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Abstract

Background: Alpha-1 antitrypsin deficiency (AATD) is a genetic disease

caused by misfolding and accumulation of mutant alpha-1 antitrypsin (ZAAT)

in the endoplasmic reticulum of hepatocytes. Hepatic ZAAT aggregates

acquire a toxic gain-of-function that impacts the endoplasmic reticulum which

is theorized to cause liver disease in individuals with AATD who present

asymptomatic until late-stage cirrhosis. Currently, there is no treatment for

AATD-mediated liver disease except liver transplantation. In our study of

mitochondrial RNA, we identified that Sirtuin3 (SIRT3) plays a role in the

hepatic phenotype of AATD.

Methods: Utilizing RNA and protein analysis in an in vitro AATD model, we

investigated the role of SIRT3 in the pathophysiology of AATD-mediated liver

disease while also characterizing our novel, transgenic AATD mouse model.

Results: We show lower expression of SIRT3 in ZAAT-expressing hepato-

cytes. In contrast, the overexpression of SIRT3 increases hepatic ZAAT

degradation. ZAAT degradation mediated by SIRT3 appeared independent

of proteasomal degradation and regular autophagy pathways. We observed

that ZAAT-expressing hepatocytes have aberrant accumulation of lipid

droplets, with ZAAT polymers localizing on the lipid droplet surface in a direct

interaction with Perilipin2, which coats intracellular lipid droplets. SIRT3

overexpression also induced the degradation of lipid droplets in ZAAT-

expressing hepatocytes. We observed that SIRT3 overexpression induces

lipophagy by enhancing the interaction of Perilipin2 with HSC70. ZAAT

polymers then degrade as a consequence of the mobilization of lipids

through this process.

Abbreviations: AAT, alpha-1 antitrypsin; AATD, alpha-1 antitrypsin deficiency; CMA, chaperone-mediated autophagy; ER, endoplasmic reticulum; EV, extracellular
vesicle; IF, immunofluorescence; IP, immunoprecipitation; MAM, mitochondria-associated membrane; mt-RNA, mitochondrial RNA; PLIN2, Perilipin2 (adipose
differentiation-related protein); SIRT3, Sirtuin3; TEM, transmission electron microscopy; WT, wildtype.
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Conclusions: In this context, SIRT3 activation may eliminate the hepatic

toxic gain-of-function associated with the polymerization of ZAAT, providing

a rationale for a potential novel therapeutic approach to the treatment of

AATD-mediated liver disease.

INTRODUCTION

Alpha-1 antitrypsin deficiency (AATD) is a rare genetic
disease resulting from a mutation in the SERPINA1
gene that encodes the alpha-1 antitrypsin (AAT)
protein.[1] AAT, primarily produced by hepatocytes, is
a key serine protease inhibitor in plasma.[2] The
“normal” allele for AAT is referred to as “M” and
the most common pathogenic allele is referred to
as “Z” (E342K), responsible for ~95% of disease
manifestations.[3,4] The Z mutation results in misfolding
and aggregation of the mutant AAT (ZAAT) in the
endoplasmic reticulum (ER) of hepatocytes.[5] Reduced
AAT levels in circulation make individuals with AATD
susceptible to lung issues, while hepatic accumulation
of ZAAT polymers leads to liver disease through a toxic
gain-of-function mechanism.[6] ER stress, lipid droplet
accumulation, mitochondrial dysfunction, and hepato-
cyte injury are thought to be primary causes of AATD-
mediated liver disease.[7–10]

Proteasomal degradation, lysosomal degradation,
and autophagy are 3 major protein degradation path-
ways. The proteasome is responsible for the degrada-
tion of ~90% of misfolded AAT while ZAAT polymers
are targeted for degradation by autophagy.[11] Autoph-
agy is a highly regulated mechanism involving the
degradation of abnormal proteins by the autophago-
some to be reutilized by the cell.[12] Chaperone-
mediated autophagy (CMA) is a form of autophagy in
which cytosolic chaperones such as HSC70 facilitate
selective uptake of misfolded proteins through lyso-
somal membrane receptor LAMP-2a.[13,14] CMA also
includes lipophagy wherein lipid droplets can be
degraded through CMA. During lipophagy, lipid droplets
containing fat are being transferred to the lysosomal
pathway and undergo autophagic degradation.[15] Sir-
tuin3 (SIRT3), a member of the sirtuins family, is a
positive regulator of both CMA and lipophagy and is
highly expressed in the liver.[16,17] Mitochondrial SIRT3
is a NAD+-dependent protein deacetylase that main-
tains cellular homeostasis. SIRT3 regulates the activity
of many mitochondrial proteins, modulating mitochon-
drial biogenesis and reactive oxygen species
homeostasis. In the liver, SIRT3 regulates redox status
and lipid homeostasis. Furthermore, SIRT3 plays an
important role in cellular protection under pathological
conditions such as ER stress.[18]

In this study, utilizing ZAAT-expressing hepatocytes
(HuhZ) and a novel AATDmousemodel, we offer evidence
of SIRT3’s engagement in ZAAT quality control. We
establish connections between hepatic ZAAT and lipid
droplets, alongside disrupted SIRT3 function within AATD
model systems. Notably, we identify ZAAT polymers
interacting with lipid droplets through interaction with
Perilipin2 (PLIN2), a lipid droplet surface marker. Our
findings demonstrate that elevating SIRT3 levels mitigates
both ZAAT and lipid accumulation in an AATD cell culture
model. This is achieved by triggering lipophagy through
SIRT3, which facilitates the clearance of lipid droplets and
associated misfolded ZAAT. Further research on the
mechanisms of lipophagy would reveal valuable new
therapeutic targets including participants and regulators
involved in lipophagy under physiological and pathological
conditions and ultimately provide therapeutic approaches.

