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Objectives
At the completion of this course, the reader should be
able to:

1. Describe the functional importance of the family
of naturally occurring proteases.

2. Describe the importance of protease inhibitors in
biological function.

3. Understand the pathogenesis of α1-antitrypsin
deficiency.

4. Detail the current therapy for people with α1-
antitrypsin deficiency.

5. Articulate an understanding of the etiology of
panacinar emphysema and of angioedema.

Introduction
Since ancient times, many have believed that the uni-
verse is shaped and maintained by 2 fundamentally
opposing but intertwined forces called Yin and Yang
that interact to achieve an exquisite balance. When
Yin and Yang fall out of balance, disharmony, with
potentially catastrophic consequences, follows. This
AANA Journal course explores how slight imbalances
in biologically complex systems can lead to intracel-
lular disharmony with profound systemic effects. This

Complex biological systems are often shaped and maintained

by opposing forces. A relevant biological example is the deli-

cate balance between proteases and their inhibitors. Serine

proteases contain a serine residue in the active site of the

molecule that is essential to the activity of the enzyme. Pro-

tease inhibitors limit the activity of proteases in the body. As

examples, aprotinin (Trasylol), a serine protease inhibitor,

and aminocaproic acid (Amicar), a lysine protease inhibitor,

are used to decrease the rate of fibrinolysis and have recently
been the subject of considerable controversy in the literature
regarding safety and efficacy. This AANA Journal course
reviews 2 common examples of protease inhibitor disorders,
angioedema and a form of emphysema, that are of particular
anesthetic relevance.

Key words: α1-Antitrypsin deficiency, angioedema, emphy-
sema, serpins.

course focuses on 2 iconic examples—pulmonary
emphysema and upper airway angioedema—that have
clinically significant implications for anesthesia
providers. These conditions are discussed in the con-
text of their occurring secondary to imbalances in the
mechanics of protease inhibition by the serpins.

Protease, serpins, and their functional impor-
tance
Catalysts that initiate and accelerate the speed of a
reaction without being modified in the process are
termed enzymes. Enzymes that are specific to the
cleavage of peptide bonds (peptide bonds join amino
acids to form proteins) are termed proteases. Serine
proteases get their name from the serine residue found
in the active site of the molecule essential to the activ-
ity of the enzyme. Proteins are unbranched chains of
amino acids that are functionless until they coil into a
specific 3-dimensional architecture through a process
known as folding. Proteases are found throughout the
body and have essential roles in maintaining home-
ostasis.

Proteases function to hydrolyze proteins (ie, they
are proteolytic) and are specific in their action
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depending on the target protein. Table 1 lists a few of
the more than 500 proteases known to occur natu-
rally.1 Thrombin, for example, is a serine protease that
targets the arginine-glycine bonds of fibrinogen to
form fibrin, releasing fibrinopeptides A and B.
Prostate-specific antigen is also a protease, one used
to diagnose prostate cancer. Pepsin is a protease added
to food following secretion from the gastric mucosa to
initiate protein digestion.

There are different families of proteases; the serine
proteases contain 3 amino acids, serine, histidine, and
aspartate at the active site, referred to as the catalytic
triad. When the protein properly folds (Figure 1), the
catalytic triad becomes positioned in such a way that
the protease can cleave a targeted peptide bond. Dif-
ferent enzymes have different target sites. For exam-
ple, chymotrypsin cleaves peptide bonds that are next
to aromatic residues (eg, tyrosine), trypsin cleaves
bonds next to basic residues (eg, lysine), and elastase
seems less specific but optimally cleaves bonds
located near certain hydrophobic residues (eg, ala-
nine).

The functional importance of proteases links them
to virtually every function in the body. Many disease
states, including cancer, viral infections, digestive
syndromes, aberrations in coagulation, neurodegener-
ative processes, pulmonary disorders, cardiovascular
disease, and connective tissue abnormalities, are
linked to protease-inhibitor dysfunction.

