endothelial cells lining the inner surface of all
types of blood vessels regulate several important physiologic functions, including platelet
aggregation, coagulation, hemostasis, adhesion, and migration of immune cells and other
inflammatory responses, as well as regional tissue blood flow distribution [72]. Endothelial
permeability, which is also known as vascular permeability, is a fundamental regulator of
fluid exchange between plasma and tissues [73] and it significantly contributes to immune
defense, e.g., by extravasation of immunoglobulins and antibodies [74]. Fluid extravasation
occurs in the capillaries and venules of the microvasculature of tissues and ensures the
exchange of nutrients such as sugar, fatty acids, and vitamins; small amounts of proteins
such as albumin; the supply with oxygen; and the evacuation of cellular waste products.
Under physiologic steady state conditions, there is a continuous flow from the plasma
through the interstitial fluid to the lymph compartments, which finally drains back into the
circulation via the subclavian vein angles and lymph node micro vessels [75].

In general, plasma fluid and proteins can traverse the endothelial barrier by a paracel-
lular and a transcellular route and both routes are involved in physiologic and pathophysio-
logic extravasation, i.e., the development of edema. Paracellular extravasation in capillaries,
which mainly transports fluid and small molecules, occurs through inter-endothelial junc-
tions (continuous capillaries) and /or endothelial cell pores (fenestrated capillaries), and
both types of capillaries are present in human skin [76]. In contrast, the transcellular route
(transcytosis) accounts for the majority of protein transport across the endothelial barrier,
for example the most abundant interstitial protein albumin. This route is characterized by
vesicles that were discovered and linked to extravasation by George E. Palade [77,78]. These
vesicles can shuttle after endocytosis to the basolateral site of endothelial cells and release
their content by exocytosis and/or form large channels through the endothelial cytoplasm,
which have been termed vesiculo-vacuolar organelles (VVO) [74,79]. An excellent review
on molecular mechanisms regulating these two routes of extravasation has been published
recently [80].
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Under basal conditions, plasma is permanently filtrated by these pathways. This
situation changes dramatically once vascular permeabilizing mediators activate microvas-
cular endothelial cells. Such mediators include histamine, thrombin, platelet activating
factor, vascular endothelial growth factor, tumor necrosis factor «, lipopolysaccharide,
and bradykinin [81]. In this scenario, the amounts of proteins that traverse from plasma
to the interstitial space are greatly increased and include proteins larger than albumin
such as antibodies or fibrinogen, which also increases interstitial oncotic pressure and may
eventually result in tissue edema. Furthermore, fibrinogen and other proteins of the clotting
cascade are part of the exudate and are activated in the interstitial fluid to synthetize fibrin.
Fibrin forms a water trapping mesh and likely contributes to the maintenance of edema,
even if disruption of the endothelial barrier has ceased [71]. This situation suggests that
early treatment of angioedema is of great importance for timely and complete resolution of
symptoms (see Section 6.5). Hence, most forms of edema, including ACE-inhibitor-induced
angioedema, are the result of over-activation of para- and transcellular extravasation chiefly
occurring at post-capillary venules [82].

5.2. Role of Bradykinin Signaling

Non-allergic angioedema is almost exclusively caused by a local oversupply of bradykinin,
which can be triggered by both increased synthesis and decreased degradation. Kinins are
pharmacologically active and only short-lived peptides that are cleaved from kininogens
by kallikreins in the plasma and tissues [83]. In the plasma, bradykinin is synthesized by
plasma kallikrein from high molecular weight kininogen (HMWK) [84]. Coagulation factor
XII (Hageman factor) is also involved in the synthesis of bradykinin, which is effectively
inhibited by C1-INH (Figure 2). While HAE is characterized by an increased synthesis
of bradykinin, the vast majority of acquired non-allergic angioedema are due to a drug-
induced disruption of bradykinin degradation, for the most part by the inhibition of ACE
(Figure 3), but also by the inhibition of neprilysin with sacubitril [4]. In addition, kinins
can constrict smooth bronchial muscles [85] and sensitize airway afferent C fibers [86],
suggesting that dry cough induced by ACE inhibitors is mediated by bradykinin and/or
substance P. Moreover, the local accumulation of bradykinin can activate pro-inflammatory
peptides and release histamine locally, which may contribute to hypersensitivity of the
cough reflex [87].

