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Abstract
Alpha 1-antitrypsin deficiency (A1ATD) is a codominant genetic disorder primarily 
caused by PiZ mutations in the serpin family A member 1 (SERPINA1) gene. A1ATD is 
typically associated with the early-onset lung emphysema. However, the misfolding 
and accumulation of alpha 1-antitrypsin (A1AT) in hepatocytes can also lead 
to chronic liver disease (CLD). This perspective paper discusses the genetic and 
molecular factors, the epidemiological features, and clinico-pathological spectrum 
of A1ATD-related CLD in adults. Emphasis is given to steatosis, cirrhosis, and primary 
liver cancer, the risks of which critically depend on the PiZ genotype. We discuss 
the diagnostic strategy, including non-invasive assessment of liver fibrosis. While 
augmentation therapy plays a role in treating the pulmonary manifestations of 
A1ATD, this approach carries no benefit for the liver, and early detection is critical 
to slow the progression of CLD. New approaches comprise gene-editing, innovative 
pharmacological chaperones, and personalized medicine that target the underlying 
protein misfolding defect. Enhancing early diagnosis and refining precision treatment 
strategies promise to significantly improve clinical outcomes.

Keywords: Cirrhosis; Fibrosis; Gene defect; Genetic disease; Liver; Lung; Steatosis; Primary 
liver cancer

1. Introduction
Alpha 1-antitrypsin (A1AT) deficiency (A1ATD) is one of the most prevalent hereditary 
conditions affecting the liver in adults and is frequently underdiagnosed due to its broad 
spectrum of clinical presentations, variable onset, and impact of environmental factors.1 
A1AT, the primary protease inhibitor of neutrophil elastase, is integral in regulating 
inflammatory and proteolytic pathways in various tissues, most notably in the lungs and 
the liver.2

A1AT is encoded by the polymorphic serpin family A member 1 (SERPINA1) gene, 
located on human chromosome 14q32.1 and composed of four coding exons and three 
untranslated exons.3 In its native state, the A1AT protein has 418 amino acids, including 
a 24-amino acid signal peptide. The mature form, therefore, contains 394 amino acids, 
has a mass of approximately 52 kDa, and is typically glycosylated at the Asn46, Asn83, 
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and Asn247 residues.3 Structurally, A1AT includes three 
β-sheets, nine α-helices, and a reactive central loop, which 
is critical for its initial interaction with the target protease.3

When A1AT levels are deficient or the protein is 
structurally abnormal, downstream tissue damage and 
organ dysfunction can occur. In adults, the disease is 
frequently associated with chronic liver injury, cirrhosis, 
and primary liver cancer (PLC), namely, hepatocellular 
carcinoma (HCC) and cholangiocarcinoma.4

From an epidemiological standpoint, A1ATD is 
generally considered as a relatively rare condition, 
although its true prevalence may be underestimated due 
to limited systematic screening in the general population. 
Estimates suggest that the PiZZ genotype, which is the 
most clinically significant and severe variant of A1ATD, 
occurs in approximately 1 in 2,000 to 1 in 5,000 individuals 
of European descent.5 However, the broader prevalence 
of A1ATD as determined by various deficiency alleles 
(including PiZ, PiS, and others) and the occurrence of 
rare variants can be considerably higher.6,7 Geographic 
and ethnic factors strongly influence allele frequency, for 
example, the PiZ allele is particularly common in Northern 
and Western Europe but less frequent in Mediterranean, 
African, and East Asian populations.5 This distribution can 
help clinicians anticipate where clusters of A1ATD might 
emerge, though there is no complete exemption for other 
regions, given global population movement.

Despite the actual number of cases, many individuals 
with A1ATD are asymptomatic or exhibit only mild 
clinical signs, allowing the disease to remain undetected 
until adulthood and resulting in highly variable quality 
of life.8 When overt liver disease exists, early symptoms 
may present as non-specific fatigue, mild elevations in 
liver enzymes, or subtle evidence of hepatomegaly. Over 
time, a subset of patients can progress to more severe 
manifestations, including cirrhosis, portal hypertension, 
and ultimately PLC.4 While children with A1ATD often 
present with cholestatic features early in life, adults more 
frequently come to clinical attention when cirrhosis or 
other advanced liver disease symptoms arise.4 Accordingly, 
screening for A1ATD among individuals with unexplained 
chronic liver disease (CLD) is often recommended, 
especially in populations known to carry a higher burden 
of deficiency alleles.

