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Abstract

Defective autophagy is implicated in the pathogenesis of nonalcoholic fatty liver diseases
(NAFLD) through poorly defined mechanisms. Cardiolipin is a mitochondrial phospholipid
required for bioenergetics and mitophagy from yeast to mammals. Here, we investigated a role for
ALCAT1 in the development of NAFLD. ALCATL is a lysocardiolipin acyltransferase that
catalyzes pathological cardiolipin remodeling in several aging-related diseases. We show that the
onset of diet-induced NAFLD caused autophagic arrest in hepatocytes, leading to oxidative stress,
mitochondrial dysfunction, and insulin resistance. In contrast, targeted deletion of ALCATL1 in
mice prevented the onset of NAFLD. ALCAT1 deficiency also restored mitophagy, mitochondrial
architecture, mtDNA fidelity, and oxidative phosphorylation. In support for a causative role of the
enzyme in mitochondrial etiology of the disease, hepatic ALCAT1 expression was significantly
up-regulated in mouse models of NAFLD. Accordingly, forced expression of ALCAT1 in primary
hepatocytes led to multiple defects that are highly reminiscent of NAFLD, including
hepatosteatosis, defective autophagy, and mitochondrial dysfunction, linking pathological
cardiolipin remodeling by ALCAT1 to the pathogenesis of NAFLD.

Oxidative stress causes mitochondrial dysfunction, which is implicated in the etiology of
NAFLD and its progression to nonalcoholic steatohepatitis (NASH). Although the precise
molecular mechanisms remain elusive, defective autophagy contributes to the pathogenesis
of NAFLD, which is supported by the phenotypes of mouse models of impaired autophagy
(1). Autophagy is required for the mitochondrial quality control process by engaging in a
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crosstalk with reactive oxygen species (ROS) to eliminate damaged mitochondria through
mitophagy (2). Hence, defective mitophagy leads to accumulation of damaged mitochondria,
mitochondrial fragmentation, and oxidative stress, which are highly reminiscent of
metabolic defects in patients with NASH (3). Furthermore, recent development in the field
demonstrates that autophagic degradation of lipid droplets plays a key role in lipid
homeostasis by releasing free fatty acids for oxidation (1). Thus, the onset of obesity, the
major cause of NAFLD, is associated with severe down-regulation of hepatic autophagy,
whereas restoration of hepatic autophagy enhances insulin sensitivity and glucose tolerance
in the liver of obese mice (4).

Cardiolipin (CL) is a mitochondrial phospholipid required for mitochondrial bioenergetics,
membrane structure, and dynamics. Recent studies suggest that CL also plays a key role in
autophagy from yeast to mammals (5, 6). CL is required for autophagosome biogenesis and
cargo recognition by supporting the membrane structure of autophagosomes and the activity
of autophagy proteins (6, 7). Additionally, CL mediates a cross-talk between mitochondria
and lysosomes, a key step in autophagic process (5). Furthermore, externalization of CL
from mitochondrial inner membrane to mitochondrial surface was recently shown to act as a
recognition signal that directs damaged mitochondria to mitophagy (6). Among all the
phospholipids, CL is highly sensitive to oxidative damage of its double bonds by ROS due
to its exclusive location in mitochondria. Hence, CL is the only phospholipid in
mitochondria that undergoes early oxidation during apoptosis, and detachment of CL from
cytochrome c triggers apoptosis (8). Oxidized CL itself also functions as a major source of
ROS, triggering a self-destruction process known as “CL peroxidation”. Thus, CL
peroxidation is a major defect associated with aging and age-related diseases including
obesity, NAFLD, diabetes, cardiovascular diseases, cancer, and neurodegenerative diseases
(9-11).

We recently identified a novel pathway by which oxidative stress causes mitochondrial
dysfunction in metabolic diseases (9, 12, 13). This pathway is mediated by ALCATL, an
acyl-CoA dependent lysocardiolipin acyltransferase (9). ALCAT1 catalyzes the remodeling
of CL with aberrant acyl composition commonly found in obesity, diabetes, and
cardiovascular disease, leading to TLCL depletion and enrichment of DHA in CL (12).
Additionally, ALCATL1 is localized at mitochondria-associated membrane (MAM) where
autophagosome biogenesis takes place (9, 14). Overexpression of ALCAT1 causes dilation
of MAM (9), suggesting a potential role of the enzyme in regulating autophagy. Using gain
and loss function studies, this report demonstrated a key role of the enzyme in the etiology
of NAFLD by regulating mitochondrial architecture and autophagy.