Angioedema
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Figure 2. Schematic representation of bradykinin synthesis, metabolism, and effects. Pre-kallikrein and
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high molecular weight kininogen (HMWK) circulate in plasma as a bi-molecular complex and bind to
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an endothelial membrane-multiprotein receptor complex (Endothelial membrane-multiprotein re-
ceptor complex: Clq Globular Head Receptor-Cytokeratinl Complex, Cytokeratinl, and Urokinase-
Plasminogen Activator Receptor-Cytokeratinl Complex; for details see [84].) on the surface of
endothelial cells. After the initial activation of prekallikrein to kallikrein, for example by inflam-
matory conditions, an amplification loop with a strong formation of bradykinin develops, because
kallikrein activates coagulation factor XII, which then further activates kallikrein (red arrows). How-
ever, this is slowed down by the serine protease inhibitor C1-INH, which inhibits kallikrein and
factor XIla (not shown is the inhibition by C1-INH of the complement proteins Clr and Cls, plasmin
and factor XIa). Therefore, a deficiency in C1-INH leads to a destabilization of the system and the
clinical picture of hereditary angioedema. Once synthesized, bradykinin activates the constitutively
expressed G-protein coupled (Gq) bradykinin receptor type 2 (B2), which mediates the cellular effects
of bradykinin. Many effects of bradykinin are currently understood to be mediated mainly by B2
activation on endothelial cells, resulting in the release of NO, prostacyclin (PGI;), and endothelial
hyperpolarization factor (EDHF). These mediators not only contribute to the therapeutic value of
ACE inhibitors (shown in green), but also to their side effects such as the commonly occurring
cough or the rare development of non-allergic angioedema (shown in red). Little is known about the
signal transduction, which triggers non-allergic angioedema via the formation of vesiculo-vacuolar
organelles (VVO).

_ ACE, NEP
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Figure 3. Schematic representation of the proteolysis of bradykinin. The angiotensin convert-
ing enzyme (ACE) and the neutral endopeptidase (NEP, also neprilysin) are the most important
bradykinin-degrading proteases. The affinity of ACE to bradykinin is higher than that to angiotensin
1[88]. In addition, other proteases can cleave bradykinin. These include aminopeptidase P (APP) and
carboxypeptidase N (CPN) [89]. In contrast, because of its binding properties to the substrate amino
acids, dipeptidyl peptidase IV (DPP IV) cannot hydrolyze bradykinin directly, but only the no longer
active residual peptide bradykinin,_g after cleavage of the N-terminal Arg [90].

Beside its well-known role as an inflammatory and pain mediator, bradykinin is
involved in the regulation of the vascular tone and capillary fluid turnover. It signals via
two distinct receptors, the bradykinin B; receptor (B1) and B2 [2,91,92]. Among many other
tissues, B2 is constitutively expressed in vascular endothelial and smooth muscle cells,
while B1 expression is dependent on inflammatory mediators such as cytokines.

A recent study of the Cryo-EM structures of human B2-Gq proteins complexes pro-
vided deep insight into the molecular mechanisms underlying ligand binding, receptor
activation, and Gq proteins coupling of B2 [93]. These new findings will most likely enable
a structure-based drug design of B2 ligands for a variety of indications, including new
B2 antagonists for the treatment of bradykinin-induced angioedema. Of note, a genome
wide association study (GWAS) revealed a new pharmacogenomic locus within chromo-
some 14g32.2 baring the non-coding intergenic lead single nucleotide polymorphism (SNP)
rs34485356, which is located 60 kb upstream of the B2 gene (BDKRB2) and is significantly
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associated with ACE-inhibitor-induced angioedema [94]. In addition, the authors found
that carriers of the risk allele had significantly lower systolic and diastolic blood pressure,
consistent with increased B2 activity. However, the high frequency of this risk allele, rang-
ing from ~78-90%, results in very low specificity and, hence, in a low positive predictive
value that is unsuitable for preventive screening [95].

