
  Introduction 
 Th e classic form of �1-antitrypsin (AT) defi ciency is an autosomal 
co-dominant disorder that aff ects 1 in 2000 to 1 in 3000 live 
births in most populations. It causes a chronic fi brotic process 
in the liver that can become clinically apparent in infancy, 
childhood, adolescence or later in adult life with cirrhosis and/
or hepatocellular carcinoma.  1,2   It is the most common genetic 
disease for which children undergo liver transplantation and a 
more common indication for liver transplantation in adults than 
previously recognized.  3   However, a prospective unbiased study of 
a cohort derived from nationwide newborn screening carried out 
in Sweden in the 1960s shows that only 8–10% of homozygotes 
develop clinically signifi cant liver disease during the fi rst 3 decades 
of life.  4,5   Th us, most individuals with this defi ciency escape liver 
disease. Th ere is currently no way to predict which defi cient 
person will develop severe liver disease and the progression of 
liver disease in the susceptible subpopulation is quite variable. 
AT defi ciency also predisposes to chronic obstructive pulmonary 
disease and people with this defi ciency who also smoke cigarettes 
have earlier onset and more severe pulmonary disease.  6,7   

 AT is a member of the serine protease inhibitor (SERPIN) 
family and mainly functions as an inhibitor of neutrophil 
elastase and perhaps several other neutrophil proteases.  8   It is an 
abundant serum glycoprotein that is predominantly synthesized 
by the liver. In the classic form of the defi ciency, homozygous 
for the Z allele, a point mutation renders the protein prone to 
misfolding, polymerization, and aggregation. Th e abnormal 
protein accumulates in the endoplasmic reticulum (ER) of liver 
cells as seen by periodic acid-Schiff  positive inclusions that are 
the histological hallmark of the disease. Serum levels of the 
protein are reduced to 10–15% of the levels present in normal 
individuals.  3   Diff erent mechanisms account for the pathologic 
eff ects in the liver and lung: liver disease results from a gain-of-
toxic function mechanism elicited by accumulation of mutant 
AT (ATZ) in the ER of liver cells; lung disease results from a 
loss-of-function mechanism involving uninhibited proteolytic 
destruction of the pulmonary connective tissue matrix.   

 In order to further understand the pathogenesis of liver disease 
in AT defi ciency we have investigated the hypothesis that genetic 
and environmental modifi ers determine whether a given defi cient 

individual is susceptible to liver disease and further that these 
putative modifi ers act at two potential levels: (1) on intracellular 
pathways for degradation of proteins that accumulate within 
the ER: and/or (2) act on stress signaling pathways designed for 
adaptation to ER protein accumulation. Using mammalian cell 
line models and recently a novel  Caenorhabditis elegans  model 
we have found that the proteasomal and autophagic pathways 
play important roles in intracellular degradation of ATZ.  1   Th ese 
observations permitted us to conceptualize a pharmacological 
strategy in which drugs which enhance autophagic degradation 
of ATZ could ameliorate the hepatic pathology of AT defi ciency. 
One such drug, carbamazepine (CBZ), was found to reduce 
hepatic fi brosis in a mouse model  9   and several additional FDA-
approved drugs which have this action are moving into preclinical 
trials.  10   

 In addition to this novel pharmacological strategy, there have 
been advances in developing cell transplantation and gene transfer 
strategies for treating liver disease due to AT defi ciency. Studies in 
the mouse model of AT defi ciency have shown that hepatocytes 
with massive ATZ accumulation can stimulate proliferation of 
hepatocytes with lesser ATZ accumulation in trans.  11,12   Th is may 
be a key factor in carcinogenesis but it is also the basis for a 
second novel therapeutic strategy involving transplantation of 
hepatocytes because the transplanted hepatocytes will have a 
selective proliferative advantage in the liver of the AT-defi cient 
individual.  13   Ongoing gene transfer studies have focused on 
inhibitory RNA (short hairpin interfering RNA) to reduce 
expression of the mutant gene.  14   In this review we will discuss 
in further detail what has been learned about this disease in 
recent years and the basis by which that has been translated into 
potential new therapies.   