There are many protease inhibitors found in the
body whose function is not necessarily to prevent, but
rather to limit, the activity of proteases in the body.
Anesthesia providers have observed an ongoing clini-
cal debate regarding the intraoperative use of certain
protease inhibitors used to decrease the rate of blood
loss and, thus, impact the need for transfusion in spe-
cific surgical procedures (eg, cardiac bypass and scol-
iosis). Aprotinin (Trasylol), a serine protease
inhibitor, and aminocaproic acid (Amicar), a lysine
protease inhibitor, are used to decrease the rate of fib-
rinolysis and have recently been the subject of con-
siderable controversy in the literature regarding safety
and efficacy.

One particular family of protease inhibitors, the
serpins, includes α1-antitrypsin (α1-AT) and C1
inhibitor. α1-AT protects pulmonary connective tissue
from elastase that is released by neutrophils and
macrophages; C1 inhibitor controls complement acti-
vation, a critical pathway in the body’s inflammatory
response. Imbalances in protease–protease inhibitor
relationships can have significant clinical conse-
quences (Figure 2).

The serpins (short for serine protease inhibitors) are
conspicuous among the many families of protease
inhibitors in that they undergo dramatic conforma-

tional change in their structure in preparation for
their intended task.2 Serpins, like any protein in the
body, are polymers of amino acids that fold into a
unique and complex architecture that is necessary to
execute their function (see Figure 1). The utter com-
plexity of serpin structure and the associated shape
changes while interacting with their target proteases
make them highly vulnerable to even the slightest
mutation. Even stress of many types can impart dys-
function.

Pathology in transcription or folding may result in
the aggregation of aberrant forms of protein that may
lead to a whole host of disease states, including cir-
rhosis and the Alzheimer disease. The body has the
ability to synthesize additional chaperones (see Figure
2) to aid the dispersion and removal of abnormal pro-
teins, but this system can be overwhelmed. Patho-
physiologic states related to these malformed proteins
fall into a relatively new taxonomy of conditions
known as conformational diseases.3

Pepsin

Trypsin

Chymotrypsin

Subtilisin

Kallikreins

Cathepsins

Thrombin

Aprotinin (Trasylol)

Aminocaproic acid (Amicar)

Prostate-specific antigen

Table 1. Example of naturally occurring proteases*

* This is only a partial list; there are more than 500 known proteases with
many more likely to be discovered in the near future.

Figure 1. Protein folding



Emphysema
Emphysema is classically defined as the destruction of
pulmonary parenchyma distal to the terminal bron-
chioles producing permanent enlargement of the aci-
nus secondary to alveolar wall destruction. Emphy-
sema may be further characterized according to the
site of parenchymal involvement. Centriacinar
emphysema occurs with septal destruction of the res-
piratory bronchiole and alveolar ducts in the upper
zones of the lung, whereas panacinar emphysema
involves the homogeneous destruction of the acinus
and the enlargement of all respiratory spaces in the
lower zones of the lung. α1-AT deficiency produces
the characteristic parenchymal lesion of panacinar
emphysema.

The etiology of emphysema has been traditionally
ascribed to long-term exposure to tobacco smoke.
Additional mechanisms responsible for the develop-
ment and progression of emphysema include oxida-
tive stress and chronic inflammation. However, it is
now widely accepted that an imbalance in the pro-

tease–protease inhibitor relationship is a critical path-
way in the development of emphysema.

α1-AT produced in the liver reaches the lung fol-
lowing diffusion from the systemic circulation.
Macrophages and epithelial cells of the bronchi also
produce α1-AT.4 The inadequate pulmonary defense
against the protease neutrophil elastase by α1-AT defi-
ciency or decreases in α1-AT secondary to a chronic
inflammatory response that accompanies cigarette
smoking is responsible for the development and pro-
gression of emphysema.