The binding of bradykinin at the endothelial Gag/11-coupled B2 results in the activa-
tion of three main distinct signaling pathways (Figure 4): activation of phospholipase C-3
and the subsequent IP3-dependent release of intracellular calcium; activation of endothelial
NO-synthase (eNOS) and the subsequent generation of nitric oxide (NO); and activation of
phospholipase A; and D and the subsequent generation of prostaglandins, leukotrienes,
and epoxyeicosatrienoic acids and, finally, activation of the JAK/Stat-pathway and the
subsequent alterations of the cell protein expression profile [2,96]. It is known that the acti-
vation of B2 leads to the formation of prostaglandins by cyclooxygenases, which generate
prostaglandin Hy, the precursor of prostaglandin synthases [97]. Accordingly, a recent study
in mice and humans showed that unspecific inhibition of cyclooxygenases by ibuprofen
weakened the plasma extravasation induced by the intradermal injection of bradykinin [98].
The results of a subsequent study provide evidence that the activation of B2 in small der-
mal blood vessels involves cytosolic phospholipase Ao and cyclooxygenase-1-dependent
formation of prostacyclin, while the inhibition of 5-lipoxygenase, epoxyeicosatrienoic acid
generation, and a variety of other prostaglandin receptor antagonists had no effect [99].
These findings extend our current knowledge on the signaling events following the ac-
tivation of B2 in small dermal blood vessels and opens the possibility for developing
new therapeutic options to treat acute non-allergic angioedema by targeting prostacyclin
formation and/or signaling.
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Figure 4. Simplified scheme of signal transduction events following the stimulation of bradykinin
receptors type 2 (B2). Upon the binding of bradykinin to B2 the G-protein, Gag/11 (Gq) activates
membrane bound phospholipase C-f3 (PLC), which hydrolyses phosphatidylinositol 4,5-bisphosphate
and thereby generates inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The lipophilic
membrane bound DAG activates protein kinase C (not shown) and the water soluble IP3 stimulates
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the release of Ca?* from the sarcoplasmic reticulum. It activates the IP3-receptor, a ligand-gated Ca2*
channel located in the SR membrane (not shown). The elevation of cytosolic Ca®* levels initiates
the activation of calmodulin, which is an essential co-factor for eNOS and activates the enzyme to
produce nitric oxide [100]. At the same time, cytosolic Ca?* binds to the C2 domain of cytosolic
phospholipase 2a (cPLA;,) and initiates translocation of the enzyme from the cytosol to the cell
membrane, where it releases arachidonic acid from the cell membrane [101]. Subsequently, arachi-
donic acid is mainly metabolized to prostaglandins by prostaglandin synthases (PGS) following the
generation of prostaglandin H, (PGH;) by cyclooxygenases (COX), to leukotrienes (LT) synthetized
by lipoxygenases, and/or to epoxyeicosatrienoic acids (EET) synthetized by cytochrome P450 2C [96].
Prostaglandins, nitric oxide, and LT can act in an autocrine manner, i.e., in the same cell, and in a
paracrine manner, i.e., in adjacent cells, but EETs act in paracrine manner only. Depending on the type
of endothelial cells, these mediators might be synthesized in different quantities. In small dermal
blood vessels, nitric oxide does not mediate extravasation [98], while prostacyclin mainly generated
by COX-1 appears to be an important mediator [99].

The development of C1-INH and B2 transgenic mice has provided important insights
into the role of bradykinin in vivo [102-105], as the effect of bradykinin on vascular per-
meability in these mice could be specifically interrupted by treatment with C1-INH or the
blocking of B2, respectively. In contrast, no effect of B2 on basal endothelial permeability
was observed in the small dermal blood vessels of transgenic mice harboring an endothelial-
specific overexpression of B2 [105]. However, transgenic rats with a targeted overexpression
of B2 in the endothelium developed spontaneous intestinal angioedema [106]. In addition,
the use of agonists and antagonists at bradykinin receptors has been shown to dilate periph-
eral and coronary arteries; lower arterial blood pressure in normotensive animals; and have
antithrombogenic, antiproliferative, and antifibrinogenic effects [92]. The B2 antagonist
icatibant (formerly HOE140) has been used in a variety of animal studies to evaluate the
mostly protective effects of bradykinin; for example, in the cardiovascular system or the
kidneys. These studies included subjects and patients considering the involvement of
bradykinin in the cardiac and renal effects of ACE inhibitors [107,108]. So far, icatibant is
the first and only B2 blocker approved for the drug treatment of acute HAE [109].