Experimental Procedures

The generation of the ALCAT1 knockout mice and measurement of oxygen consumption
rate (OCR) were as previously described (9). All experiments used littermate control of
matched age and sex and in accordance with approval of institutional animal care and use
protocols according to NIH guidelines (NIH publication No. 86-23, 1985). Details on
reagents, animal care, and experimental procedures, including RT-PCR, measurement of
ROS, lipid peroxidation, EM analysis, hepatocyte isolation and culture, mtDNA mutation
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assay, mitochondrial dynamics, and statistical analysis were described in supplemental
information.

Ablation of ALCAT1 prevents the onset of diet-induced NAFLD

Using mice with targeted deletion of ALCAT1 (12), we investigated the role of ALCAT1 in
the development of NAFLD associated with diet-induced obesity. Wild type (WT) control
mice developed severe NAFLD after 18-weeks on high-fat diet (HFD), as evidenced by the
presence of an enlarged and pale liver (Fig. 1A), hepatocyte vacuolation (Fig. 1C), steatosis
(Fig. 1E), and fibrosis (Fig. 1G, highlighted by an arrow). Strikingly, these defects were
completely absent in the liver of ALCAT1 knockout (ALCAT17/~) mice (Fig. 1B, 1D, 1F,
and 1H), which is further supported by decreased liver weight and hepatic triglyceride levels
(Fig. 1J & 1K). In contrast, ALCAT1~/~ mice was indistinguishable from WT controls in
hepatic morphology when fed a regular chow (Fig. SLA-1H).

Up-regulated ALCAT1 expression is implicated in the pathogenesis of NAFLD

To assess a role for ALCAT1 in the etiology of NAFLD, we next examined whether hepatic
ALCAT1 protein expression is regulated by the onset of NAFLD in mice with diet-induced
obesity and in db/db mice, a mouse model of obesity, type 2 diabetes, and NAFLD. As
shown in Fig 11 (quantified in Fig. S2A), ALCATL protein expression in the liver was
dramatically up-regulated by NAFLD in WT control mice. Likewise, ALCAT1 protein
expression is also stimulated by NAFLD in db/db mice (Fig. S3A, quantified in Fig. S3C),
suggesting a potential role of ALCAT1 in the etiology of NAFLD. In support for a role of
up-regulated ALCATL expression in the pathogenesis of NAFLD, ALCATL deficiency
significantly improved insulin sensitivity, as evidenced by increased phosphorylation of
AKT and GSK3a/B in response to insulin treatment (Fig. 11, quantified in Fig. S2B and Fig.
S2C). Accordingly, ALCAT1 deficiency significantly improved glucose tolerance and
decreased serum insulin level (Fig. S1J and Fig. S1K).

ALCAT1 deficiency attenuates hepatic lipogenesis and fibrosis

Increased de novo lipogenesis plays an important role in the accumulation of triglyceride in
NAFLD. To uncover molecular mechanisms by which ALCAT1 causes hepatosteatosis, we
next analyzed the expression of genes that promote lipogenesis by RT-PCR analysis. As
shown in Fig. 1L-10, NAFLD significantly increased expression of lipogenic genes,
including PPARa, ACC1, SREBP1c and FASL1 in the liver of the WT control mice.
Consistent with a lack of hepatosteatosis in ALCAT1~/~ mice, ALCAT1 deficiency also
normalized the expression of these genes. Consistent with severe hepatofibrosis in WT
control mice (Fig 1G, highlighted by arrow), NAFLD also significantly up-regulated
expression of genes encoding matrix proteins, including collagen-I and collagen-111 (Fig.
1P-Q), in the liver of WT control mice. These findings were further underscored by the
increased presence of collagen fiber bundles in the liver of WT mice (Fig. S2D, highlighted
by arrows in Fig. S2E). In contrast, these defects were prevented by ALCAT1 deficiency
(Fig. 1P and 1Q).
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ALCATL1 deficiency prevents mitochondrial dysfunction in the liver