A1ATD is an autosomal codominant hereditary 
disorder, meaning that an individual inherits one allele 
from each parent. The A1AT protein is encoded by the 
SERPINA1 gene, located on chromosome 14q32.13.9,10 
This gene belongs to the serpin superfamily of protease 
inhibitors (Figure  1). The naming convention divides 
alleles into “normal” and “deficiency” variants, designated 

by letters. The “M” allele, denoted PiM, is considered the 
normal wild-type variant. The most common deficiency 
alleles are PiZ (the most severe deficiency variant) and PiS 
(generally associated with milder reductions in circulating 
A1AT levels). An individual’s phenotype is described 
by their combination of inherited SERPINA1 alleles, for 
instance, PiMM (often associated with normal levels 
of A1AT), PiMZ, PiMS, PiSZ, or PiZZ, among others. 
Homozygosity for the PiZZ allele typically confers a high 
risk of both lung disease (e.g., emphysema) and significant 
liver disease. Meanwhile, heterozygous states such as PiMZ 
or PiMS can lead to intermediate reductions in A1AT 
levels; these individuals may be at increased risk for certain 
liver or lung pathologies, but often the manifestations 
are milder or appear later in life. Importantly, A1AT 
is produced primarily by hepatocytes, though minor 
extrahepatic production can occur in other cell types of the 
lungs, stomach, duodenum, small intestine, gallbladder, 
pancreas, and kidneys.

The genetic penetrance of A1ATD-related liver disease 
is highly variable (see below). Not all adults with the PiZZ 
genotype or other deficiency-genotype combinations 
progress to cirrhosis or severe hepatic impairment. This 
incomplete penetrance is likely influenced by additional 
genetic modifiers in the individual’s genome, as well as 
environmental factors such as exposure to hepatotoxic 
substances (including alcohol) and the presence of 
hepatitis viruses or other cofactors.11-13 However, the 
impact of these cofactors, such as alcohol, remains 
under discussion.14 Studies have also examined how 
heterozygosity for certain variants and the presence of 
other comorbid conditions such as hepatitis C infection 
or non-alcoholic fatty liver disease may increase the risk 
of liver disease.12 Understanding the complex interplay 
between genotype, phenotype, and personal risk factors 
is crucial for accurate prognostication and long-term 
management.

The classical role of A1AT lies in protecting against 
proteolytic damage, especially in the lung, where it prevents 
excessive destruction of alveolar structures by neutrophil 
elastase. Under normal physiology, A1AT is secreted into 
the bloodstream after proper folding and glycosylation in 
the endoplasmic reticulum (ER). In A1ATD, particularly 
the PiZ variant, the protein is misfolded and prone to 
polymerization within hepatocyte ER.15 This abnormal 
protein folding and inefficient export from the liver cells 
lead to the intracellular accumulation of A1AT aggregates. 
The aggregated protein can trigger an endoplasmic overload 
response, ER stress, protein degradation, unfolded protein 
response (UPP), autophagy, and cell death pathways, 
ultimately resulting in hepatocellular injury when these 
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coping mechanisms are overwhelmed.15 In PiZZ patients 
and PiZ transgenic mice, the polymerized Z variant of 
A1AT has been observed in periodic acid-Schiff (PAS)-
positive, diastase-resistant inclusions, which contribute to 
progressive damage of hepatocytes over time.16-18