6. Therapy

Depending on the degree of severity and especially in laryngeal manifestation, all
forms of angioedema may require emergency treatment, including a ventilation tube,
tracheotomy, or emergency coniotomy. A more detailed description of emergency measures
can be found elsewhere [8]. Usually, acute angioedema is primarily treated as “mastcell-
mediated angioedema” with antihistamines and steroids due to their increased incidence
based on the current anaphylaxis guidelines. Patients with HAE should be equipped with
an emergency card and treated accordingly.

Pharmacotherapy in HAE is based on the inhibition of bradykinin synthesis, either
by the substitution of C1-INH or by the inhibition of kallikrein, and by the blockade of
B2 [20,110]. This pharmacotherapy is well established and validated by randomized studies.
With the exception of the B2 antagonist icatibant, all other approved drugs are kallikrein
inhibitors. For acute treatment and short-term prophylaxis, this concerns, for example,
the infusion of or subcutaneous application of human plasma-derived C1-INH such as
Berinert® or Cynrize®. The latter is also approved for long-term prophylaxis. Another
effective principle for acute treatment is the specific blockade of B2 by subcutaneously
applied icatibant (Firazyr®), which has been approved for this indication, but not for
short-term or long-term prophylaxis. This is most likely a result of the short halflife of
icatibant and might be overcome by the novel B2 agonist Deucrictibant [111]. A third
possibility is the pharmacological inhibition of kallikrein, which, like C1-INH, leads to
an interruption of the synthesis of bradykinin. While the synthetic peptide ecallantide
(Kalbitor®) is approved in the USA but not in the EU for acute treatment, the monoclonal
antibody Lanadelumab is approved for routine prophylaxis of recurrent HAE attacks but
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not for acute treatment [112-114]. Lanadelumab is a fully human monoclonal antibody that
inhibits kallikrein activity. Lanadelumab can be administered subcutaneously and only
needs to be given every two weeks. In symptom-free patients, the interval can be extended
to every 4 weeks. Self-application is possible after appropriate training. In addition, the
oral kallikrein inhibitor Berotralstat (BCX7353) is approved for long-term prophylaxis
of acute attacks in HAE based on favorable outcomes of phase II and phase III clinical
trials [115,116]. Recently published guidelines provide more detailed recommendations on
the pharmacotherapy of HAE [63,64].

6.1. Discontinuation of ACE-Inhibitors

In contrast with the well-evaluated possibilities of pharmacotherapy for HAE, no drug
has been approved to date for the treatment of acute ACE-inhibitor-induced angioedema.
As ACE-inhibitor-induced angioedema is a drug side effect, the most obvious measure is
to discontinue the ACE inhibitor. However, it has never been investigated whether this
measure is useful for patients in acute cases in terms of a faster improvement of symptoms,
but continuation of ACE-inhibitor therapy despite ACE-inhibitor-induced angioedema is
associated with an approximately 10-fold higher rate of recurrence according to an earlier
retrospective study in 82 patients [117]. According to a retrospective observational study
involving 267,612 patients on ACE inhibitors, up to half of the patients on ACE inhibitors
fail to stop after the first ACE-inhibitor-induced angioedema [118]. In these patients, the
probability of recurrence of angioedema is more than 100 times higher (21.9-25.2%) than
that of a first event (0.16%). Therefore, a “prophylactic” effect of discontinuation of the
ACE inhibitor in the sense of absent recurring angioedema should be expected. Again, no
prospective data are available.