METHODS

Human subjects

The study protocols were approved by the Clinical
Research Ethics Committee of the University of Florida
(IRB202101148 and IRB201700650) and written con-
sent was obtained from subjects in accordance with the
Declaration of Helsinki Principles.[19] A total of 17 AATD
and age-matched and sex-matched healthy individuals
(n= 20) from the Alpha-1, and Liver DNA and Tissue
Bank were enrolled in our study. The diagnosis of
individuals with AATD was based on AAT genotyping
and AAT serum level measurement using nephelometry
(Behring Diagnostics). Fifty-three percent of individuals
with AATD were on AAT augmentation therapy (60 mg
of AAT/kg/wk). Plasma samples were obtained from
individuals with AATD and healthy controls. A lung
function test (FEV1) on individuals with AATD has been
also performed at the University of Florida. Detailed
clinical data of all study subjects are shown in Table 1.

Extracellular vesicle isolation

Plasma extracellular vesicles (EVs) were isolated
through differential centrifugation, as we previously
have shown.[20] For detailed information, refer to SDC,
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Materials and Methods, Supplemental Materials, http://
links.lww.com/HC9/A769.

EV RNA isolation and library preparation

RNAs from EV were isolated using exoRNeasy Maxi Kit
(Qiagen) and quantity and quality were determined
using Agilent Bioanalyzer. For detailed information on
library preparation methods, refer to SDC, Materials and
Methods, Supplemental Materials, http://links.lww.com/
HC9/A769.

Bioinformatics and functional pathway and
network analyses

For detailed information on bioinformatics and func-
tional pathway and network analyses, refer to SDC,
Materials and Methods, Supplemental Materials, http://
links.lww.com/HC9/A769.

Antibodies and reagents

For detailed information on antibodies and reagents,
refer to SDC, Materials and Methods, Supplemental
Materials, http://links.lww.com/HC9/A769.

Cell culture and transient transfection

HuhZ was previously generated using the CRISPR-
Cas9 method inserting the Z variant of the SERPINA1
gene into the AAT-knockout Huh7.5 cell line.[21,22]

Huh7.5 cell line was used as control (HuhM). Cells
were cultured in DMEM containing 1% penicillin-
streptomycin and 10% fetal bovine serum at 37°C and
5% CO2. To overexpress SIRT3, cells were transiently
transfected with SIRT3 plasmid using Xtreme Gene-HP.
SIRT3 plasmid was cloned in-house.[23]

Transgenic AATD mouse model

This study was performed with approval from the
University of Florida Institutional Animal Care and Use
Committee (IACUC no. 202300000056) with adherence
to the Guide for Care and Use of Laboratory Animals
(NIH, 86-23). Transgenic mice were produced by
microinjection of the listed sequence into the oocytes
of C57BL/6J-Serpina1 knockout mice (Strain
#:035015).[24] Transgenic mice express either the
human wildtype (WT) (Pi*M) or mutant (Pi*Z) variant
of AAT full DNA (Genbank ID: NC_000014.9; sequence
94374747 to 94395692) which contains both the
macrophage and hepatocyte enhancer-promoter
regions. Transgenic mice homozygous for human AAT
transgene and their WT littermates (C57B6/J) were bred
and maintained under pathogen-free conditions at
22± 3°C with a 12:12 h light-dark cycle and fed normal
rodent chow.[25] Mice were 3–4 months or 12 months
old at the time of sacrifice and sex was not accounted
for in the study due to lack of sex differences observed
in AATD.

Immunohistochemistry

PI*Z and PI*M livers were formalin-fixed paraffin-
embedded or embedded in optimal cutting temperature
after 4% paraformaldehyde fixation and 30% sucrose
cryopreservation. Tissues were sent to the University
of Florida’s Molecular Pathology Core (RRID:
SCR_016601) for slicing and staining. For detailed
information, refer to SDC, Materials and Methods,
Supplemental Materials, http://links.lww.com/HC9/A769.

Western blotting and immunoprecipitation

Whole-cell lysates were collected using immuno-
precipitation (IP) lysis buffer [0.025 M tris (pH=7.5),
0.15 M NaCl, 1.0 M EDTA, 1% NP- 40, and 5% glycerol]
containing phosphatase and protease inhibitors and
phenylmethyl sulfonyl fluoride, pelleted at 14,000 rpm,
and postnuclear supernatant was collected. Protein
concentrations were quantified by Bicinchoninic acid,
prepared in denaturing conditions, and analyzed on a
4%–20% gradient tris-glycine gel. The gel was then
transferred to a 0.45 µm nitrocellulose membrane. After
blocking, the membranes were incubated with primary
antibody overnight at 4°C. Membranes were probed using
an Horseradish peroxidase-conjugated secondary anti-
body for 1 hour and imaged on a Bio-Rad imager using a
chemiluminescent substrate. Postnuclear supernatant
and Dyna-beads were utilized for co-IP (SDC, Materials
and Methods, Supplemental Materials, http://links.lww.
com/HC9/A769).

TABLE 1 Human plasma extracellular vesicle study patient
demographics

Subjects

Genotype MM
(n=20)

Genotype ZZ
(n=17)

Age (y) 52 (37–79) 59 (35–70)

Sex (female %) 60 59

FEV1 (%) NA 68

AAT (μM) 27.2 ≅5.2

Augmentation (%) NA 53 (n= 9)

Demographics of patients with AATD and healthy controls enrolled in the study.
Abbreviations: AAT, alpha-1 antitrypsin; AATD, alpha-1 antitrypsin deficiency.
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Cell fractionation

Cells were lysed in the isotonic-hypotonic buffer to retain
cellular organelles along with phosphatase and protease
inhibitors. Iodixanol gradients were prepared from a 60%
stock iodixanol, diluted in isotonic buffer (2.5%, 5%,
7.5%, 10%, 15%, 17.5%, 20%, 25%, 30%, and 35%).
The gradient was syringed by layering the lightest
fraction at the bottom of a 14-mL ultracentrifuge tube
and layering subsequent fractions underneath. Postnu-
clear supernatant was layered at the top and ultra-
centrifuged at 120,000 g for 1 hour at 4°C. Nine fractions
were collected and analyzed by western blotting.