At the molecular level, misfolding events that occur 
with the PiZ (Glu342Lys) or the PiS (Glu264Val), as 
well as other rare variants, are driven by a single amino 
acid substitution.19 This change alters local interactions 
between loops of the protein, disrupting its normal 
folding geometry, thereby triggering the polymerization of 
A1AT in the liver.20 Consequently, the aberrant A1AT can 
spontaneously form loop-sheet polymers in the ER rather 
than folding into the canonical serpin conformation.20,21 
The PiS allele (Glu264Val) likewise compromises A1AT 
folding stability, though generally to a lesser degree.22 In 
heterozygotes who carry one PiZ allele in combination 
with a PiS allele, the net result can be significantly lowered 
circulating levels of A1AT and some propensity for hepatic 
accumulation, though not typically on par with PiZZ 

homozygotes. These individuals have a better quality of life 
than patients carrying two PiZ alleles.8 However, patients 
with a heterozygous A1AT allele still bear an increased risk 
for CLD, which becomes clinically relevant only in middle-
aged or older adults.23

ER-associated degradation pathways attempt to 
degrade non-native proteins and thereby prevent their 
toxic buildup in the cell.24 Yet in PiZZ patients, the load of 
misfolded A1AT can exceed the capacity of these quality-
control systems, allowing aggregates to remain in the liver. 
Chronic exposure to these aggregates incites cellular stress 
responses, including upregulation of pathways related to 
protein refolding (e.g., heat-shock proteins and chaperones) 
and activation of inflammation.24 Besides the direct toxicity 
of aggregates, impaired secretion of A1AT also deprives 
peripheral tissues, particularly the lungs, of adequate 
protease inhibitor function, thereby increasing the risk of 
damaging proteolytic activity in these areas. However, in 
adults, liver-specific manifestations often become more 
clinically pressing, especially as the cumulative burden of 

Figure 1. Genetic and molecular pathways of A1ATD and clinical implication for liver disease in adults. The SERPINA1 gene, located on chromosome 
14 (14q32.13), encodes A1AT. The normal allele (PiM) encodes functional A1AT, while the PiZ and PiS variants encode deficient alleles. The normal A1AT 
protein folds in the ER and is secreted via the Golgi into the bloodstream. In contrast, Z- and S-variants are prone to misfolding and polymerization within 
the hepatocyte ER, forming intracellular aggregates that trigger ER stress, the UPR, proteasomal degradation, and autophagy. Chronic injury leads to 
inflammation, fibrosis, cirrhosis, and risk of PLC. Misfolded proteins also damage peripheral organs such as the lungs. Environmental and genetic factors 
(e.g., alcohol use or other liver insults) can accelerate disease progression. A1AT mRNA is predominantly expressed in the liver. The human ideogram 
was adapted from the Genome Viewer (https://www.ncbi.nlm.nih.gov/gdv); SERPINA1 mRNA expression was obtained from the Human Protein Atlas 
(https://www.proteinatlas.org/).
Abbreviations: A1AT: Alpha 1-antitrypsin; A1ATD: Alpha 1-antitrypsin deficiency; ER: Endoplasmic reticulum; ERAD: Endoplasmic reticulum-associated 
degradation; HCC: Hepatocellular carcinoma; PLC: Primary liver cancer; SERPINA1: Serpin family A member 1; UPP: Unfolded protein response.
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intracellular aggregates grows over decades. Ultimately, 
this can set the stage for fibrosis, cirrhosis, and PLC.

Further complicating this molecular pathogenesis is 
the potential role of autophagy in responding to A1AT 
aggregates.25 Autophagy, a process that degrades and recycles 
cellular components, can be beneficial by mitigating the 
toxic buildup of misfolded proteins.24 Experimental research 
in mice suggests that pharmacological manipulation of 
autophagy can enhance the clearance of aberrant A1AT 
aggregates, highlighting a potential therapeutic direction.26 
Nonetheless, if autophagy becomes chronically activated or 
remains insufficient to clear these aggregates, hepatocytes 
may succumb to apoptosis or necroinflammation. Thus, 
the molecular mechanisms linking protein misfolding to 
adult liver disease in A1ATD hinge on the interplay of ER 
stress, inflammatory reactions, proteasomal and autophagic 
pathways, and ongoing hepatocellular damage.