In contrast, retrospective analyses have surprisingly shown that this is not always the case.
For example, in the above-mentioned retrospective observational study with 267,612 patients,
approximately 9% of the patients who had stopped taking ACE-inhibitors after the initial
angioedema experienced a recurrence [118]. In a population of 54 Italian patients who were
switched to either a sartan, a calcium antagonist, or another medication because of ACE-
inhibitor-induced angioedema, angioedema continued to occur in eight patients (15%) [119].
Only in two patients were recurrences probably due to a sartan. In another retrospective
study by the same group of researchers, the recurrence rate was dramatically higher, at
about 50%, in 111 patients after discontinuing the ACE inhibitor [120]. Surprisingly, this
rate was independent of whether the patients were treated with sartan, a calcium antagonist,
a 3-blocker, or any other medication. About two thirds of these patients had repeated
angioedema at a rate of one to five attacks per year. The authors suspect that patients
suffering from ACE-inhibitor-induced angioedema already have a disposition to develop
angioedema manifested by therapy with ACE inhibitors. This view appears to be supported
by a case report on a first manifestation of ACE-inhibitor-induced angioedema four weeks
after the discontinuation of Lisinopril due to persistent dry cough, despite months of prior
uneventful treatment [121].

6.2. Antifibrinolytics

In some countries, antifibrinolytics (such as tranexamic acid) still play a role in the
treatment of attacks in patients with HAE. For on-demand or prophylactic treatment of
HAE attacks, the current international guideline advises against their use [56]. It is argued
that data for their efficacy are lacking or not beneficial; nevertheless, the safety profile
seems good and it must be admitted that in some countries no other solutions exist.

6.3. Ecallantide

Ecallantide (DX-88, Dyax Corp., Cambridge, MA, USA) is a recombinant protein of
60 amino acids that specifically inhibits plasma kallikrein. This suggests that ecallantide
approximately mimics the physiological effects of C1-INH (Figure 2). However, there
are a number of differences in the biological effects of C1-INH. For example, ecallantide
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has a much weaker inhibitory effect on Clr and Cl1s, plasmin, factor XIla, and factor Xla,
although it is a potent plasma kallikrein inhibitor [122]. The drug has been shown to be
effective in the treatment of acute HAE attacks [113]. A multi-center, randomized, and com-
paratively large phase II study evaluated the benefit of ecallantide at three different doses in
79 patients with mild to moderate ACE-inhibitor-induced angioedema [123], but showed
no difference from the “standard therapy”, which was optional for the study physicians.
The vast majority of patients received glucocorticoids (85%) and/or Hj-antihistamines
(85%) regardless of the allocation. Similar results were obtained in a second randomized
controlled phase II study with a comparable study protocol [124].

6.4. C1-INH

A total of at least 27 case reports and case series have suggested a beneficial effect
of C1-INH in the treatment of ACE-inhibitor-induced angioedema [112]. Furthermore,
a randomized controlled trial was performed to evaluated the efficacy of human C1-
INH concentrate for the treatment of acute ACE-inhibitor-induced angioedema. Thirty
patients (16 C1-INH, 14 placebo) were randomized and dosed. Regarding the results with
a baseline application of steroids and antihistamines, C1-INH was inferior in the treatment
of ACE-induced-angioedema when compared with a placebo with respect to the time to
complete resolution of symptoms [125]. As most acute angioedema is often treated like
“allergic” angioedema with corticosteroids and antihistamines, it remains unclear whether
this treatment has at least a slight effect on acute bradykinin-mediated angioedema as a
side effect of drugs such as ACE-inhibitors (see Section 6.5).

6.5. Icatibant

For the treatment of ACE-inhibitor-induced angioedema with icatibant, ten case re-
ports and five case series indicating clinically useful effects have been described [112].
For example, one prospective case series involving eight patients showed that the single
subcutaneous administration of 30 mg of icatibant reduced the time to the complete dis-
appearance of symptoms from 33 h to 4.4 h [126]. A retrospective case series on the use
of icatibant for non-HAE described 14 patients with ACE-inhibitor-induced angioedema
where treatment with icatibant resulted in a median resolution time of 9 h; however, in
this study, no comparator population was available [127]. Meanwhile, three random-
ized studies evaluating the efficacy and safety of icatibant have also been completed and
published [48,128,129].