Immunostaining and immunofluorescent
microscopy

Cells were seeded in 8-chambered slides and tran-
siently transfected as previously described, for immu-
nostaining to further analyzed by immunofluorescent
microscopy (SDC, Materials and Methods, Supplemen-
tal Materials, http://links.lww.com/HC9/A769).

Confocal microscopy image acquisition
and analysis

Confocal images were acquired on the Leica TCS SP5
confocal microscope at the University of Florida Cytom-
etry Core (ICBR Cytometry Core Facility). In brief, 405,
543, and 633 nm lasers were used to image Hoechst,
TRITC, and Cy5, respectively. Detectors gain and offset
and laser power were defined using the brightest sample
for each respective stain then remained consistent for all
samples. Samples were imaged with a x63 water
immersion at x3 zoom. Images were taken as a z-stack
utilizing 0.13 µm Z-steps and compressed into a max
compression projection image. Postimage processing
was done using ImageJ and Adobe Photoshop.

Quantitative real-time PCR

Total RNA from cells or liver tissues was used for PCR
assay. For detailed information, refer to SDC, Materials
and Methods, Supplemental Materials, http://links.lww.
com/HC9/A769.

Ultrastructure study of human liver explant

Explanted human liver tissue was processed and imaged
at the University of Florida ICBR Electron Microscopy
Core Facility. For transmission electron microscopy
(TEM), pieces of human liver explant were fixed in 4%
paraformaldehyde and 2.5% glutaraldehyde. Dehydrated

samples were infiltrated in anhydrous acetone-Spurr’s
epoxy resin with Z6040 embedding primer (Electron
Microscopy Sciences) and semi-thick sections were
collected. Prefixed tissues were then trimmed and
immunogold labeling was performed using polyclonal
rabbit anti-AAT antibody (Dako) at 1:10 dilution. Ultrathin
sections were examined with a FEI Tecnai G2 Spirit Twin
TEM (FEI Corp.) operated at 120 kV and digital images
were acquired with a Gatan UltraScan 2k×2k camera and
Digital Micrograph software (Gatan Inc.).

Statistical analysis

All results are expressed as means±SD. Statistical
analyses were performed using Prism 9 software
(GraphPad Software) by Student t test or Mann-Whitney
U test. Values of p< 0.05 were considered statistically
significant. For small RNA–sequencing data, FDR-
adjusted p< 0.05 was also considered significant. For
some genes of interest, the nonadjusted p value was
also reported although the FDR-adjusted p value was
not significant to reduce the type II error rate.[26]

RESULTS

Plasma circulating mitochondrial RNA-
sequencing reveals dysregulation of the
SIRT3 pathway in individuals with AATD

TEM analysis of explanted liver tissue from an AATD
individual showed megamitochondria formation in AATD
liver tissue (Figure 1A) which is consistent with previous
reports of mitochondrial dysfunction associated with
AATD.[21] To further confirm mitochondrial dysfunction in
individuals with AATD, we performed small RNA-
sequencing on plasma EV from healthy individuals
(n=20) and individuals with AATD (n=17) (Table 1). We
observed that AATD plasma EVs are significantly enriched
with mitochondrial RNAs (mt-RNAs) compared to the
plasma EV of healthy individuals (Figure 1B). A total of 13
mitochondrial mRNAs, 17 tRNAs, and 2 rRNAs were
detected in the EV fraction of study subjects. Among them,
we observed 7 dysregulated mt-RNAs in plasma EV of
individuals with AATD as compared to healthy controls
(Table 2). Upstream regulators of these dysregulated genes
are listed in Supplemental Table S1, http://links.lww.com/
HC9/A770. The dysregulated genes were further subjected
to core pathway analyses using Ingenuity PathwayAnalysis
software. We performed an extensive comparison of
functional enrichment and gene networks for mt-RNAs
from plasma EV of control and individuals with AATD to
further investigate molecular similarities/differences among
the study groups. We observed that mt-RNAs related to
mitochondrial dysfunction and oxidative phosphorylation
were significantly upregulated in individuals with AATD.
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F IGURE 1 Mitochondrial RNA-sequencing reveals a link between SIRT3 protein and AATD. (A) Human AATD explanted liver tissue dis-
playing megamitochondria. Images were taken with an FEI Tecnai G2 Spirit Twin TEM operated at 120 kV and digital images were acquired with a
Gatan UltraScan 2k×2k camera and Digital Micrograph software. (B) PCA bar graph indicating the high abundance of mitochondrial RNA in
plasma circulating extracellular vesicles from individuals with AATD (n= 17) as compared to healthy controls (n=20). (C) Significantly upregulated
and downregulated pathways as predicted by Inguinal Pathway Analysis by Qiagen. Orange bars indicate a positive z-score and are predicted to
be significantly upregulated while blue bars indicate a negative z-score and are predicted to be significantly downregulated. White bars indicate a
z-score of zero while gray bars indicate no activity patterns. (D) Predicted SIRT3 pathway generated with Inguinal Pathway Analysis. Green and
red shading of proteins show increased or decreased expression levels, respectively, from the mt-RNA–sequencing data set. Orange shading
indicates predicted activation and blue shading indicates predicted inhibition. The network is displayed with the subcellular localization of proteins
and the software was told to connect SERPINA1 (AAT) and SIRT3 pathways. Solid lines are indicative of direct relationships and dashed lines are
an indirect relationship. Abbreviations: AAT, alpha-1 antitrypsin; AATD, alpha-1 antitrypsin deficiency; PCA, Principal component analysis;
SERPINA1, serpin family A member 1; SIRT3, Sirtuin3; TEM, transmission electron microscopy.