Recent insights from experimental models and 
clinical observations further underscore how epigenetic 
factors, modifier genes, and lifestyle choices affect the 
course of liver disease in A1ATD, potentially altering 
the 5-methylcytosine genomic landscape.27,28 Alcohol 
consumption and other toxins (e.g., smoking) can heighten 
the stress placed on the protein-folding and detoxification 
pathways of the liver.8 In addition, studies have suggested 
that pharmacological activation of genes associated 
with the UPR or inflammatory cascades can reduce the 
accumulation of pathogenic A1AT variants, including 
PiZ, and modulate susceptibility or resilience to hepatic 
damage.29 These complexities highlight that while the PiZ 
allele represents the principal culprit in severe A1ATD, the 
ultimate outcome in an individual patient reflects a network 
of genetic, molecular, and environmental variables.

From a clinical perspective, understanding the 
epidemiology, genetics, and molecular basis of A1ATD 
is crucial for anticipating disease progression, guiding 
diagnostic strategies, and suggesting potential interventions 
(see below). Screening in at-risk populations, particularly 
among individuals with unexplained cryptogenic cirrhosis 
or chronic liver enzyme elevations, often focuses on 
measuring serum A1AT levels and performing genotype/
phenotype assays. Since standard laboratory assays may 
not adequately detect dysfunctional forms of A1AT, 
confirmatory genetic testing and Pi-typing are valuable in 
establishing a definitive diagnosis. Identifying individuals 
with PiZZ or other high-risk genotypes helps clinicians 
to implement appropriate follow-up and preventive 
strategies, which may include lifestyle modifications 
(e.g., minimizing alcohol use and managing weight to 
reduce fatty liver burden) and vigilance for early signs of 
hepatic decompensation.

Ultimately, a nuanced understanding of how mutations 
in the SERPINA1 gene disrupt protein folding and lead to 
liver disease is crucial for developing targeted therapies in 
A1ATD. Current clinical management involves supportive 
care, liver transplantation for end-stage disease, and 
augmentation therapy aimed primarily at protecting the 
lungs. However, ongoing research aims to address the root 
cause of protein misfolding. Potential approaches include 
pharmacological chaperones that stabilize variant A1AT 
conformations,30 as well as gene-editing technologies 
designed to replace or correct the mutant allele.31 On 
March 10, 2025, Beam Therapeutics announced successful 
results from a Phase 1/2 trial of BEAM-302, a liver-targeted 
lipid nanoparticle formulation containing a guide RNA 
and an mRNA encoding a base editor specifically designed 
to correct the disease-causing PiZ mutation.32 The drug 
was well tolerated, with only mild-to-moderate adverse 
effects and no dose-limiting toxicities reported at the data 
cutoff.32 These advances offer hope that future generations 
may be spared the progressive liver damage associated with 
A1ATD.

2. Mechanisms of molecular interaction of 
A1AT with proteases
A1AT neutralizes proteases by forming a stable complex 
after cleavage of its reactive center loop (RCL).33 To achieve 
this, a “bait-and-switch” strategy is utilized, exposing the 
RCL as a target for enzymes like neutrophil elastase. When 
the protease cleaves the RCL, A1AT changes its shape, 
trapping the protease. This conformational change in A1AT 
inactivates the “trapped” protease by forming a stable and 
irreversible covalent complex. A  specific methionine in 
the A1AT structure is essential for its binding to proteases 
and, therefore, their inactivation. This molecular process 
requires a dramatic conformational rearrangement for 
protease inhibition and has therefore been referred to as 
“molecular gymnastics,” which helps protect tissues from 
protease damage, especially during inflammation.33-36

Factors affecting these molecular interactions include 
oxidation (e.g., from cigarette smoke) and polymerization 
(e.g., due to pathogenic mutations causing A1AT self-
association into polymeric chains), as oxidized or 
polymerized A1AT may not effectively inhibit proteases, 
either by accumulating intracellularly or by deviating from 
the secretory pathway.33,37 In addition, alterations within the 
RCL of A1AT can potentially compromise its interaction 
with proteases, diminishing inhibitory efficacy or promoting 
increased protease-mediated cleavage of the A1AT molecule 
by hindering the formation of stable complexes.38

