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Abstract Alcoholic-related liver disease (ALD) is one
of the leading causes of chronic liver disease and
morbidity. Unfortunately, the pathogenesis of ALD is
still incompletely understood. StARD1 has emerged
as a key player in other etiologies of chronic liver
disease, and alcohol-induced liver injury exhibits
zonal distribution. Here, we report that StARDI is
predominantly expressed in perivenous (PV) zone of
liver sections from mice-fed chronic and acute-on-
chronic ALD models compared to periportal (PP) area
and is observed as early as 10 days of alcohol feeding.
Ethanol and chemical hypoxia induced the expres-
sion of StARDI in isolated primary mouse hepato-
cytes. The zonal-dependent expression of StARDI
resulted in the accumulation of cholesterol in mito-
chondria and increased lipid peroxidation in PV he-
patocytes compared to PP hepatocytes, effects that
were abrogated in PV hepatocytes upon hepatocyte-
specific Stard] KO mice. Transmission electron mi-
croscopy indicated differential glycogen and lipid
droplets content between PP and PV areas, and
alcohol feeding decreased glycogen content in both
areas while increased lipid droplets content prefer-
entially in PV zone. Moreover, transmission electron
microscopy revealed that mitochondria from PV zone
exhibited reduced length with respect to PP area, and
alcohol feeding increased mitochondrial number,
particularly, in PV zone. Extracellular flux analysis
indicated lower maximal respiration and spared res-
piratory capacity in control PV hepatocytes that were
reversed upon alcohol feeding.HE These findings
reveal a differential morphology and functional ac-
tivity of mitochondria between PP and PV hepato-
cytes following alcohol feeding and that StARDI may

play a key role in the zonal-dependent liver injury
characteristic of ALD.
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Alcoholic-related liver disease (ALD) is a leading
cause of chronic liver disease and related mortality in
Western countries caused by excessive consumption of
alcohol. ALD encompasses a spectrum of liver alter-
ations, ranging from steatosis to alcoholic steatohepa-
titis, which can further progress to advanced stages
such as cirrhosis and hepatocellular carcinoma (1-3).
Alcohol is metabolized in the liver by alcohol dehy-
drogenase resulting in the generation of acetaldehyde,
which in turn can be oxidized to acetate by acetalde-
hyde dehydrogenase (ALDH) (4, 5). Alternatively,
alcohol can be also metabolized via the microsomal
cytochrome P450 system, with CYP2EI playing a crucial
role due to its upregulation by chronic alcohol intake.
The oxidative metabolism of alcohol through either
alcohol dehydrogenase or CYP2E] generates superox-
ide anion and other reactive oxygen species (ROS),
which can inflict harmful effects in hepatocytes, and
nonparenchymal cells (e.g., Kupffer cells, endothelial
cells, and hepatic stellate cells) (5, 6). The onset of
oxidative stress along with other players, such as
endoplasmic reticulum (ER) stress, disruption of
methionine metabolism, genetic and environmental
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factors, and mitochondrial dysfunction can elicit
adverse responses, such as hepatocellular death,
inflammation, and fibrosis, which contribute to the
progression of ALD to advanced stages (4-8).

Alcohol metabolism regulates hepatic lipid meta-
bolism leading to an imbalance between the biogenesis
and catabolism of lipids that translates in the initial
stage of hepatic steatosis (9). In addition, alcohol in-
creases hepatic cholesterol levels, which can aggravate
ALD progression (10). Recent findings indicated that
the inactivation of ALDH2, the enzyme responsible for
alcohol flux in nearly 8% of the world population and
about 40% of Asians, increases the expression of
3-hydroxy-3-methylglutaryl-CoA reductase, the rate-
limiting step in the de novo synthesis of cholesterol
(11). The ALDH2-mediated regulation of cholesterol
synthesis is linked to the mitochondria-associated ER
membranes, a specific domain of membranes in which
ER and mitochondria contact, which plays a critical role
in the transfer of calcium and lipids, including choles-
terol between ER and mitochondria (12, 13). In line with
these findings, previous studies indicated that alcohol
intake triggered the enrichment of cholesterol in
mitochondria, which negatively regulates the homeo-
stasis of mitochondrial antioxidant strategies in ALD,
such as mitochondrial GSH redox cycle (6, 14-18).
Alcohol-induced mitochondrial GSH depletion con-
tributes to liver injury by sensitizing hepatocytes to
secondary insults and inflammatory cytokines-
mediated cell death (19, 20).