The neutrophil and macrophage in emphy-
sema
The neutrophil and macrophage are essential cellular
components in host defense, maturing in the bone
marrow from the promyeloblast. The neutrophil and
macrophage are subsequently released into the circu-
lation, where they are activated and recruited to sites
of inflammation or become senescent within hours of
their release. During differentiation, the neutrophil
and macrophage manufacture and store neutrophil
elastase in membrane-bound granules. Recruitment
(chemotaxis) follows the release of chemoattractant
proteins from areas of chronic inflammation or oxida-
tive stress that accompanies cigarette smoke exposure.
Neutrophil migration is augmented by the release of
the chemoattractant leukotriene B4 found in periph-
eral airways.5 Released neutrophil elastase stimulates
the subsequent release of leukotriene B4 from alveolar
macrophages, reinforcing neutrophil recruitment.
Following recruitment and activation, neutrophil
elastase is released via exocytosis. The released elas-
tase is normally inactivated by α1-AT (protease
inhibitor) in a 1:1 ratio following release. However, in
the presence of chronic inflammation, this pro-
tease–protease inhibitor relationship is disrupted. The
release of the elastase overwhelms the α1-AT defenses
of the lung, producing uniform destruction of alveolar
walls with the loss of elastic recoil following the
degradation of elastin.

αα1-AT deficiency
Plasma levels of α1-antitrypsin are reduced by 10% to
15% in people with α1-AT deficiency, increasing their
vulnerability to alveolar destruction by neutrophil
elastase.6 The clinical presentation of α1-AT deficiency
is the same for people with chronic bronchitis,
emphysema, or asthma, and, therefore, the diagnosis
of α1-AT deficiency may not be considered. The rec-
ommended medical management for α1-AT deficiency
is outlined in Table 2.

Emphysema in a nonsmoker with α1-AT deficiency
may not manifest for decades. Measurable decline in
pulmonary function may not develop until age 50

Smoking cessation

Avoidance of air pollutants and secondhand smoke

Vaccination (pneumococcal, influenza, hepatitis A and B)

Daily bronchodilator therapy

Early treatment of respiratory infections

Supplemental oxygen

Pulmonary rehabilitation for people with functional
impairment

Table 2. Medical management for people with 
αα1-antitrypsin deficiency

Figure 2. Preventing excessive proteolytic activity
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European Respiratory Society, the American College
of Chest Physicians, and the American Association of
Respiratory Care20 support selected augmentation
therapy for people with moderate airflow obstruction
(eg, a forced expiratory volume in the first second of
expiration [FEV1] between 35% and 60% predicted).
Augmentation therapy in people with moderate air-
flow obstruction slowed the decline in FEV1 and
reduced mortality. There is a lack of evidence regard-
ing the benefit of augmentation therapy in people
with mild (FEV1 > 50%-60% predicted) or severe
(FEV1 < 35% predicted) airflow obstruction.20

Biotechnology may lead to promising new treat-

years or later in nonsmokers but will appear by the
third decade of life in smokers. Likewise, the progres-
sion and development of emphysema in smokers is
not immediate but occurs after a number of years of
smoking. This late-onset decline in pulmonary func-
tion in people with α1-AT deficiency and cigarette
smokers is postulated to occur because of an addi-
tional biological imbalance between the repair and
degradation of elastin in the connective tissue.7

All tissues have the inherent property of repair fol-
lowing injury influenced by individual genetic factors,
age, and general nutrition. Injured elastic fibers can be
repaired, restoring the pulmonary architecture, as
long as repair occurs at the same rate as injury. How-
ever, when elastic fibers are destroyed rather than
injured, synthetic replication produces disordered
lung architecture with homogeneous destruction of
the acinus. The clinical determination of lung injury
(altered spirometry and chest radiography) is delayed
until the lung architecture is irreversibly disrupted to
the point of symptomatic progression (Figure 3).