The molecular mechanisms of the interaction of A1AT 
with proteases have broader implications. In addition to 
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inhibiting proteases, A1AT also modulates innate immunity 
and inflammation through various protein, cytokine, and 
cell surface interactions.39 Furthermore, A1AT assists in 
tissue repair and wound healing by protecting fibronectin 
from protease degradation in chronic wounds.40 Finally, 
the ability of A1AT to bind proteases may help regulate 
serine protease activity in systems such as coagulation and 
complement pathways.34

3. Disease spectrum
The most important disease-causing genotypes among 
the multiple A1ATD alleles are PiZZ and PiSZ.41 In its 
heterozygous form, A1ATD may predispose adults to 
CLD, namely, fibrosis, cirrhosis, and HCC and, and 
less frequently to antineutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis, intestinal Wegener’s 
granulomatosis, neutrophilic subcutaneous nodular 
panniculitis, chronic kidney disease, gallstones, diabetes, 
and hypolipidemia.42,43 Symptomatic ZZ infants and 
children are diagnosed efficiently and quickly because their 
symptoms related to growth, nutrition, and development 
are unique, and pediatricians are generally more familiar 
with rare diseases than other healthcare providers. A1ATD 
is the most frequent genetic cause of pediatric liver disease 
and liver transplantation.44,45

Early onset (e.g., in the fourth and fifth decade) of 
panacinar, predominantly basal, and emphysema with 
pronounced tissue destruction was recognized as the first 
clinical manifestation of A1ATD in 1964.46 In 1969, liver 
cirrhosis was also reported to be associated with A1ATD.47 
However, the spectrum of non-cirrhotic manifestations of 
A1ATD also comprises hepatic steatosis and liver fibrosis 
(Table 1).16,48,49

The accumulation of misfolded, insoluble globular 
proteins in the ER may trigger not only the development of 
liver fibrosis but also PLC.45

The globules represent polymerized, misfolded Z 
protein retained, and accumulated within hepatocytes, 
serving as the hallmark feature of A1ATD on a liver 
biopsy.50,51  Although not essential for diagnosing A1ATD-
related liver disease, liver biopsy can help determine the 
severity of liver injury in specific cases.51

An analysis of over 1,500 adult patients with the 
PiZZ phenotype reported that 2% developed HCC over 
an average follow-up period of 12  years.13 PLC in these 
individuals remains an incompletely characterized 
disease entity, although A1ATD is associated with a 
20- to 50-fold increased risk of PLC.4 Risk factors for PLC 
among carriers of A1ATD include male sex, diabesity, 
advanced age, and fibrosis or cirrhosis.4 Importantly, PLC 

may occur in non-cirrhotic PiZZ subjects with healthy 
livers, indicating that the neoplastic risk is a downstream 
pathogenic consequence of intrahepatocyte storage of 
Z-alpha antitrypsin per se, rather than a result of malignant 
transformation of cirrhosis.4 However, it is well documented 
that A1AT globules are notably absent in HCC cells, and 
additional histological studies are necessary to determine 
whether PLC arises exclusively in globule-free areas and 
how this should be interpreted mechanistically.4

The notion that A1ATD is associated with 
hypolipidemia resulting from the impaired ability of 
hepatocytes to excrete fatty substrates implies that this 
genetic condition, while predisposing to steato-fibrosing 
CLD, might protect from coronary artery disease. In this 
regard, A1ATD closely resembles the disease model of other 
gene variants, such as patatin-like phospholipase domain-
containing protein 3 (PNPLA3), familial heterozygous 
hypobetalipoproteinemia, transmembrane 6 superfamily 
member 2 (TM6SF2), and proprotein convertase subtilisin/
kexin type  9 (PCSK9),52-55 and dissociates steatotic liver 
disease from the risk of cardiovascular disease, as typically 
seen in metabolic dysfunction-associated steatotic liver 
disease.56 Finally, it is important to note that the risk of the 
most severe forms of CLD, namely, fibrosis, cirrhosis, or 
PLC, is strictly associated with the Pi genotype (Table 2).57

4. Diagnosis of A1ATD-related liver disease
Attributing otherwise “cryptogenic” CLD to A1ATD is a 
two-step procedure: (a) diagnosing A1ATD genetic status 
and (b) staging the severity of liver damage.