 The Mutant ATZ Molecule 
 Advances in understanding the structure of the SERPIN protein 
family and the structural basis of SERPIN function have shed light 
on the structural alterations in the mutant ATZ molecule. Th e 
SERPINS have been found to fold into a metastable conformation 
composed of three β-sheets, eight to nine α-helices, and a solvent 
exposed reactive center loop (RCL). Th e mechanism by which 
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SERPIN proteins inhibit proteases involves binding of the protease 
to the RCL, proteolytic cleavage of the RCL accompanied by a 
dramatic conformational change, analogous to a mousetrap,  15,16   
with the RCL incorporated into the central β-sheet-A as an 
additional β-strand (strand 4A). Th is conformational change from 
a fi ve-stranded to a six-stranded β-sheet, results in a hyperstable 
form of the serpin molecule. 

 Th e point mutation in ATZ, lysine for glutamate at position 
342 is located at the head of strand 5A of sheet-A and the 
base of the RCL. In the model originally described by Lomas 
et al., now known as the loop-sheet insertion mechanism or A 
sheet polymerization, this substitution prevents the RCL from 
incorporating into the A-sheet, opening a gap that can be fi lled by 
the RCL of an adjacent ATZ molecule (Figure 1).  16   According to 
this model multiple ATZ molecules undergo loop-sheet insertion 
to lead to polymers and insoluble aggregates. 

 Yamasaki et al. have recently provided data from the 
crystallographic structure of a self-terminating stable serpin 
dimer that has led to an alternative model for ATZ polymerization 
that involves a domain swapping mechanism. In contrast to the 
loop-sheet insertion mechanism, domain swapping has been 
implicated in the formation of polymers in at least several other 
physiological and pathological situations. In this case a domain 
from the RCL (strand 4A) and strand 5A insert into the β-sheet-A 

of a neighboring ATZ molecule.  16   Th is model is based on the 
prediction that the assembly of the S5A β-strand into β-sheet-A 
is one of the fi nal steps of normal AT folding. Th e Z mutation 
at position 342 likely slows the fi nal folding transition of the 
polymerogenic intermediate with an exposed strand 5A to the 
native-state AT protein and promotes the domain swapping of 
S5A and S4A (RCL) into another neighboring intermediate form 
of the ATZ molecule (Figure 1). Furthermore, the domain swap 
exposes a 30-residue hydrophobic helical linker region in the 
molecule that could explain the histological appearance of tangled 
aggregates of linear polymers seen in the ER of hepatocytes in 
AT defi ciency. Th is model can explain three previously poorly 
understood phenomena of ATZ pathobiology: how the ATZ 
molecule shift s from a stable but polymerogenic intermediate 
into polymers and insoluble aggregates; how 10–15% of ATZ 
molecules are able to fold into a conformation capable of traversing 
the secretory pathway; and how accumulation of ATZ in the ER 
does not activate the unfolded protein response (UPR).   

 Liver Disease in AT Defi ciency 
 Liver injury is thought to result from a gain-of-toxic function 
mechanism whereby the accumulation of mutant ATZ in the 
ER of hepatocytes incites a series of cytotoxic sequela. Th e most 
compelling evidence for this gain-of-toxic function mechanism 

  Figure 1.     Two models for polymerization of ATZ. (A) Active serpins fold into a metastable state. Following the initial interaction with a target peptidase and reactive center 
loop (RCL) cleavage, the serpin undergoes a radical conformational change (RCL/s4A incorporation into �-sheet A) that culminates in peptidase inhibition via distortion of 
the catalytic residues. (B) Loop-sheet model of serpin polymerization. The RCL of one molecule is inserted into the open �-sheet A of another. (C) Domain swapping model 
of serpin polymerization. This model is based on the structure of a domain-swapped antithrombin dimer, where s5A and s4A (RCL) of a donor molecule insert into �-sheet 
A of a recipient. (D) Normal serpins may fold through a polymerogenic intermediate that is stabilized by certain mutations. The black dotted arrow indicates a gap in �-sheet 
A that accommodates s5A to form the s4A (RCL) exposed native molecule to A or the s5A and s4A domain-swapped structure in C. Reproduced with permission from 
Figure 2 of Whisstock JC et al. J Biol Chem. 2010; 285: 24307–24312.      
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comes from the hepatic pathology in the PiZ mouse model of 
AT defi ciency.  17,18   Th e liver of this mouse model is characterized 
by many of the features of the human liver disease including 
hepatocellular ATZ globules, slowly progressing fi brosis with age, 
low-grade infl ammation and regeneration, mild steatosis, and 
carcinomatosis.  9,11   ,   19–23   Because these mice have normal levels of 
the endogenous ortholog of AT, the hepatic pathology cannot be 
attributed to a loss-of-function mechanism and therefore must 
result from a gain-of-toxic function due to transgenic expression 
of human ATZ. 