Therapy for αα1-AT deficiency
Initial therapy for people with emphysema due to α1-
AT deficiency includes smoking cessation, bron-
chodilators, supplemental oxygen, and preventative
vaccination, a medical plan of care typically pre-
scribed for a person with emphysema. Focused treat-
ment involves the infusion of purified pooled human
plasma α1-AT, referred to as augmentation therapy.
Currently there are 3 commercially available prepara-
tions of purified α1-AT (Table 3). There have been no
reported cases of hepatitis, human immunodeficiency
virus infection, or prion transmission with augmenta-
tion therapy.8,9

The goal of augmentation therapy is to increase and
maintain a plasma α1-AT level exceeding the protec-
tive threshold of 11 µmol/L, temper the decline of pul-
monary function, and delay mortality. Wewers and
colleagues10 found a weekly intravenous infusion of
60 mg/kg of pooled human α1-AT increased plasma
concentrations above the protective threshold during
the weekly dosing interval with increased antielastase
activity in recovered bronchoalveolar lavage fluid. An
examination of patient-convenient dosing intervals of
120 mg/kg every 2 weeks or 250 mg/kg each month
failed to maintain effective plasma concentrations
during the specific dosing interval.11-13

The clinical effectiveness of augmentation therapy
has been examined in observational and cohort stud-
ies14-19 and in 1 small, randomized trial in a total of 56
patients.13 These studies do not support the use of
augmentation therapy in people without clinical evi-
dence of emphysema. The 2003 evidence-based stan-
dards endorsed by the American Thoracic Society, the

Figure 3. Time line of alveolar destruction

Product Manufacturer Source

Prolastin Talecris Biotherapeutics, Pooled human
Research Triangle plasma 
Park, North Carolina

Aralast Baxter, Deerfield, Pooled human
Illinois plasma

Zemaira ZLB- Bering, King of Pooled human 
Prussia, Pennsylvania plasma

Table 3. Commercial preparations of purified 
αα1-antitrypsin

• Hereditary angioedema
Inherited deficiency of C1-esterase inhibitor

• Acquired angioedema
Often associated with lymphoproliferative diseases

• Angioedema associated with allergic phenomena
Activation of the complement-immune system

• Angioedema secondary to medications
Most frequently related to use of angiotensin-
converting enzyme inhibitors

• Idiopathic angioedema
No identifiable cause

Table 4. Categories of angioedema based on etiology



ments for α1-AT deficiency. These new therapies
include gene therapy (the introduction of human α1-
AT gene),21 the blockade of hepatic polymerization of
α1-AT,22 and the inhibition of neutrophil elastase.23

Angioedema
Angioedema is generally grouped into 5 categories,
(1) hereditary, (2) acquired, (3) allergy related, (4)
medication induced, and (5) idiopathic24 (Table 4).
More than 90% of cases of acute angioedema treated
in the emergency department are drug induced, and of
those cases, the vast majority occur in people taking
angiotensin-converting enzyme (ACE) inhibitors.
(A.J. Smally, MD, director, Emergency Medicine, Hart-
ford Hospital, Hartford, Connecticut, oral communi-
cation, December 2006). Not uncommonly, the
patients have significant upper airway edema, often
requiring endotracheal intubation, with death occur-
ring in up to 10% of cases. Of particular interest is the
observation that although angioedema related to ACE
inhibitors usually (60%-70% of cases) occurs during
the first week of therapy, the condition can occur
spontaneously in people who have been taking the
drug for months or even years.

C1-esterase inhibitor (C1-INH) is yet another
member of the serpin family of protease inhibitors. C1
(there are actually a couple of species of C1) is an
early step in the complement system, a system with at
least 20 known components (likely there are more)
that is part of the body’s immune response.25 When
C1 is activated, vascular permeability increases and
edema ensues; if allowed to progress unabated, the
consequent response can, in and of itself, be life
threatening. As described earlier, protease inhibitors
are activated as a kind of braking or control mecha-
nism for the original protease. When C1-INH is defi-
cient or made inactive, the protease, in this case C1,
proceeds unchecked. Uncontrolled C1 activation
leads to accumulation of a C2 kinin, a highly vasoac-
tive material, and kallikrein (which ultimately con-
verts to bradykinin, another vasoactive material).

The various categories of angioedema all have at
their core abnormalities in quantity or functional
quality of C1-INH. Whether hereditary or induced,
anything that interferes with bradykinin kinetics
(metabolism) can result in angioedema. The ACE
inhibitors, because they also block the function of the
enzyme kinase II that breaks down bradykinin, can
result in the classic presentation of upper airway and
facial edema. Accumulation of bradykinin, even in
small amounts, can produce the side effect of cough,
so commonly seen in people taking ACE inhibitors.