4.1. Diagnosing A1ATD

A strategy for assessing A1AT circulating serum 
concentrations must include genetic testing (Figure 2). An 
initial screening blood test is typically used to determine 
the serum level of A1AT protein, with low concentrations 
possibly suggesting A1AT deficiency and leading to 
additional tests.58 Screening programs in newborns, blood 
donors, or random population samples may help determine 
the prevalence of deficiency genes within the general 
population.59 Alternatively, another feasible approach is 
targeted detection in potential patients, achieved by focusing 
on cohorts of symptomatic individuals with a higher risk 
for gene mutations.59 Quantitative measurement of A1AT 
serum levels with radial immunodiffusion, nephelometry, 
and latex-enhanced immunoturbidimetry is typically the 
first screening test.59 Whether targeted PCR for PiS and PiZ 
is used initially or reserved for low-level samples depends on 
available funding and the algorithm’s main objective.59 Using 
nephelometry or immunoturbidimetry, serum A1AT levels 
are considered normal at 90–200 mg/dL, with a protective 
threshold for lung emphysema risk set at 50 mg/dL.59 When 
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A1AT serum levels and PCR results conflict, or when 
protein confirmation is needed, isoelectric focusing (IEF) is 
preferred, as it separates proteins by isoelectric points and 
identifies A1AT isoforms. IEF is cost-effective but requires 
expertise and has long been the diagnostic standard, though 
many labs now favor combined determinations of serum 
measurement with PCR. SERPINA1 gene sequencing is 
used if low serum levels remain unexplained after PCR or 
IEF.59,60

Rather than being a genuinely rare condition, A1ATD 
is underdiagnosed, with fewer than 10% of the affected 
population being diagnosed with A1ATD and an average 

diagnostic delay of 6 years.41 Therefore, PiZZ carriers should 
be monitored at a center specializing in A1AT deficiency.61

4.2. Staging the severity of A1ATD-related liver 
disease

Staging A1ATD-related liver disease involves evaluating 
fibrosis and cirrhosis, monitoring complications, 
and considering the impact of the A1ATD genotype, 
particularly PiZZ, on progression. Monitoring the 
enzymatic profile is a simple, non-invasive, and universally 
available laboratory technique that can be repeated over 
time to determine the trend of liver disease. However, 

Table 1. Overview of studies on the prevalence of steatotic and fibrotic liver disease in A1ATD

Author, 
yearRef

Study design Findings Conclusion

Clark et al.16 94 adults with PiZZ A1ATD More than one‑third of individuals with A1ATD who were 
asymptomatic or had lung issues also had asymptomatic 
liver fibrosis at stage F2 or higher. This liver damage was 
linked to higher levels of liver enzymes, the MetS, and 
histological features such as abnormal alpha‑1 storage 
within hepatocytes, portal inflammation, and hepatocellular 
degeneration. The prevalence of HS, which may be 
interpreted in different ways, was over greater than 40%.

HS may be due to concurrent 
MASLD or result from A1ATD.

Mandorfer 
et al.48

315 individuals with CSPH Carriage of the Z allele was associated with a higher risk of 
CSPH (OR: 2.47; 95% CI, 1.03–5.9; P=0.042). Non‑invasive 
identification of HS was found in 65% of PiZZ and 52% of 
PiSZ individuals. 

Heterozygosity for the Z allele is a 
risk factor for the development of 
CSPH. HS may contribute to the 
progression of liver fibrosis.