SIRTUIN3 PROMOTES DEGRADATION OF HEPATIC Z AAT | 5



Significantly altered pathways included the sirtuin signaling
pathway (Figure 1C), which was downregulated in
individuals with AATD (Figure 1D). Biological functions
associated with dysregulated mt-RNAs in individuals with
AATD are illustrated in Figure 1B. SIRT3 has been
predicted as a significantly inhibited upstream regulator in
individuals with AATD (Figure 1D).

HuhZ cells have altered SIRT3 protein
expression, cellular localization, and
different lipid content

Our plasma EV–associated mt-RNA–sequencing results
identified SIRT3 as a significantly dysregulated pathway in
individuals with AATD. Therefore, we recruited HuhM and
HuhZ cell lines to investigate RNA and protein expression
levels of SIRT3, in vitro. While qPCR analysis showed no
significant differences between RNA expression levels
between groups (Figure 2A), western blot analysis showed
reduced protein levels of full-length SIRT3 in HuhZ cells
compared to HuhM (Figures 2B, C). Next, we performed
immunofluorescence (IF) to investigate the subcellular
localization of SIRT3 and observed that SIRT3 (green)
colocalizes with mitochondrial marker TOM40 (red) in
HuhM and to a lesser degree HuhZ cells (Figures 2D, E).
To assess the lipid profile of HuhM and HuhZ cells, we
subjected the cells to a neutral lipid stain to visualize lipid
accumulation by immunofluorescent microscopy. We
observed a large increase in the lipid content of HuhZ
compared to HuhM control cells (Figure 2F). These findings
demonstrate that HuhZ cells have altered SIRT3 protein
expression and cellular localization as well as lipid profile
compared to control hepatocytes.

Overexpression of SIRT3 reduces
intracellular ZAAT accumulation in HuhZ
cells independent of proteasomal or
lysosomal degradation

SIRT3 has been shown to modulate proteins related to
quality control signaling.[16,17] To investigate whether SIRT3

plays a role in regulating ZAAT quality control, we
transiently transfected HuhZ cells with 0.5 μg/mL of SIRT3
plasmid.[23] Forty-eight hours after transfection, we
observed high levels of mitochondrial SIRT3 (28 kDa) in
SIRT3-transfected cells, indicating the presence of an
active form of SIRT3. Interestingly, we found a significant
reduction in intracellular ZAAT in the presence of SIRT3
plasmid and consequently a small decrease in extracellular
ZAAT levels (Figures 3A, B). More ZAAT reduction was
also observed in the treatment with a higher dose of the
SIRT3 plasmid (Figure 3C). Next, we performed density
gradient isolation of cellular proteins to qualitatively
characterize ZAAT subcellular distribution and localization
when SIRT3 is overexpressed (Figure 3D). Treatment with
SIRT3 plasmid resulted in the migration of intracellular
ZAAT to lighter fractions (fractions 4 and 5). Calnexin also
migrated from the ER to the lighter‐density fraction upon the
increase of SIRT3 expression. This light‐density fraction
expresses LAMP1, an established marker for lysosomal
and autophagolysosomal vesicles.[27] We also observed
colocalization of ZAAT and HSC70 in the presence of
SIRT3. Furthermore, SIRT3 in the transfected cells
colocalized with mitochondrial markers, TOM20 and
TOM40, indicating the association of the overexpressed
SIRT3withmitochondria. In addition, there was an increase
in the expression of LAMP1, a well-established autophagy-
related protein, in SIRT3-transfected cells compared to
control cells. These results demonstrate that
overexpression of SIRT3 resulted in the localization of
ZAAT with lighter fractions localized with autophagosome
markers as well as increased expression of autophagy-
related proteins (Figure 3D). To further demonstrate that
overexpressed SIRT3 is localized in the mitochondria, we
subjected HuhZ cells, with and without SIRT3
overexpression, to IF and observed that overexpressed
SIRT3 (green) colocalized with TOM40 (red) in transfected
cells compared to control cells in which SIRT3 mainly
localizes in the nucleus (Figure 3E).

To further identify the mechanism of SIRT3-mediated
reduction of hepatic ZAAT in HuhZ cells, we inhibited 2
major degradation pathways using MG-132, an inhibitor of
the proteasomal degradation pathway, and Bafilomycin
A1 (BafA1), a lysosomal degradation inhibitor, in HuhZ

TABLE 2 Significant differentially expressed mitochondrial RNAs from alpha-1 antitrypsin deficiency patient plasma extracellular vesicles