Interventional issues in angioedema
Obviously, at the earliest sign of symptomatology, the

drug (and similar drugs) should be stopped. Although
there is controversy about whether angiotensin recep-
tor antagonists can be used safely in patients with pre-
vious ACE inhibitor–induced angioedema, the general
recommendation seems to be to avoid them.26 In acute
episodes, C1-INH concentrate can be administered, if
available; it is approved in some countries, although
the agent is generally not available in the United
States. Fresh frozen plasma obtained from nonafflicted
donors contains C1-INH and can be used as a source.
Several international pharmaceutical companies are at
various stages of developing and marketing bradykinin
antagonists and recombinant CI-INH.

When the most dreaded complication of angio-
edema manifests (airway obstruction due to laryngeal
edema), it is essential to achieve a patent airway by
whatever approach the provider is most comfortable
with. Early intervention is essential, although tradi-
tional laryngoscopy can prove nearly impossible.
Consideration should be given to fiberoptic intuba-
tion; a low threshold for cricothyrotomy or tra-
cheotomy should prevail to prevent total loss of the
airway and death.

Summary
The conditions discussed in this AANA Journal
course, pulmonary emphysema and angioedema,
result, in part, from a functional imbalance in the
mechanics of protease inhibition by the serpins. We
introduced this concept using the metaphor of Yin
and Yang, forces thought by many that interact to
achieve an exquisite balance in human life.

Proteases are diffusely located in the body and have
essential roles in maintaining homeostasis. The ser-
pin, α1-AT, exerts influence of such magnitude that
aberrations in its expression lead to conditions of sig-
nificant consideration to anesthesia providers.

REFERENCES
1. Puente SX, Sanchez LM, Overall CM, Lopez-Otin C. Human and

mouse proteases: a comparative genomic approach. Nat Rev Genet.
2003;4:544-558.

2. Huntington JA, Read RJ, Carrell RW. Structure of a serpin-protease
complex shows inhibition by deformation. Nature. 2000;407:923-
926.

3. Carrell RW, Lomas DA. Conformational disease. Lancet. 1997;350:
134-138.

4. Lomas DA, Mahadeva R. Alpha-1-antitrypsin polymerization and
the serinopathies: pathobiology and prospects for therapy. J Clin
Invest. 2002;110:1585-1590.

5. Hubbard RC, Fells G, Gadek J, et al. Neutrophil accumulation in
the lung in α1-antitrypsin deficiency: spontaneous release of
leukotriene B4 by alveolar macrophages. J Clin Invest. 1991;88:
891-897.

6. Lomas DA. Antitrypsin deficiency, the serpinopathies, and chronic
obstructive pulmonary disease. Proc Am Thorac Soc. 2006;3:499-501.

7. Snider GL. Collagen vs elastin in pathogenesis of emphysema; cel-
lular origin of elastases; bronchiolitis vs emphysema as a cause of
airflow obstruction. Chest. 2000;117(suppl 1):244S-246S.

www.aana.com/aanajournal.aspx AANA Journal/October 2007/Vol. 75, No. 5 353



354 AANA Journal/October 2007/Vol. 75, No. 5 www.aana.com/aanajournal.aspx

19. Wencker M, Furmann B, Banik N, Konietzko N. Longitudinal fol-
low-up of patients with alpha 1-protease inhibitor deficiency
before and during therapy with IV alpha 1-protease inhibitor.
Chest. 2001;119:737-744.

20. American Thoracic Society/European Respiratory Society. Ameri-
can Thoracic Society/European Respiratory Society statement:
Standards for the diagnosis and management of individuals with
alpha 1-antitrypsin deficiency. Am J Respir Crit Care Med. 2003;
168:818-900.

21. Flotte TR, Brantly ML, Spencer LT, et al. Phase I trial of intramus-
cular injection of a recombinant adeno-associated virus alpha 1-
antitrypsin (rAAV2-CB-hAAT) gene vector to AAT-deficient adults.
Hum Gene Ther. 2004;15:93-128.