Hamesch 
et al.49

554 PiZZ adults with A1ATD 
homozygous for the PiZ 
mutation, and 234 adult controls 
without the PiZ mutation, 
all without pre‑existing liver 
disease. Histological assessment 
of livers from transgenic 
mice overexpressing the 
A1ATD‑associated PiZ variant

Signs of significant fibrosis without invasive procedures 
were present in 20–36% of PiZZ carriers, while indications 
of advanced fibrosis were 9‑ to 20‑fold more common in 
PiZZ carriers compared to non‑carriers. Factors such as 
male sex, age over 50 years, elevated ALT, AST, or GGT 
levels, and decreased platelet count were linked to a higher 
burden of liver fibrosis. CAP greater than or equal to 280 
dB/m, indicating severe HS, was observed in 39% of PiZZ 
carriers versus 31% of controls. PiZZ carriers had lower 
levels of serum TG, LDL, and VLDL compared to controls, 
suggesting impaired liver lipid secretion. Livers from mice 
overexpressing PiZ showed signs of HS and downregulation 
of genes involved in lipid secretion.

Lung function was not associated 
with liver fibrosis. Hypolipidemia, 
resulting from impaired lipid 
secretion by hepatocytes, is 
characteristic of individuals 
carrying the PiZZ allele.

Abbreviations: A1ATD: Alpha 1‑antitrypsin deficiency; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; CAP: Controlled attenuation 
parameter; CI: Confidence interval; CSPH: Clinically significant portal hypertension; GGT: Gamma‑glutamyl transferase; HS: Hepatic steatosis; LDL: 
Low‑density lipoprotein; MASLD: Metabolic dysfunction‑associated steatotic liver disease; MetS: Metabolic syndrome; OR: Odds ratio; 
TG: Triglyceride; VLDL: Very low‑density lipoprotein.

Table 2. Risk of CLD in relation to the A1ATD genotype 57

Pi genotype aOR of fibrosis/cirrhosis (CI) aOR of PLC (CI) Others

ZZ 21.7 (8.8–53.7) 44.5 (10.8–183.6) ‑‑‑‑‑

MZ 1.7 (1.2–2.2) ‑‑‑‑‑ Cholelithiasis aOR (CI) = 1.3 (1.2–1.4)

SS ‑‑‑‑‑ ‑‑‑‑‑ No hepatobiliary abnormalities were, 
except for slightly elevated ALT levels.

SZ 3.1 (1.1–8.2) 6.6 (1.6–26.9) ‑‑‑‑‑‑

Abbreviations: ALT: Alanine transaminase; aOR: Adjusted odds ratio; CI: Confidence interval; CLD: Chronic liver disease; PLC: Primary liver cancer.
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these changes are non-specific and must be alongside other 
non-invasive biomarkers.

Liver biopsy, which is not required for the diagnosis 
of A1ATD and is reserved for selected, complicated cases, 
typically shows diastase-resistant bright pink globules with 
PAS reagent.45 Electron microscopy can identify multiple 
globular inclusions within dilated, congested rough ER 
cisterns adjacent to secondary lysosomes; mitochondrial 
damage develops as the globules accumulate.45 Since 
abnormal A1AT accumulates in the ER, the definition of 
A1ATD as an “ER storage disease” has been proposed, in 
contrast to the better-known concept of “lysosomal storage 
diseases”.45

Staging of liver fibrosis, the primary determinant of 
CLD progression, should ideally be conducted using non-
invasive techniques that can be repeated over time. These 
techniques include transient elastography, the fibrosis-4 
(FIB-4) index, and the aspartate transaminase (AST) to 
platelet ratio (APRI) index.61,62 Among liver enzymes, 
gamma-glutamyl transferase (GGT), which serves as both 
a liver test and a marker of cardiovascular risk, outperforms 
APRI, FIB-4, and transaminase measurements.61,63 Liver 
stiffness measurement, which correlates with fibrosis, is a 
first-line approach to non-invasively assessing fibrosis. This 
can be done using techniques such as FibroScan (transient 
elastography).64 While a specific cut-off for liver stiffness 
measurement (LSM) in A1ATD is still debated, a value 

of ≥ 7.1 kPa may be useful in identifying liver disease.65 
Individuals with cirrhosis and/or portal hypertension 
should undergo biannual liver ultrasound scanning to 
facilitate early detection of HCC.61,66