mt-RNA mean exp_M mean Exp_Z group MeanDiff p

MT-CO1 4872.7431 15,044.5610 10,171.8179 0.007769

MT-TI 14.3658 0 −14.3658 0.008842

MT-CO2 2272.3626 5099.2286 2826.8660 0.02439

MT-TV 1.9488 30.8163 28.8675 0.02664

MT-ND5 446.1329 1015.4369 569.3040 0.02761

MT-ND3 921.5383 1929.2136 1007.6753 0.04481

MT-ND6 1137.02135 2646.4705 1509.4491 0.04987

List of 7 significant differentially expressed mt-RNAs in individuals with AATD plasma EV.
Abbreviations: AATD, alpha-1 antitrypsin deficiency; mt-RNA, mitochondrial RNA.
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F IGURE 2 SIRT3 protein levels are downregulated and have a different cellular localization in ZAAT versus MAAT-expressing human
hepatocytes. (A) qPCR data showing SIRT3 expression differences between M and Z cells. SIRT3 mRNA was normalized to housekeeping gene
18S. Data displayed as fold changes compared with control samples. Statistical analysis by Mann-Whitney U test (n=3). (B) Western blot
depicting the differences in SIRT3 protein expression level in HuhM and HuhZ cells. GAPDH was used as a loading control. (C) Densitometry
analysis of mitochondrial SIRT3 (28 kDa) protein expression normalized to GAPDH (n=3). (D) Representative immunofluorescent microscopy
images at ×40 of polymerized AAT (red) and SIRT3 (green) and Hoechst (blue) counterstain in HuhM and HuhZ cells showing the cellular
distribution of SIRT3 and abundance of polymerized AAT. (E) Representative immunofluorescent microscopy images at ×40 of SIRT3 (green) and
TOM40 (red) and Hoechst (blue) counterstain in HuhM and HuhZ cells showing the differential distribution of SIRT3 and the colocalization of
SIRT3 in the mitochondria of HuhM cells and nuclear colocalization of SIRT3 in HuhZ cells. (F) Representative immunofluorescent microscopy
staining at ×40 of LipidTOX staining in HuhM and HuhZ cells with Hoechst counter stain. Abbreviations: AAT, alpha-1 antitrypsin; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; n.s., nonsignificant; qPCR, quantitative polymerase chain reaction; SIRT3, Sirtuin3; TOM40,
translocase of outer mitochondrial membrane 40 homolog. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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F IGURE 3 Overexpression of SIRT3 reduces intracellular ZAAT accumulation in HuhZ cells, independent of proteasomal or lysosomal
degradation. (A) Western blot depicting overexpression of SIRT3 in HuhZ cells reduces intracellular AAT compared to control cells (HuhZ+empty
vector) with HuhM cells acting as a healthy control. Markers include EC/IC AAT and SIRT3 with GADPH as a loading control. SIRT3 plasmid was
transfected at a concentration of 0.5 µg/mL as determined from dose-response results in (C). (B) AAT density measured by densitometry using
ImageJ software shows that SIRT3 overexpression significantly reduces intracellular AAT compared to empty vector–transfected cells (n=4).
Statistical analysis by unpaired t test. (C) Western blot showing SIRT3 overexpression reduces intracellular AAT, dose-dependently. Markers
shown are IC AAT and SIRT3, with GAPDH as a loading control. (D) Western blot depicting density gradient cell fractionation of HuhZ cells with
and without overexpression of SIRT3. Markers include LAMP1, Calnexin, HSC70, IC AAT, SIRT3, TOM40, GAPDH, and TOM20. Cell frac-
tionation shows the distribution of SIRT3 in transfected cells and changes to intracellular markers under SIRT3 overexpression (n=1). (E)
Representative immunofluorescent images at ×100 of control HuhZ cells and HuhZ under SIRT3 overexpression. Markers are TOM40 (red) and
SIRT3 (green) and counterstained with Hoechst (blue). Images depict the subcellular localization of SIRT3 in control and overexpressed cells
(n= 1). (F) Western blot of HuhZ and SIRT3 overexpression when treated with MG-132, a selective proteasomal inhibitor, Bafilomycin A1, a proton
pump inhibitor, or Brefeldin A, an inhibitor of ER to Golgi vesicular transport (n=1 per treatment group). Markers include SIRT3, IC AAT, EC AAT,
ATG7, p62, and LC3BI/II, with GAPDH as a loading control. With each inhibition, the SIRT3-mediated decrease in intracellular AAT was
unaffected. (G) Representative immunofluorescence microscopy at ×40 of treatment of HuhZ cells when treated with Bafilomycin A1 and staining
for LC3B (green) and polymerized AAT (red) and counterstained with Hoechst (blue). Consistent with western blots, the decrease in accumulated
AAT was unaffected by the inhibition with Bafilomycin A1. Abbreviations: AAT, alpha-1 Antitrypsin; EC, extracellular; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; HSC70, heat shock cognate 71 kDa protein; IC, intracellular; LAMP1, lysosomal association membrane protein 1; n.s.,
nonsignificant; SIRT3, Sirtuin3; TOM20, translocase of outer mitochondrial membrane 20 homolog; TOM40, translocase of outer mitochondrial
membrane 40 homolog. *p<0.05, **p< 0.01, ***p< 0.001, ****p<0.0001.
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control cells and cells transfected with SIRT3 plasmid. To
assess the probable effect of SIRT3 on Golgi transport,
Brefeldin A, an ER to Golgi anterograde transport inhibitor,
has been used as well. The results indicated that SIRT3-
mediated reduction of intracellular ZAAT is not restored
when SIRT3 overexpressing cells were treated with either
inhibitor. This suggests that SIRT3 is acting independently
of proteasome or autophagy degradation pathways,
inducing degradation of ZAAT in HuhZ cells (Figure 3F).
However, HuhZ cells overexpressing SIRT3 when
inhibited by BafA1, ATG7, a key autophagy protein, was
still present, leading us to hypothesize autophagy is not
fully inhibited (Figure 3F). In addition, ATG7 is essential for
lipophagy in the liver.[15] To identify whether autophagy
was still active even in the presence of BafA1, we treated
the overexpressed SIRT3 HuhZ cells with 100 µM of
BafA1 and then subjected the cells to IF microscopy to
visualize if autophagy was active through LC3B
(Figure 3G). When treated with BafA1, there was an
accumulation of LC3B puncta (green), indicating an
increase of autophagosomes due to the loss of
autophagosome/lysosome fusion events. Interestingly,
there is no increase in accumulated AAT (red) levels
after treatment with BafA1 in the SIRT3-transfected
cells, leading us to hypothesize that SIRT3-mediated
AAT degradation is independent of the classical
macroautophagy pathway.