 Clinically, AT defi ciency is characterized by wide variability 
in both the expressivity and penetrance of the liver disease 
phenotype. Liver disease commonly presents during infancy, but 
AT defi ciency can cause severe liver dysfunction in childhood, 
adolescence and adulthood  1   and predispose adults to cirrhosis 
and hepatocellular carcinoma.  24   Typically, liver disease is 
characterized by slowly progressing fi brosis and relatively low-
grade infl ammation. However, only a subset of individuals 
homozygous for the Z mutation demonstrate clinically signifi cant 
liver disease. In a unique unbiased epidemiological study carried 
out in Sweden over 40 years, less than 10% of the 127 infants 
that were identifi ed had clinically signifi cant liver disease over 
the fi rst four decades of life.  4,5   Th is phenotypic variation has 
been attributed to a conceptual model in which genetic or 
environmental modifi ers predispose a subset of homozygotes 
to liver disease or protect the remainder from liver disease. 
Furthermore, this conceptual model envisions the targets of these 
modifi ers as being components of the pathway by which ATZ is 
degraded or components of the protective signaling pathways 
activated by ATZ accumulation. An early study by Wu et al. 
substantiated this conceptual by showing that disposal of ATZ 
was slower in genetically engineered skin fi broblast cell lines 
from PiZZ homozygotes with liver disease in comparison to 
cells taken from asymptomatic homozygotes.  25     

 Degradation Pathways for ATZ 
 The proteasome was the first system implicated in the ER 
degradation of ATZ and its role has been demonstrated by 
studies in cell-free microsomal, mammalian cell line and yeast 
model systems.  26–28   Both the classical ubiquitin-dependent and 
ubiquitin-independent proteasomal pathways are involved.  29   
We now know that mutant ATZ molecules in the ER reach the 
proteasome in the cytoplasm by what is known as the ERAD 
pathway. However, the specifi c ER chaperones and ER transport 
proteins that recognize ATZ and mediate its retrotranslocation 
to the cytosol and targeting to the proteasome have not been 
defi nitively elucidated. 

 Nevertheless, early studies indicated that proteasomal 
pathways could not be solely responsible for the disposal of 
ATZ. Autophagy, an intracellular degradation pathway in which 
cytosolic components are sequestered by double-membrane 
vesicles (autophagosomes) and degraded upon vesicle–lysosome 
fusion,  30   has been implicated in the disposal of ATZ by numerous 
subsequent studies. First, observational studies demonstrated 
that ATZ expression in cell line models, in the livers of PiZ mice, 
and in liver biopsy specimens from human PiZZ homozygotes is 
associated with increased numbers of autophagosomes.  20   Second, 
chemical inhibitors of autophagy were found to partially attenuate 
the disposal of ATZ in cell line models. More conclusive genetic 
studies have provided the strongest evidence for the important 
role of the autophagic pathway in the degradation of ATZ. ATZ-
expressing murine embryonic fi broblast (MEF) cells derived from 

the autophagy-defi cient ATG5-null mouse were characterized 
by a marked delay in the degradation of ATZ and massive 
accumulation of ATZ inclusions compared to ATZ-expressing 
wild-type MEFs.  31   Kruse et al., using an unrelated strategy in which 
they expressed ATZ in a library of yeast mutants and screened 
for mutants with defective ATZ degradation, corroborated the 
importance of autophagy in disposing of ATZ.  32   Th e absence 
of the yeast homologues for ATG6 and ATG16 resulted in a 
signifi cant delay in the disposal of human ATZ. Furthermore, 
they demonstrated that this delay in the degradation of ATZ 
was only apparent at higher levels of expression of the mutant 
protein. Th is key fi nding has led to the concept that soluble forms 
of ATZ, which predominate at lower expression levels, are mainly 
degraded by the proteasome, while the insoluble polymers of ATZ 
that occur at higher levels of expression, are primarily degraded 
by the autophagic pathway. 