Moreover, mitochondrial dysfunction plays a role in
ALD pathogenesis and cholesterol accumulation in
mitochondria impairs mitochondrial function (21-23).
Thus, uncovering the mechanism for the trafficking of
cholesterol to mitochondria may represent a significant
advance in understanding ALD pathogenesis. Besides
vesicle-mediated interorganellar transport, intracellular
cholesterol trafficking can occur through a non-
vesicular protein-mediated transfer mechanism in
membrane contact sites, in which specific proteins work
as cholesterol transporters due to the presence of lipid-
binding pocket domains (24, 25). In this regard, ste-
roidogenic acute regulatory protein 1 (StARDI), plays a
crucial role in the delivery of cholesterol to mitochon-
drial inner membrane for metabolism and has emerged
as a key player in liver diseases, including drug-induced
liver injury and nonalcoholic steatohepatitis-driven
hepatocellular carcinoma (26-28).

The liver exhibits metabolic zonation, with the
segregation of hepatocyte populations involved in
specialized functions that are largely determined by
anatomical features (29-31). In this regard, expression
of CYP2EI is enriched in the perivenous (PV) zone of
the liver, coinciding with the area being most sensitive
to the damaging effects of chronic alcohol intake
(32-34). In addition, mitochondrial GSH depletion has
been reported preferentially in PV compared to peri-
portal (PP) hepatocytes from rats fed alcohol (35, 36).
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However, whether StARDI is expressed in a zonal-
dependent pattern has not been previously reported,
and thus, we examined the expression of StARDI and
mitochondrial function in PP and PV hepatocytes in
ALD.

MATERIALS AND METHODS

Animals and ALD models

Wild type C57BL/6] male mice (8-10 week old) were ob-
tained from Charles River Laboratories (Wilmington, MA).
Mice with hepatocyte-specific StARDI (Stard1*"P) deletion
have been generated and characterized as described recently
(27). To model chronic ALD, mice were randomly separated in
two groups that were fed with a Lieber-DeCarli liquid diet
(Research Diets, cat no: L10016A) with maltodextrin (CTRL) or
5% ethanol for 10 or 30 days. In addition, we used the acute-
on-chronic NIAAA model (37) and pair-fed control or
ethanol-containing Lieber-DeCarli liquid diets (Research Di-
ets, cat no: L10016A), providing 36% of calories from ethanol
(or maltose), as previously described (37, 38). After 10 days of
chronic alcohol feeding, mice were gavaged with alcohol (5 g/
kg) and euthanized 8 h later. Animals were housed in
temperature-and humidity-controlled rooms and kept on a
12 h light/dark cycle. All the experimental protocols used
were approved and performed in accordance with the Animal
Care Committee of the Hospital Clinic-Universidad de Bar-
celona and conformed to the highest international standards
of humane care of animals in biomedical research.