Mitochondrial architecture is regulated by a family of mitochondrial GTPases, including
MFNZ2, OPA1, and DRP1. MFN2 and OPAL are required for the fusion of outer and inner
mitochondrial membranes, respectively, whereas DRP1 is required for mitochondrial
fission. MFN2 depletion is recently implicated in mitochondrial fragmentation in obesity
and type 2 diabetes (15). We next questioned whether the onset of NAFLD caused
mitochondrial fragmentation, and if so whether up-regulated ALCAT1 expression was
implicated in the process. The results showed that NAFLD caused mitochondrial
fragmentation in isolated hepatocytes (Fig. 2A, highlighted in Fig. 2C), which is likely
caused by depletion of MFN2 expression (Fig. 2E, quantified in Fig. S2F) in WT control
mice. In support for a causative role of ALCAT1 in mitochondrial fragmentation, ALCAT1
deficiency completely prevented mitochondrial fragmentation (Fig. 2B, highlighted in Fig.
2D) by increasing MFN2 expression in the liver (Fig. 2E, quantified in Fig. S2F). In
contrast, ALCAT1 deficiency did not affect the expression of other regulators of
mitochondrial architecture, including OPA1, DRP1, and VDACL (Fig. 2E).

Defective autophagy is a common defect in NALFD, but the underlying causes remain
elusive. We next investigated a role for ALCAT1 in defective autophagy in the NAFLD,
since CL is required for autophagosome biogenesis and cargo recognition (6, 7, 16). We first
determined the effect of ALCATL1 on the expression of autophagic biomarkers in the liver
by western blot analysis. The results show that NAFLD significantly increased the protein
level of p62 in the liver of WT mice (Fig. 2F, quantified in Fig. S2H). The increased p62
level could either be caused by increased transcription of the p62 gene or by impaired
autophagic consumption of the p62 protein. To address this issue, we next analyzed p65
mMRNA expression level in the liver. The results from RT-PCR analysis of the p62 mRNA
level support the later (Fig. S2J), since WT control mice exhibited significantly lower p62
mRNA level than ALCAT1~/~ mice. In contrast, ALCAT1~/~ mice exhibited an increased
autophagic flux, which is supported by increased level of active form of LC3 protein (LC3-
I1) and decreased p62 protein level, while p62 mRNA level is much higher than WT control
mice. In further support for the role of impaired autophagy in the pathogenesis of NAFLD,
the db/db mice also exhibited defective autophagy in the liver, as evidenced by more than
95% depletion of LC3-1l and increased p62 expression (Fig. S3B, quantified in Fig. S3D,
and S3E).

PINKZ1 is a protein kinase required for autophagic degradation of damaged mitochondria and
is depleted in Parkinson’s diseases (17). We next investigated a role for ALCAT1 in
regulating PINK1 expression and mitophagy in NAFLD. The results show that PINK1
expression was significantly up-regulated in the liver of ALCAT1~/~ mice on HFD (Fig. 2F,
quantified in Fig. S2I). Likewise, PINK1 expression was depleted more than 70% in the
liver of db/db mice (Fig. S3B, quantified in S3F), suggesting a role of the kinase in defective
mitophagy in NAFLD. Consistent with these findings, the number of mitophagosomes was
significantly higher in hepatocytes of ALCAT1~/~ mice on HFD (Fig. 2H, highlighted in Fig.
2J by arrows) relative to WT controls (Fig. 2G, highlighted in Fig. 21, quantified in Fig.
S2K). In contrast, liver sections from WT mice exhibited a large number of deformed and
swollen mitochondria (highlighted in Fig. 21 by arrows). In support of a protective role of

Hepatology. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al. Page 5

mitophagy in safeguarding mtDNA fidelity, NAFLD caused mtDNA depletion and
mutations in WT control mice, which were also mitigated in ALCAT1 ™/~ mice (Fig. 2K and
Fig. 2L).