 Several lines of evidence also suggest that other pathways 
may contribute to degradation of mutant ATZ. Th e study by 
Kruse et al.  32   suggested a disposal pathway for ATZ in which it 
is traffi  cked from the trans-Golgi network directly to the lysosome 
in yeast cells. To date, however, a comparable pathway has not 
been described in mammalian cells. 

 Pan et al. have recently implicated a potential genetic modifi er 
for the hepatic phenotype in AT defi ciency that could theoretically 
act on an intracellular degradative pathway. Infants with severe 
liver disease due to AT defi ciency were found to have an increased 
prevalence of a single-nucleotide polymorphism in the fl anking 
region of the gene for ER mannosidase 1.  33   Because this gene product 
can play a role in ERAD and the polymorphic variation can suppress 
its translation the authors postulated that the polymorphism modifi es 
degradation of ATZ. Further studies to confi rm the cellular eff ects of 
this polymorphism and to test it in additional clinical populations 
are needed to validate this modifi er eff ect.   

 Signaling Pathways Activated by ATZ Accumulation 
 Cell line and animal models with inducible expression of ATZ 
have been used to understand the primary signaling pathways 
activated when ATZ accumulates in the ER because these systems 
are ideally suited for investigating eff ects on a naive cell/tissue. 
We have theorized that these pathways may function to protect 
the cell from aggregated protein. To date, the studies have shown 
that ATZ accumulation is suffi  cient to activate the autophagic 
pathway, the NFκB signaling pathway, but not the UPR. For 
example, the Z mouse model with inducible hepatocyte-specifi c 
expression of ATZ was been bred to the GFP-LC3 mouse model, 
which generates green fl uorescent autophagosomes because LC3 
is an autophagosomal membrane-specifi c protein. When green 
fl uorescent autophagosomes were observed in the liver of the Z × 
GFP-LC3 in the absence of starvation whereas green fl uorescent 
autophagosomes are only seen in the liver of the GFP-LC3 mouse 
aft er starvation, we concluded that accumulation of ATZ in the ER is 
suffi  cient to activate autophagy.  31   Similarly, ATZ expression in a cell 
line model, engineered for inducible expression, elicits increased 
LC3 conversion and that conversion is further accentuated by the 
presence of lysosomal protease inhibitors,  9   indicating increased 
autophagic fl ux in response to ATZ expression. 

 The mechanism and signaling intermediates involved 
in activating the autophagic system in response to ATZ 
accumulation are unknown. Hepatic gene expression profi le 
analysis using the Z mouse model with hepatocyte-specific 
inducible expression of ATZ identifi ed one potential contributing 
mechanism, upregulation of regulator of G protein signaling 16 
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(RGS16).  34   Because RGS16 inhibits Gαi3    35   and Gαi3 mediates the 
antiautophagic eff ect of insulin in the liver,  36   we have hypothesized 
that RGS16 upregulation plays a role in activating autophagy 
when ATZ accumulates in the ER of hepatocytes. 

 Th e NFκB signaling pathway is also activated when ATZ 
accumulates in the ER.  22   Preliminary research suggests that 
it serves a protective role as the PiZ mouse bred onto a NFκB 
signaling-defi cient background has more severe liver disease and 
fi brosis.  1   Further elucidation of how NFκB and its downstream 
targets protect the liver could provide new information for 
development of therapeutic interventions. 