SIRT3 overexpression results in
degradation of ZAAT through lipophagy

Considering the regulatory role of SIRT3 in the
activation of lipophagy, we investigated if overexpres-
sion of SIRT3 in HuhZ cells can clear lipid accumulation
associated with AATD in vitro.[28] We subjected control
HuhZ cells and cells transfected with SIRT3 plasmid to
a neutral lipid stain and observed that SIRT3 over-
expression significantly reduces lipid accumulation
associated with AATD phenotype (Figures 4A, B).[28] It
has been demonstrated that lipid droplets can
disintegrate with misfolded proteins associated with
them.[15] Our IF staining for PLIN2, a lipid droplet
coating protein and AAT polymers confirmed that ZAAT
polymers colocalize with PLIN2 on the surface of lipid
droplets in HuhZ cells (Figure 4C).[29] Interestingly,
when HuhZ cells were transfected with SIRT3, there
was a reduction in the size of PLIN2-positive lipid
droplets (yellow) as well as reduction in intracellular
levels of AAT (red) as previously shown (Figure 4C). To
assess if ZAAT polymers associate with lipid droplets in
AATD hepatocytes, we subjected an explanted AATD
human liver tissue to TEM. Immunogold-positive AAT
staining revealed that AAT aggregates were associated
with lipid droplets in AATD liver tissue (Figure 4D). In
addition, we observed that although less AAT was
detected in SIRT3-transfected HuhZ cells, co-IP

analysis indicated slightly elevated levels of PLIN2
associated with AAT in those cells (Figures 4E, F).
Next, to investigate the activation of CMA involving
HSC70 chaperone, we performed co-IP experiments
and observed lower levels of PLIN2 in association with
HSC70 in HuhZ cells that overexpress SIRT3 compared
to control HuhZ (Figures 4G, H).[15] However, due to
diverse backgrounds in the various blots, achieving
perfect matching in band intensity quantification is
challenging. As a result, the significance of 3
replicates may not be conclusive initially, but there
was a trend toward significance. The low levels of
PLIN2 associated with HSC70 in the presence of SIRT3
are consistent with the hypothesis that lipid droplets are
being cleared with ZAAT and thus fewer PLIN2-positive
lipid droplets are detected in association with HSC70.
In agreement with the activation of lipophagy in
SIRT3 overexpressing cells, our IF analysis showed
colocalization of HSC70 (green) with LAMP2 (red) in
SIRT3-transfected HuhZ cells (Figure 4I).

Humanized AATD transgenic mice have
lower hepatic SIRT3 expression along with
hepatic accumulation of ZAAT polymers
and lipid droplets

We have generated a novel humanized transgenic
mouse model of AATD by inserting the human WT
(MAAT) or mutated (ZAAT) SERPINA1 transgene into a
C57BL/6J-Serpina1 knockout mouse (Null mice, Jax
Labs Strain #: 035015). While body weight had no
observed differences between WT (Pi*M) and mutant
(Pi*Z) transgenic mice (data not shown), consistent with
liver accumulation of AAT in human AATD, Pi*Z mice
display ZAAT globules in the liver as determined by PAS-
D[30,31] (Figure 5A). However, Pi*M livers were negative
for PASD staining, consistent with normal liver
histopathology (Figure 5A).[32] Plasma levels of human
AAT measured by nephelometry are also lower in Pi*Z
mice with an average of 10 µM compared to Pi*M which
were around 30 µMandwithin the physiologically relevant
range for human subjects (Figure 5B).[33] Furthermore,
Oil-Red-O staining demonstrated increased lipid droplets
in the liver of Pi*Z compared to Pi*M mice (Supplemental
Figure S1, http://links.lww.com/HC9/A771) indicating that
AATD transgenic mice recapitulate human AATD liver
pathophysiology.

To assess the expression of Sirt3 in the liver tissue of
AATDmice, Pi*M and Pi*Z livers were subjected to protein
analysis by western blotting, which confirmed the upre-
gulation of Sirt3 protein levels (Figures 5C, D).
Interestingly, proteolytically cleaved Sirt3 representative
of active, mitochondrial Sirt3, presented inversely
correlated with levels of intracellular AAT (Figure 5E),
consistent with our in vitro findings. Immunohistochemistry
confirmed these findings, in which there was decreased
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F IGURE 4 SIRT3 overexpression in ZAAT-expressing hepatocytes promotes the degradation of ZAAT through activation of lipophagy. (A)
Representative immunofluorescent microscopy images at ×40 of LipidTOX deep red neutral lipid stain (red) at 1:100 and counterstained with
Hoechst (blue) in HuhM cells and HuhZ cells with and without SIRT3 overexpression. SIRT3-transfected cells show a decrease in lipid accu-
mulation compared to empty vector–transfected control cells. (B) Quantification of LipidTOX images in (A). Images were quantified in ImageJ and
data are represented as an integrated density of LipidTOX signal normalized to the number of nuclei in the field. Statistical analysis by unpaired t
test. (n= 8–9). (C) Representative confocal immunofluorescent microscopy images of HuhZ cells at ×63 water immersion staining for polymerized
AAT (red) and PLIN2 (yellow) and counterstained with Hoechst (blue) in the absence and presence of SIRT3. Arrows indicate AAT associated with
PLIN2 lipid droplets. The image displayed as a max compression from a z-stack taken at 0.13 µm steps (n=1). (D) Transmission electron
microscopy images of AATD human explanted liver indicating association of immunogold-labeled AAT with lipid droplets. Images were taken with
an FEI Tecnai G2 Spirit Twin TEM operated at 120 kV and digital images were acquired with a Gatan UltraScan 2k×2k camera and Digital
Micrograph software. (E) Immunoprecipitation of AAT with 2.5% input. Immunoblots show PLIN2, AAT, HSC70, and GAPDH as loading control.
(F) Quantification of AAT IP showing a pairwise increase of PLIN2 density in SIRT3 overexpressed cells compared to control cells. Statistical
analysis by paired t test (n=3). (G) Immunoprecipitation of PLIN2 with 2% input. Immunoblots show PLIN2, HSC70, and GAPDH as loading
control. (H) Quantification of PLIN2 IP showing a pairwise decrease in SIRT3 overexpressed cells compared to control cells. Statistical analysis by
paired t test (n= 3). (I) Representative confocal immunofluorescent microscopy images of HuhZ cells at ×63 water immersion staining for LAMP2
(red) and hsc70 (green) and counterstained with Hoechst (blue). The image displayed as a max compression from a z-stack taken at 0.13 µm
steps (n=1). Abbreviations: AAT, alpha-1 antitrypsin; EC, extracellular; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HSC70, heat
shock cognate 71 kDa protein; IC, intracellular; LAMP2, lysosomal association membrane protein 2; n.s., nonsignificant; PLIN2, Perilipin2; SIRT3,
Sirtuin3. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Sirt3 staining in the liver of Pi*Z compared to Pi*M mice
(Figure 5F). However, consistent with our in vitro data the
qPCR analysis showed no differences in mRNA levels of
SIRT3 (Figure 5G). These data suggest that Sirt3 activity
is dysregulated in our transgenic AATD mice consistent
with our in vitro model.