Targeted deletion of ALCAT1 restores mitochondrial respiration

Using the Seahorse XF-24 Extracellular Flux analyzer, we next determined a role for
ALCAT1 in mitochondrial oxidative phosphorylation in primary hepatocytes. The results
show that the onset of NAFLD drastically impaired mitochondrial respiration capacity, as
evidenced by decreased mitochondrial oxygen consumption rate (OCR) and blunted
responses to the treatments with different mitochondrial inhibitors, including oligomycin (an
ATPase inhibitor), FCCP (a mitochondrial uncoupler), and rotenone (a complex | inhibitor)
(Fig. 2M, quantified in Fig. S2L). In contrast, ALCAT1 depletion significantly improved
mitochondrial functions, which is supported by significantly higher basal level of OCR and
dramatic changes in OCRs in response to treatment with mitochondrial inhibitors.
Furthermore, ALCAT1 depletion also remarkably enhanced mitochondrial respiratory
capacity, which is supported by a dramatic increase in OCR in response to treatment with
FCCP.

ALCATL1 depletion promotes autophagosome biogenesis in hepatocytes

Using MitoTraker red and recombinant adenoviruses expressing LC3-11 fused with GFP, we
examined the effects of NAFLD on mitochondrial architecture and biogenesis of
autophagosome. The analysis is based on the principles that GFP-tagged LC3 precursors are
proteolytically processed to form LC3-1, which is diffusely distributed in the cytosol. Upon
initiation of autophagy, the C-terminal glycine of LC3-1 is modified by addition of a
phosphatidylethanolamine to form LC3-I1, which translocates rapidly to nascent
autophagosomes in a punctate distribution. The results show that NAFLD caused severe
mitochondrial fragmentation in isolated hepatocytes from WT control mice (Fig. 3A-3D). In
contrast, ALCAT1 deficiency not only preserved mitochondrial architecture, but also
significantly promoted autophagosome biogenesis, as evidenced by increased number of
puncta (Fig. 3E-3H). Additionally, ALCAT1 deficiency stimulated the biogenesis of
mitophagosomes (highlighted by arrows in Fig. 3H). In contrast, there were no significant
differences between ALCAT1~/~ mice and WT controls in mitochondrial architecture and
autophagy when fed a regular chow diet (Fig. S4A—-4F). In direct support for a causative role
of oxidative stress in autophagic arrest in NAFLD, treatment of primary hepatocytes with
H,0, led to mitochondrial fragmentation and defective mitophagy (Fig. 31-3L). These
defects were also mitigated by ALCAT1 depletion, as evidenced by normal mitochondrial
architecture and increased number of autophagosomes (Fig. 3M and 3N). ALCAT1 deletion
also stimulated mitophagy which is known to eliminate damaged mitochondria (Fig. 30 and
3P, highlighted with arrows, quantified in Fig. 3Q). Conversely, overexpression of ALCAT1
in primary hepatocytes led to defective autophagy (Fig. S4G-L), further corroborating a key
role of ALCATL in defective autophagy in NAFLD. In support of a protective role for
mitophagy in attenuating oxidative stress, the onset of NAFLD dramatically increased
oxidative stress and lipid peroxidation in WT control mice, as evidenced by increased levels
of H,0, and malondialdehyde (MDA), a byproduct of lipid peroxidation (Fig. 3R and 3S).
Again, these defects were absent in the liver of ALCAT1™/~ mice.
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Ectopic ALCAT1 overexpression leads to hepatosteatosis in response to oxidative stress

As previously reported (12), ALCAT1~/~ mice are resistant to the onset of diet-induced
obesity (Fig. S11), raising a key question whether ALCAT1~/~ mice are protected from
HFD-induced NAFLD secondary to mitigation of obesity. We addressed this critical issue
by determining the direct effect of ALCAT1 overexpression on hepatosteatosis in isolated
primary hepatocytes and in HepG2 human hepatic cells. In direct support for a causative role
of up-regulated ALCAT1 expression in NAFLD, adenoviral overexpression of ALCATL1 in
primary hepatocytes led to steatosis (Fig. 4B, highlighted in 4F) relative to vector control
(Fig. 4A, highlighted in 4E), as evidenced by the increased number and size of lipid droplets
(highlighted by arrows in Fig. 4F). These defects were remarkably exacerbated in response
to treatment with H,O,, leading to severe steatosis (Fig. 4D, highlighted in Fig. 4H) relative
to vector control (Fig. 4C, highlighted in Fig. 4G). Likewise, similar findings were also
discovered in HepG2 cells (Fig. 41-4P). The results suggest that up-regulated ALCAT1
expression causes heptosteatosis in response to oxidative stress.