The AMACE (AMelioration of Angiotensin Converting Enzyme Inhibitor Induced
Angioedema Study), a randomized double-blind phase II study, included 27 patients
with ACE-inhibitor-induced angioedema, of which 13 patients received subcutaneously
30 mg of icatibant and 14 patients in the control group received intravenously 500 mg of
prednisolone and 2 mg of clemastine (“standard of care”) [48]. In the patient population,
all patients were fair-skinned (white) and two thirds were male, and edema was assessed
visually (endoscopically). All patients were treated within approximately 6 h after the
onset of symptoms. The primary endpoint of the study was time to complete resolution
of symptoms. As a result, treatment with icatibant significantly lowered the primary
endpoint (p = 0.002) from 27.1 h to 8.0 h. Thus, this study not only provided the first
proof of the efficacy of icatibant in this indication, but also the first clinical evidence that
B2 activation is involved in ACE-inhibitor-induced angioedema. Only few side effects
were observed. The most common side effect of icatibant is a transient uncomplicated
reaction at the injection site, which is probably a pseudoallergic reaction. It is likely
caused by the activation of the mast cell receptor “mass-related G-protein coupled receptor
member X2” (MRGPRX2) [130]. Icatibant’s binding to this receptor directly activates mast
cells and can thus be classified as an “off-target” effect. In the two pivotal studies “For
Angioedema Subcutaneous Treatment”(FAST)-1 and FAST-2 [109], icatibant induced a
transient uncomplicated reaction at the injection site after subcutaneous application in
nearly all patients with HAE (>95%), which we were able to document as well (Figure 5).
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Figure 5. Example of a transient uncomplicated reaction at the injection site after the subcutaneous
administration of icatibant into the abdominal subcutis in a patient with hereditary angioedema. The
images were taken by Prof. Murat Bas, MD, at the local ENT clinic and the imprinted times of the
day specifies the time order of the photos. They show the course of the reaction over time (see time
display). The reaction reached a maximum after about 13 min and subsided completely after about
3 h. Itis most likely a pseudoallergic reaction after activation of the mast cell receptor MRGPRX2 [130].

However, the favorable clinical results of the AMACE trial were not confirmed in
subsequent clinical trials. A second randomized, double-blind study included 31 patients
with ACE-inhibitor-induced angioedema, of which 13 patients received 30 mg of icatibant
subcutaneously and 18 patients received placebo (isotonic saline solution) [128]. Edema
was assessed only on the basis of symptoms and no endoscopy was performed. In addition,
patients could also be treated with glucocorticoids and H; antihistamines, as determined
by their physicians. In contrast with AMACE, this “standard of care” therapy was not
only given to patients in the control group, but also to about 90% of patients in both study
arms. Another difference to AMACE was the significantly longer time interval between the
onset of symptoms and treatment with the study medication, which was 10.3 h on average.
Furthermore, in this study, two thirds of the patient population were black and two thirds
female. The primary endpoints of the study were time to complete disappearance of
symptoms and assessment of the severity of symptoms over time. In contrast with AMACE,
no significant difference was found between placebo and icatibant in this study.

In a third randomized study with icatibant, 121 patients with ACE-inhibitor-induced
angioedema were enrolled, of whom 60 patients received 30 mg of icatibant subcutaneously
and 58 patients received placebo (isotonic saline solution) [129]. Again, edema was assessed
only on the basis of symptoms and no endoscopy was performed. The median time interval
between the onset of symptoms and treatment with the study drug was 7.8 h, which was
also significantly longer than in the AMACE study. Two-thirds of the patient population
was black, but the sexes were roughly equally distributed. In this study, too, more than
90% of patients in both study arms received the “standard of care” therapy (glucocorticoids



Drugs Drug Candidates 2023, 2

721

and H; antihistamines). The primary endpoint of the study was time to discharge, which is
similar to the endpoint “complete disappearance of symptoms”. In contrast with AMACE,
no significant difference was found between the placebo and icatibant in this study either.