DISCUSSION

In this present study, we investigated the impact of
SIRT3 on maintaining the quality of hepatic ZAAT and
lipids while also exploring whether upregulating SIRT3
expression can mitigate AATD-induced liver damage.
Our study effectively establishes the presence of
mitochondrial dysfunction due to AATD and reveals
the dampened activity of SIRT3, both within individuals
with AATD and AATD model systems. Furthermore, this
discovery is confirmed by observing a negative corre-
lation between SIRT3 expression and accumulation of
ZAAT and lipids in AATD hepatocytes. Through our
research, we demonstrated that elevating SIRT3 levels
prompts the degradation of lipid droplets and ZAAT
polymers, operating through a collaborative mechanism
involving lipophagy (Figure 6). These findings align with
earlier research that highlighted the role of lipophagy in
the degradation of protein aggregates seen in metabolic
disorders.[15]

The close proximity of mitochondria, key organelles
responsible for energy production, to the ER assumes
significance in the context of liver diseases character-
ized by ER stress such as AATD.[34] The ER and
mitochondria physically associate through contact sites
known as mitochondria-associated membranes
(MAMs). These MAMs create a platform for direct
communication between the 2 organelles.[35] MAMs
facilitate the protein exchange between the ER and
mitochondria playing a crucial role in mediating the
physical and functional interactions between the ER
and mitochondria. MAMs also play a role in the
exchange of lipids between the ER and mitochondria,
and this includes interactions with lipid droplets.[35] In
this regard, we have previously shown that misfolded
ZAAT enters the mitochondria recruiting cytoplasmic
HSP70 leading to mitochondrial injury, which stimulates
the release of mt-RNA into the cytoplasm.[21,36]

Secreted mt-RNA can be encapsulated into EV and
released from cells.[37] This has been proposed to serve
as a form of quality control, participating in cellular
metabolic regulation.[38] By examining the plasma of
individuals with AATD, we have observed elevated
quantities of dysregulated mt-RNA associated with
plasma EV. These findings highlight the prevalence of
EV with altered content in the plasma of patients with
AATD. Notably, the release of EV containing mt-RNA
from cells exhibiting mitochondrial dysfunction holds
the potential to serve as a mechanism for removing

mitochondrial material from compromised cells and
alleviation of tissue injury.[36] The high level of mt-RNA
in AATD plasma EV is in line with the observation of
mitochondrial dysfunction triggered by misfolded
ZAAT.[39] Furthermore, Ingenuity Pathway Analysis
revealed oxidative phosphorylation and mitochondrial
dysfunction were significantly enriched pathways in
individuals with AATD. Oxidative phosphorylation con-
stitutes the pathway in which ATP is produced through a
sequence of redox reactions along the mitochondrial
membrane. Anomalies in oxidative phosphorylation
stand as the predominant trigger of mitochondrial
dysfunction leading to metabolic disorders.[40]

Pathway enrichment analysis from plasma EV mt-
RNA–sequencing also revealed inhibition of the sirtuin
signaling pathway in individuals with AATD. The role of
SIRT3 in regulating cellular quality control led us to
investigate whether SIRT3 plays a role in ZAAT quality
control in hepatocytes.[41] Observing the decreased
SIRT3 protein levels in an AATD cell culture model, we
hypothesized that elevating SIRT3 expression might
lead to an augmentation in ZAAT degradation. Our
findings revealed that the overexpression of SIRT3
results in a reduction of intracellular ZAAT levels in
HuhZ cells, with the degree of reduction corresponding
to the dose of SIRT3. Previous data have emphasized
the role of SIRT3 in inducing lipophagy and regulating
lipid metabolism in hepatocytes.[28] While the accumu-
lation of lipid droplets in the liver is also intertwined with
the manifestation of the AATD,[21] our lipid staining
results similarly showed a decrease in lipid droplets
within hepatocytes characterized by SIRT3 overexpres-
sion. This finding supports the understanding of
SIRT3’s significance in governing cellular pathways
linked to the detrimental gain-of-function exhibited by
ZAAT and AATD phenotypes. To shed light on this
observation, we investigated the mechanisms that
underlie SIRT3’s role in reducing intracellular ZAAT
levels and diminishing the lipid droplets in our AATD cell
culture model.