Hepatic ALCAT1 overexpression causes mitochondrial dysfunction

To identify molecular mechanism by which up-regulated ALCAT1 causes hepatosteatosis,
we next examined the effect of forced expression of ALCAT1 on mitochondrial architecture
and function in primary hepatocytes and HepG2 cells. Adenoviral overexpression of
ALCAT1 disrupted mitochondrial network, leading to mitochondrial fragmentation in
primary hepatocytes (Fig. 5B, highlighted in 5F) relative to the vector control (Fig. 5A,
highlighted in 5E). In support for a causative role of oxidative stress in mitochondrial
fragmentation, treatment of hepatocytes with H,O5 also caused mitochondrial fragmentation
(Fig. 5C, highlighted in 5G), which was further exacerbated by ALCAT1 overexpression
(Fig. 5D, highlighted in 5H, quantified in Fig. 5I). We next examined the effect of ALCAT1
overexpression on oxidative stress, lipid peroxidation, mtDNA copy number, and mtDNA
fidelity in HepG2 cells. The results show that adenoviral overexpression of ALCATL1 in
HepG2 cells dramatically increased oxidative stress and lipid peroxidation, as evidenced by
increased levels of H,O, production and lipid peroxidation (Fig. 5J and 5K). The defects
were again exacerbated in response to oxidative stress induced by H,O,. Consistent with the
findings, ALCAT1 overexpression also depleted mtDNA copy number (Fig. 5L) and
increased mtDNA mutation rate (Fig. 5M) in response to treatment with H,O5, linking
oxidative stress by ALCAT1 to poor mtDNA fidelity.

Discussion

Defective autophagy is implicated in the pathogenesis of NAFLD, but the underlying causes
remain elusive. One of the striking findings from this study is the identification of a key role
for ALCATL in regulating autophagosome biogenesis and mitophagy. Accordingly, we
showed that NAFLD caused autophagic arrest and accumulation of deformed mitochondria
in the liver. These defects were mitigated in ALCAT1 ™/~ mice. Additionally, ALCAT1
deficiency significantly promoted autophagic flux, as evidenced by increased LC3-11 level
and decreased p62 level. Furthermore, ALCAT1 deficiency also increased expression of
PINK1, a mitochondrial kinase that directs damaged mitochondria to autophagosomes (18).
PINK1 deficiency impairs mitophagy, leading to oxidative stress and accumulation of
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damaged mitochondria (17). Consequently, ablation of ALCAT1 significantly enhanced
mitophagy, whereas ALCAT1 overexpression dramatically impaired autophagosome
biogenesis in hepatocytes. These changes are likely regulated by changes in CL levels and
acyl composition, since ALCAT1 deficiency significantly increases the level of CL and the
content of TLCL (9). Our results are consistent with recent reports that CL is required for
multiple steps of the autophagic process, from membrane structure of autophagosomes, the
activities of autophagic proteins, recognition of damaged mitochondria, to a cross talk
between mitochondria and lysosomes (5-7, 16). A key role of ALCAT1 in autophagy is
further underscored by our previous findings that ALCAT1 is localized at ER—-mitochondria
contact sites where autophagosomes biogenesis takes place (9, 14). Overexpression of
ALCAT1 leads to disruption of mitochondria/ER connections (9), which is known to
dramatically impair starvation-induced autophagy (7).