 Importantly, the UPR is not activated when ATZ accumulates in 
cells. Th e domain swap mechanism of ATZ polymerization, in which 
ATZ monomers adopt a stable polymer confi guration resembling 
the wild-type molecule without exposing hydrophobic residues,  16   
off ers a possible explanation for why the UPR is not activated. Lack 
of UPR signaling also has important implications for the hepatic 
pathobiology of AT defi ciency. For instance, it could explain the 
relatively low rate of apoptosis seen in the liver in this disease.   

 Mechanisms of Hepatotoxicity and Carcinogenesis 
 The molecular mechanisms of hepatocellular toxicity in AT 
defi ciency are not well understood. Studies of cell culture models 
of AT defi ciency, the livers of PiZ mice, and the livers of AT-
defi cient patients demonstrate mitochondrial injury, mitochondrial 
autophagy, and caspase-3 activation. Furthermore, administration 

of cyclosporin A, an inhibitor of 
the mitochondrial permeability 
transition, reduced mitochondrial 
injury and mortality in starved PiZ 
mice,  19   suggesting that mitochondrial 
dysfunction is the fi nal common 
pathway for cytotoxicity and 
ultimately the stereotypical fi brotic 
response of the liver. 

 T h e  m e c h a n i s m s  o f 
carcinogenesis in AT deficiency 
are also not well understood. Th e 
longstanding observation that only 
some hepatocytes in the livers of 
patients and PiZ mice contain ATZ 
globules has provided a clue. Studies 
of hepatocyte BrdU incorporation 
in the PiZ mouse showed that 
the globule-devoid hepatocytes 
have a selective proliferative 
advantage when in the presence of 
the globule-containing hepatocytes 
and are characterized by a chronic 
hyperproliferative state.  11   Globule-
containing hepatocytes have 
more aggregated ATZ,  37   activated 
autophagy,  31   activated NF-κB,  22   
impaired cell proliferation,  11   and 
enhanced levels of apoptosis.  38   Th ese 
data have led to the hypothesis that 
carcinogenesis involves the cross-
talk between globule-containing cells 
that chronically stimulate “in trans” 
regenerative hyperproliferation 
of globule-devoid hepatocytes. 

Th e results of the BrdU studies have been recently supported by 
repopulation studies in PiZ mice transplanted with syngeneic 
normal hepatocytes.  13   Consistent with this hypothesis, the majority 
of carcinomas that occur in the patients with AT defi ciency arise 
from globule-devoid hepatocytes.  39,40     

 Novel Therapeutic Strategies for Liver Disease due to AT 
Defi ciency 
 Although orthotopic liver transplantation is the only eff ective 
treatment currently available for liver failure due to AT defi ciency, 
a recent series of observations has raised the possibility that a 
class of drugs which enhance autophagy could be used to 
ameliorate this liver disease and prevent the need for organ 
transplantation and chronic immunosuppressive treatment. 
First, Hidvegi et al. found that CBZ, a drug which has been 
used for years safely in humans as an anticonvulsant and mood 
stabilizer, enhances autophagy and perhaps other intracellular 
mechanisms for degradation of ATZ.  9   Further, this drug when 
given orally for 2 weeks to the PiZ mouse model of AT defi ciency 
markedly reduced the hepatic load of ATZ and reduced hepatic 
fi brosis. Although the lowest eff ective dose of CBZ in mice, 200 
mg/kg/day, was considerably higher than the dose range used 
in humans for seizures or mood stabilizing, 10–20 mg/kg/day, 
eff ective doses of drugs in mice can be 10 to 20 times as high in 
mice because of the higher ratio of surface area to body weight 
when compared to humans. Th is issue is being addressed in a 

 Figure 2.  Effect of carbamazepine, fl uphenazine, and pimozide on intracellular degradation of mutant ATZ. Soluble forms 
of ATZ (purple) are degraded by the proteasomal pathway (top right) and insoluble aggregates of ATZ (gold) are degraded 
by autophagy (bottom right). Carbamazepine appears to enhance autophagy and also the proteasome. Fluphenazine and 
pimozide enhance the autophagic degradation of ATZ.
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has just started enrolling patients. Second, Gosai et al. identifi ed 
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adapted it for a high-content screening platform to identify 
additional therapeutic compounds.  10   Th e disease is modeled with 
exceptionally high fi delity and the screening assay provides an 
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