Lipid droplets have been shown to be involved in the
maintenance of cellular homeostasis through different
pathways. In stressed cells, lipid droplets stay con-
nected to the ER and respond to ER stress.[42] It has
been evidenced that lipid droplets remove misfolded
proteins and also play roles in regulating autophagy.[42]

We have previously shown that the accumulation of
ZAAT globules within hepatocytes impairs lipid metab-
olism pathways and increases the lipid content of AATD
hepatocytes.[21] Here, we have noted that ZAAT
polymers associate with lipid droplets by interacting
with PLIN2 within HuhZ cells. Conversely, there is an
absence of interaction between MAAT and PLIN2 within
HuhM cells.[21] These data align with the concept of lipid
droplets serving as protective reservoirs that sequester
misfolded proteins, thus mitigating ER stress.[43]

SIRT3’s known role in safeguarding hepatocytes from
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F IGURE 5 Characterization of the humanized MAAT and ZAAT mouse model. (A) Representative IHC microscopy at ×10 of PAS-D staining
of liver tissue collected from Pi*M and Pi*Z mice performed by the University of Florida Pathology core. The focused panel is at ×20. The arrow
indicates the PAS-D–positive AAT inclusion bodies (n=3). (B) Plasma human AAT levels measured by Nephelometry. Statistical analysis by
Mann-Whitney U test (n=6). (C) Western blotting depicting differential protein expression of Sirt3 and intracellular human AAT with Gapdh as a
loading control between Pi*M and Pi*Z mouse livers. (D) Total Sirt3 densitometry normalized to Gapdh between Pi*M and Pi*Z mice. Statistical
test by unpaired t test (n=3). (E) Linear regression analysis of mitochondria Sirt3 fraction (28 kDa) density and hAAT density (n=3).
(F) Representative IHC staining microscopy images at ×20 and ×40 of Sirt3 in Pi*M and Pi*Z liver tissues performed by the University of Florida
Pathology core (n=3). (G) qPCR data showing Sirt3 expression differences between Pi*M and Pi*Z liver tissues normalized to 18S housekeeping
gene. Data displayed as fold changes compared with control samples. Statistical analysis by Mann-Whitney U test (n=3). Abbreviations: AAT,
alpha-1 antitrypsin; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; IHC, immunohistochemistry; n.s., nonsignificant; qPCR: quantitative
polymerase chain reaction; Sirt3, mouse Sirtuin3. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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lipotoxicity involves fostering processes like CMA and
lipophagy.[28] In the context of lipophagy, the degrada-
tion of lipid droplets hinges on the interaction between
PLIN2 on their surface and the lysosome-HSC70
complex.[15] Within this process, phopho-PLIN-2 inter-
acts with HSC70 and associates with lysosomal
LAMP2, consequently triggering CMA-mediated
lipophagy.[15] As a result, our hypothesis posited that
SIRT3 facilitates the degradation of ZAAT together with
lipid droplets through the mechanism of lipophagy. We
observed a diminished presence of lipid droplets and
PLIN2 in association with HSC70 within SIRT3-trans-
fected HuhZ cells. This observation admits the advan-
tageous regulatory role of SIRT3 in modulating lip-
ophagy. Intriguingly, even though there is a reduction in
polymeric AAT in SIRT3-transfected HuhZ cells, the
AAT-PLIN2 complex remains detectable through co-IP.
These findings support our proposition that ZAAT
undergoes degradation alongside lipid droplets through
the involvement of lipophagy and PLIN2. This also
implies that SIRT3 promotes the degradation of lipid
droplets and subsequently, the associated ZAAT
polymers.

In conclusion, the data presented in this study unveil
the engagement of mitochondrial SIRT3 in overseeing
ZAAT quality within hepatocytes. Our findings demon-
strate that mitochondrial SIRT3 activates the process of
lipophagy, amechanism that contributes to the breakdown
of ZAAT aggregates linked with lipid droplets (Figure 6).
This relationship between hepatic ZAAT and lipid droplets
was also expounded upon in our study. The functional
insights gathered lend support to the notion that the
elevated expression of SIRT3 efficiently mobilizes the
lipophagy degradation apparatus, facilitating the disposal
of lipid droplets and consequently, ZAAT associated with
them. Intriguingly, our investigations extended to a
humanized AATD mouse model, revealing a disrupted
regulation of SIRT3. Furthermore, a reciprocal correlation
emerged between the abundance of SIRT3 protein and
intracellular AAT levels. These findings underline that the
augmentation of the lipophagy pathway through SIRT3
overexpression, coupled with the concurrent degradation
of lipid droplet–associated ZAAT, significantly reduces the
aggregation of ZAAT polymers in HuhZ cells.

The data above suggest a potential therapeutic
avenue for AATD-associated liver disease. SIRT3

F IGURE 6 Graphical summary. Graphical schematic of the findings reported in this paper. HuhZ cells have an increased amount of
polymerized ZAAT that is associated with PLIN2-coated lipid droplets. Under the overexpression of SIRT3, HuhZ cells clear polymerized AAT
along with lipid droplets through SIRT3-mediated lipophagy. Abbreviations: AAT, alpha-1 antitrypsin; SIRT3, Sirtuin3.
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emerges as a promising target for drugs aimed at
mitigating hepatic ZAAT and lipid droplets in AATD liver
tissues. However, our study has limitations. The use of
immortalized cell lines is a starting point, and validation
through primary cells or in vivo models is further
needed. Limited plasma EV–associated mt-RNA sam-
ples are another constraint. Due to AATD’s rarity,
obtaining large human cohorts for samples remains a
challenge. Our findings set the stage for future in vivo
studies probing SIRT3’s viability in AATD liver treat-
ment, considering its relevance in diverse liver
diseases.[44–47] Our future directives include identifying
the mechanism of action of SIRT3-mediated degrada-
tion of misfolded ZAAT as well as using the humanized
AATD mouse models to determine if our in vitro
observations can be recapitulated in vivo.
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