In summary, at first glance, the therapeutic efficacy of icatibant in ACE-inhibitor-
induced angioedema in the AMACE study may be considered to be a rather random result.
On the other hand, if icatibant is ineffective, this would mean that ACE-inhibitor-induced
angioedema might not be caused by the over activation of B2. However, icatibant has been
approved for the treatment of hereditary angioedema, which is caused by bradykinin [109].
Furthermore, this view is contradicted by the subsequent results of the study of Straka
et al. [128] in patients with ACE-inhibitor-induced angioedema [131]. The authors reported
that in patients with angioedema, plasma levels of bradykinin and the ratio of plasma levels
of bradykinin to the ACE degradation product bradykinin; 5 (Figure 2) were elevated,
while plasma levels of bradykinin; s itself remained more or less constant. The plasma
concentration of the two cleavage products of HMWK, which are formed during the
proteolytic cleavage by kallikrein, also remained unchanged. These results not only confirm
prior reports suggesting that plasma levels of bradykinin are elevated in ACE-inhibitor-
induced angioedema [132], they also suggest that the degradation of bradykinin is reduced,
which can be casually attributed to the residual effect of ACE inhibitors at the time of
blood collection. Finally, no evidence of increased synthesis of bradykinin from HMWK
could be found. Accordingly, the lack of clinical efficacy of icatibant for the treatment
of ACE-inhibitor-induced angioedema in the two randomized controlled trials described
above [128,129] probably cannot be attributed to a possibly incorrect pathophysiological
approach. More likely reasons would be two other important differences between these
two studies and AMACE, which are (1) the significantly longer time interval between the
onset of symptoms and treatment with the study medication and (2) the treatment with
icatibant as an add-on to glucocorticoids and H; antihistamines.

Clinical experience in the treatment of acute HAE has shown a better and faster re-
sponse if pharmacotherapy is initiated early after symptom onset [20], and this might be
true as well in ACE-inhibitor-induced angioedema. One of the underlying reasons might be
the time-dependent formation of an interstitial water trapping fibrin mesh (see Section 5.1).
Glucocorticoids and antihistamines have never been tested for their efficacy in non-allergic
angioedema and are generally considered to be ineffective [133]. On the other hand, the ac-
tivation of B2 leads to the formation of prostaglandins by cyclooxygenases, which generate
prostaglandin Hj, the precursor of prostaglandin synthases [97]. Accordingly, the unspe-
cific inhibition of cyclooxygenases by ibuprofen weakens plasma extravasation induced by
the intradermal injection of bradykinin [98], and a further study suggests the involvement
of phospholipase A and cyclooxygenase-1-dependent formation of prostacyclin [99].
Glucocorticoids can block phospholipase A; via the induction of annexin A1l and thus the
release of arachidonic acid, the starting product of prostaglandin synthesis [134]. It has also
been described that glucocorticoids induce the expression of ACE [135] and this effect may
also be useful in ACE-inhibitor-induced angioedema. Likewise, a case study of laryngeal
cartilage angioedema associated with the use of lisinopril shows complete regression after
intravenous therapy with diphenhydramine and methylprednisolone [136]. Finally, some
clinical data suggest that ACE-inhibitor-induced angioedema is associated with inflammatory
responses. In one study, the plasma concentrations of C-reactive protein were increased by
7.3-fold (43.2 mg/L) in the acute phase of 25 cases compared with 18 cases with angioedema of
an unknown origin (5.9 mg/L) [66]. Similarly, another retrospective study published 14 years
later reported on abnormally elevated levels of C-reactive protein in 50 out of 73 patients in
the acute phase, 18 of which showed levels of >15-60 mg/L and 8 patients showed levels of
>60 mg/L [60]. Thus, it is quite possible that the simultaneous administration of glucocor-
ticoids may have reduced the therapeutic effect of icatibant in the two randomized trials
described above. Likewise, neither ecallantide nor C1-INH showed a clinically useful effect
in patients with ACE-inhibitor-induced angioedema pretreated with glucocorticoids. Taken
together, even if one might consider the discordant results of the three randomized clinical
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with icatibant in ACE-inhibitor-induced angioedema as unfortunate, this could pave the
way to better substantiate the “standard of care” emergency treatment of non-allergic
angioedema with high-dose glucocorticoids such as 500 mg prednisolone.

7. Conclusions

Bradykinin-mediated angioedema is a comparatively rare, but underestimated symp-
tom. Hereditary angioedema is well understood and an established guideline and diagnos-
tic and therapeutic workflow exist. In striking contrast, bradykinin-mediated angioedema
triggered by the intake of drugs such as ACE-inhibitors is still difficult to diagnose and
only off-label treatment exists. The current results of randomized controlled trials with
icatibant are inconsistent and a final evaluation about the effectiveness of therapeutics is
not possible.
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