Excessive accumulation of triglyceride and decreased fatty acid oxidation are the major
defects in NAFLD. CL is required for fatty acid oxidation by supporting the activity of the
mitochondrial trifunctional protein (MTP) which catalyzes -oxidation of fatty acids (19).
Recently, a splice variant of MTP was reported to encode a monolysocardiolipin
acyltransferase (MLCL AT) that catalyzes physiological CL remodeling in mitochondria
(20). In contrast to ALCAT1, CL remodeling by MLCL AT significantly increases the
content of TLCL, a unique CL species required for mitochondrial function in the liver. Thus,
the two enzymes have opposing effect on fatty acid oxidation. Overexpression of ALCAT1
diminishes fatty acid oxidation by depleting MTP expression, whereas ablation of ALCAT1
significantly enhances mitochondrial fatty acid oxidation by up-regulating MTP expression
in the liver (9). Consistent with a protective role of MTP in NAFLD, MTP mutations in
humans and experimental animals lead to early onset of hepatosteatosis and mitochondrial
fragmentation (21), which resemble those defects caused by ALCAT1 overexpression in
primary hepatocytes. In support for a role of CL remodeling by ALCATL1 in NAFLD, we
show in this report that ALCAT1 deficiency significantly attenuated the expression of genes
involved in de novo lipogenesis, including PPARa, SREBP1c, FAS1, and ACC1 which were
up-regulated by the onset of NAFLD.

Oxidative stress disrupts mitochondrial architecture, which is implicated in mitochondrial
ideology of age-related metabolic diseases (22). Mitochondria go through frequent cycles of
fusion and fission, a process required for mitochondrial quality control by eliminating ROS-
damaged mitochondria through mitophagy (23). We show in this study that the onset of
NALFD caused mitochondrial fragmentation and the depletion of MFN2 which is required
for mitochondrial fusion. MFN2 depletion in liver leads to glucose intolerance and
hepatosteatosis (24). MFN2 deficiency is also a common defect in obesity and type 2
diabetes (25). Hence, targeted deletion of MFN2 causes mitochondrial fragmentation,
oxidative stress, mtDNA instability, and severe mtDNA depletion (26), which are highly
reminiscent of the defects caused by ALCAT1 overexpression. In final support for a
causative role for ALCATL in the mitochondrial etiology of NAFLD, ALCAT1 deficiency
prevents mitochondrial fragmentation associated with NAFLD by increasing MFN2
expression, leading to restoration of mitochondrial oxidative capacity. Collectively, our data
support a key role of ALCAT1 in the etiology of NAFLD, as depicted in Fig. 5N.
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Accordingly, up-regulated ALCAT1 expression by ROS leads to CL peroxidation, which
triggers a vicious cycle of oxidative stress and mitochondrial dysfunction, culminating in the
onset of NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Ablation of ALCAT1 prevents NAFLD and its related metabolic complications. ALCAT1 ™/~

mice and WT controls were fed a high-fat diet (HFD) for 18 consecutive weeks, and were
analyzed for: (A-B) gross morphology; (C-D) liver sections by H&E staining; (E-F)
hepatosteatosis by Qil Red staining; and (G—H) hepatic fibrosis by trichrome staining. (1)
Western blot analysis of ALCAT1 expression and insulin-stimulated phosphorylation of
AKT and GSK3a/ in the liver. (J-K) Analysis of liver weight and triglyceride level. (L-0),
RT-PCR analysis of genes that promote lipogenesis in the liver, including PPARa, ACC1,
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SREBP1c and FAS1. (P-Q) RT-PCR analysis of hepatic fibrosis biomarkers, including
collagen-1 (P) and collagen-111 (Q). Data are expressed as mean = SEM; n = 6-8, *p < 0.05,
**p < 0.01 and ***p < 0.001. Scale Bar: 50um.
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1327 44 61 79 96113130
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ALCAT1 deficiency prevents mitochondrial dysfunction in hepatocytes. (A-D) Analysis of
mitochondrial architecture in isolated hepatocytes from WT controls (A, highlighted in C)
and ALCAT1~/~ mice (B, highlighted in D) stained by MitoTracker Red using liver samples
from Fig. 1. Scale Bar: 10 um. (E) Western blot analysis of mitochondrial fusion and fission
proteins, including OPA1, MFN2, VDAC1 and DRP1, using GAPDH as loading control and
liver samples from Fig. 1. (F) Western blot analysis of autophagic biomarkers, including
LC3, p62, and PINKZ1. (G-J) Electron micrographic (EM) analysis of liver sections from