22. Zhou A, Stein PE, Hungington JA, Sivasothy P, Lomas DA, Carrell
RW. How small peptides block and reverse serpin polymerization.
J Mol Biol. 2004;342:931-941.

23. Cantin AM, Woods DE, Cloutier D, Dufour EK, Ledue R. Polyeth-
ylene glycol conjugation at cys232 prolongs the half-life of alpha
1-protease inhibitor. Am J Respir Cell Mol Biol. 2002;27:659-665.

24. Slater EE, Merrill DD, Guess HA, et al. Clinical profile of angioedema
associated with ACE inhibition. JAMA. 1988;260:967-970.

25. Regoli D. Neurohumoral regulation of precapillary vessels: the
kallikrein-kinin system. J Cardiovasc Pharmacol. 1984;6(suppl
2):S401-S412.

26. Howes LG, Tran D. Can angiotensin receptor antagonists be used
safely in patients with previous ACE inhibitor-induced angio-
edema? Drug Saf. 2002;25:73-76.

AUTHORS
John Aker, CRNA, MS, is a staff nurse anesthetist at the Children’s
Mercy Hospitals & Clinics, Kansas City, Mo, and he is an associate edi-
tor of the AANA Journal. Email: sprints4@mchsi.com.

Chuck Biddle, CRNA, PhD, is professor and staff anesthetist at Vir-
ginia Commonwealth University, Richmond, Va, and he is editor in
chief of the AANA Journal.

8. Stoller JK, Fallat R, Schluchter J, et al. Augmentation therapy with
alpha 1-antitrypsin: patterns of use and adverse events. Chest.
2003;123:1425-1434.

9. Wencker M, Banik N, Buhl R, Seidel R, Konietzko N. Long-term
treatment of alpha 1-antitrypsin deficiency-related pulmonary
emphysema with human alpha 1-antitrypsin. Eur Respir J. 1998;
11:428-433.

10. Wewers MD, Casolaro MA, Sellers SE, et al. Replacement therapy
for alpha 1- antitrypsin infusion in alpha 1- antitrypsin deficiency.
N Engl J Med. 1987;316:1055-1062.

11. Barker AF, Iwata-Morgan I, Oveson L, Roussel R. Pharmacokinetic
study of alpha 1-antitrypsin infusion in alpha 1-antitrypsin defi-
ciency. Chest. 1997;112:607-613.

12. Hubbard RC, Sellars S, Czeerski D, Stephens L, Crystal RG. Bio-
chemical efficacy and safety of monthly augmentation therapy for
alpha 1-antitrypsin deficiency. JAMA. 1988;260:1259-1264.

13. Dirksen A, Dijkman, JH, Madsen F, et al. A randomized clinical
trial of alpha 1- antitrypsin augmentation therapy. Am J Respir Crit
Care Med. 1999;160:1468-1472.

14. Stone PJ, Morris TA, Franzblau C, Snider GL. Preliminary evi-
dence that augmentation therapy diminishes degradation of cross-
linked elastin in alpha 1-antitrypsin deficient humans. Respiration.
1995;62:76-79.

15. Seersholm N, Wencker M, Banik N, et al. Does alpha 1-antitrypsin
augmentation therapy slow the annual decline in FEV1 in patients
with severe hereditary alpha 1-antitrypsin deficiency? Eur Respir J.
1997;10:2260-2263.

16. Alpha 1-Antitrypsin Deficiency Registry Study Group. Survival
and FEV1 decline in individuals with severe deficiency of alpha 1-
antitrypsin. Am J Respir Crit Care Med. 1998;158:49-59.

17. Gottlieb M, Luisetti M, Stone PJ, et al. Short-term supplementation
therapy does not effect elastin degradation in severe alpha 1–antit-
rypsin deficiency. Am J Respir Crit Care Med. 2000;162:2069-2072.

18. Liberman J. Augmentation therapy reduces the frequency of lung
infections in antitrypsin deficiency: a new hypothesis with sup-
porting data. Chest. 2000;118:1480-1485.