5. Management of A1ATD-related liver 
disease
At present, liver transplantation is the only definitive 
treatment for advanced A1ATD-related liver disease. 
However, emerging therapies, including gene therapy, 
small molecules, and enhanced autophagy, are being 
studied to target protein misfolding, reduce liver damage, 
and prevent or reverse liver fibrosis.58

In a pioneering small proof-of-concept study,67 
fazirsiran, an investigational RNA interference therapeutic 
that degrades Z-A1AT messenger RNA, thereby 
decreasing synthesis of the deleterious protein, was 
associated with a strong reduction in serum and hepatic 
in Z-A1AT concentrations, leading to an improvement in 
liver enzyme profiles. More recently, Clark et al.68 assessed 
the safety and efficacy of fazirsiran in an ongoing Phase 2 
study involving 40  patients randomized to receive either 
placebo subcutaneously or fazirsiran at doses of 25, 100, 
or 200 mg. The data showed a significant, dose-dependent 
decrease in serum Z-A1AT concentration compared to 
placebo. Similarly, post-dose liver biopsy showed that 
fazirsiran treatment significantly reduced liver Z-A1AT 

Figure  2. A1ATD can be diagnosed by analyzing serum protein electrophoresis or by directly measuring A1AT levels. Inflammatory conditions and 
pregnancy can lead to falsely normal A1AT levels, so these should be ruled out. Phenotyping through IEF is considered the gold standard for diagnosing 
A1ATD. Once confirmed, A1ATD should be further characterized with appropriate genetic analysis.
Abbreviations: A1AT: Alpha 1-antitrypsin; A1ATD: Alpha 1-antitrypsin deficiency; IEF: Isoelectric focusing.
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concentration, resulting in a reduction of hepatic globule 
burden in subjects with portal inflammation and liver 
fibrosis, all without adverse events leading to drug 
discontinuation and with stable lung functional tests.68

Intravenous “augmentation therapy” with pooled human 
A1AT protein, which is used in adults with lung disease, 
is not considered appropriate for CLD due to A1ATD.45 
In individuals with end-stage CLD, liver transplantation 
restores normal levels of A1AT since the transplanted liver 
expresses the donor’s A1AT phenotype.45 The survival rate 
of children and adults with A1ATD who undergo liver 
transplantation is excellent.69 Standard supportive care for 
cirrhosis and the prevention and management of cirrhosis 
complications should be administered similarly to all other 
types of cirrhosis, regardless of the etiology.70 Potential 
innovative approaches to A1ATD-related liver disease 
include neutrophil elastase inhibitors, gene-directed 
therapy, gene silencing, small molecules, and cell-based 
therapies.44

On March 10, 2025, the manufacturer announced 
initial safety and efficacy data from its Phase 1/2 trial of 
BEAM-302. This dosing study showed that BEAM-302 
was well tolerated and led to long-lasting correction of 
the pathogenic mutation, providing proof-of-concept 
evidence that in vivo base editing may represent a potential 
treatment for A1ATD.32 However, more robust evidence 
of safety and efficacy in humans is awaited before this 
promising approach can enter the clinical arena.

A1ATD provides a disease model for studying protein 
linkages, the propagation of polymeric structures, and 
therapeutic strategies for other conformational diseases.61 
Moving forward, it will be important to increase the 
detection rate of A1ATD to expand the pool of patients 
eligible for therapeutic trials and to improve hepatic 
outcomes by reducing diagnostic delays through early 
detection.44

6. Conclusion
A1ATD is a codominant genetic disorder caused by 
pathogenic variants of the SERPINA1 gene, most 
notably the PiZ allele. While intravenous augmentation 
therapy has significantly improved the management of 
A1ATD-associated lung disease, it does not benefit liver 
disease, which can lead to cirrhosis and PLC. Emerging 
approaches, including novel augmentation therapies, 
gene-editing approaches, innovative pharmacological 
chaperones, and personalized medicine strategies, hold 
promise for more effective treatment. Ongoing research 
focusing on improved screening, early diagnosis, novel 
gene-editing strategies, and interventions targeting disease 
pathophysiology will be crucial in preventing disease 

progression and reducing the burden of A1ATD-related 
liver complications.
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