Hepatology. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 13

ALCAT1~/~ mice (H, highlighted in J) and WT mice (G, highlighted in 1). Arrows highlight
deformed mitochondria (I) or mitophagosomes (H and J); f, fat droplets. Scale Bars: 2 pm
(G &H) and 0.5 pm (I & J). (K-L) RT-PCR analysis of mtDNA copy number and mtDNA
mutation rate. (M) Primary hepatocytes from ALCAT1~/~ and WT mice on HFD were
analyzed for mitochondrial respiration by Seahorse XF-24 to determine changes in oxygen
consumption rate (OCR) in response to treatment with indicated mitochondrial inhibitors,
including oligomycin, FCCP, and rotenone. Mean = SEM; n=5, *P<0.05, **P<0.01, and
***P<0.001.
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Fig. 3.
ALCAT1 deficiency promotes autophagosome biogenesis through attenuation of oxidative

stress. Primary hepatocytes from ALCAT1~/~ mice (KO) and WT controls were infected
with recombinant adenoviruses expressing LC3-GFP fusion protein, stained by MitoTracker
Red, and followed by confocal imaging analysis of mitochondrial network and
autophagosome biogenesis. (A-H) Primary hepatocytes from WT and ALCAT1~/~ mice on
HFD were analyzed for mitochondrial architecture (A & E), autophagosomes (B & F), and
mitophagosomes (C & G, enlarged in D & H). (I-P) Primary hepatocytes from WT and
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ALCAT1~~ mice on chow diet were treated with 0.5 mM H,0, for 2 hours, followed
analysis of mitochondrial architecture (1 & M), autophagosome biogenesis (J & N), and
mitophagosomes (K & O, enlarged in L & P). (Q) Quantitative analysis of autophagosomes
per hepatocyte (n=100). (R-S) Analysis of oxidative stress and lipid peroxidation in the
forms of H,05 and malondialdehyde (MDA), a byproduct of lipid peroxidation. Mean +
SEM; n=6-8, *P<0.05, **P<0.01, and ***P<0.001. Scale Bar: 10 um.
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FIG. 4.
Overexpression of ALCAT1 leads to hepatosteatosis in response to oxidative stress. Primary

hepatocytes and HepG2 cells were infected with recombinant adenoviruses overexpressing
ALCAT1 or vector control, and analyzed for lipid droplets by Oil Red staining. (A-H)
Overexpression of ALCAT1 (B, highlighted in F) in primary hepatocytes led to
hepatosteatosis relative to vector control (A, highlighted in E), as evidenced by increased
number and size of oil droplets (highlighted by arrows). The defects were exacerbated in
response to treatment with 0.05 mM H,0, for 2 hours (C and D, highlighted in G and H).
(1-P) Overexpression of ALCATL (J, highlighted in N) in HepG2 cells significantly
increased the number and size of lipid droplets relative to vector control (I, highlighted in
M). The defects were exacerbated in response to treatment with 0.05 mM H,0, for 12h (K
and L, highlighted in O and P). Scale Bar: 20 pm.
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FIG.5.

Overexpression of ALCAT1 leads to mitochondrial fragmentation, oxidative stress, lipid
peroxidation, mtDNA depletion, and mtDNA mutation. (A—H) Primary hepatocytes from
WT mice on a chow diet were infected with recombinant adenoviruses overexpressing
ALCAT1 or vector control, stained with MitoTracker Red or Oil Red, and followed by
confocal imaging analysis. Overexpression of ALCATL in primary hepatocytes caused
mitochondrial fragmentation (B, highlighted in F) relative to vector control (A, highlighted
in E), which was exacerbated in response to treatment with H,O, (C and D, highlighted in G
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and H). Scale Bar: 10 um (A-D). (1) Quantification of mitochondrial architecture in panel
5A-5D, n=100. (J-M) HepG2 cells were infected with recombinant adenoviruses
overexpressing ALCAT1 or vector control and treated with vehicle (control) or 0.5 mM
H,0,, followed by analysis for changes in levels of oxidative stress (J), lipid peroxidation
(K), mtDNA depletion (L), and mtDNA mutation rate (M). Mean £ SEM; n=5, *P<0.05,
**P<0.01, and ***P<0.001. (N) A hypothetical model depicting a causative role of
ALCATL1 in NAFLD in response to oxidative stress associated with diet-induced obesity.
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