Isolation of PP and PV hepatocytes

Livers were extracted from mice for whole liver analysis.
PP and PV mouse hepatocytes were prepared through
perfusion of portal and superior cava veins followed by a dual
digitonin-collagenase digestion, as previously described (35,
36). Briefly, for zone-specific cell destruction, digitonin was
infused for 10 s in the prograde or retrograde direction to
prepare PP and PV hepatocytes, respectively. Immediately
after the infusion of digitonin, Hanks's buffer was infused
through the opposite cannula for 2-3 min, followed by
collagenase (100 units/ml) perfusion with Hank's buffer sup-
plemented with 25 mM CaCl,. Hepatocytes were then
cultured at a density of 1 x 10°~70 x 10” cells per 60 mm dish
or a 12-well plate coated with rat-tail collagen. Hepatocytes
were cultured in DMEM/F12 culture media (Gibco, 21331-020)
supplemented with 10% FBS, 100 U/ml Penicillin-
Streptomycin (Gibco, 15140-122), 2 mM L-Glutamine (Gibco,
25030-024), and 150 mM Hepes pH 7.4 (Sigma-Aldrich) for the
first 3 h post isolation. Medium without FBS was used for
subsequent treatments. The quality of the PP and PV pop-
ulations of hepatocytes was verified by the determination of
the expression of specific markers for either zone, including
E-cadherin and CYP2F2 for PP area, and CYP2EI and gluta-
mine synthase (GLUL) for the PV zone (29-31). In some cases,
PV hepatocytes were isolated from Stard1*"” mice fed liquid
diet containing 5% ethanol to determine the impact of alcohol
feeding on mitochondrial cholesterol, GSH homeostasis,
oxidative stress, and mitochondrial ultrastructure.

In vitro treatment of primary mouse hepatocytes

To assess the effects of hypoxia and ethanol in primary
mouse hepatocytes (PMH), cultured PMH were treated with
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100 pM CoCly and/or 100 mM ethanol for 24 h. Hypoxia-
inducible factor (HIF) and StARDI expression were deter-
mined by Western blot analyses. For ROS generation deter-
mination, cultured PMH were incubated in dichloro
fluorescein diacetate (10 pM) solution for 30 min at 37°C in
dark. Cells were then washed with PBS and evaluated by
fluorescence spectroscopy using the Synergy HT multi-mode
microplate reading (485 nm for excitation and 528 nm for
emission). The fluorescence was normalized by protein
content, determined by BCA protein assay. The induction of
reactive species was calculated with respect to control
samples.

Mitochondrial isolation

Mitochondria were isolated by differential centrifugation,
as previously described (19, 20). Briefly, livers were minced in
10 volume of cold buffer A (225 mM mannitol, 75 mM
sucrose, 0.1 mM EGTA, 10 mM Hepes, and 1 mg/ml fatty acid-
free BSA, pH 7.4) supplemented with protease and phospha-
tase inhibitors (Roche). After tissue disruption, mitochondria
fraction was isolated by differential centrifugation, 15 min at
700 g followed by 15 min at 10,000 gat 4°C. Pellets containing
mitochondria were resuspended in Buffer B (395 mM sucrose,
01 mM EGTA, and 10 mM Hepes, pH 7.4). Alternatively,
mitochondrial fractions for GSH determination from PMH
were prepared by digitonin fractionation to selectively
disrupt plasma membrane, as described previously (35, 36).
Briefly, PMH (1 x 10° cells) in 0.1 ml Hepes buffer (19.8 mM
EDTA, 250 mM mannitol in 17.0 mM Hepes, pH 7.4) contain-
ing 0.24 mg/ml digitonin were added to a 0.5 ml silicone-
mineral oil mixture layer and centrifuged at 13,000 g in
microfuge at room temperature for 3 min.

Extracellular flux analysis

Mitochondrial suspensions in 70 mM sucrose, 220 mM
mannitol, 10 mM KHyPO,4, 5 mM MgCly, 2 mM Hepes, 1.0 mM
EGTA, and 02% (w/v) fatty acid-free BSA, pH 7.2 were
incubated with either pyruvate and malate (10 mM) or succi-
nate (10 mM) and rotenone (2 uM) as substrates for respiration
and delivered to XFe24 Seahorse plates and loaded into the
XFe24 Analyzer for mitochondrial respiration analysis, as
described previously (21). Real-time determination of oxygen
consumption rates (OCR) from PP and PV hepatocytes was
determined by a sequential injection of 2 pM oligomycin,
0.2 pM carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone, and 2 pM antimycin A plus rotenone, as previously
described (39).

Transmission electron microscopy

Mice were perfused through the portal vein to wash the
liver with cold saline and then fixed by perfusion with 2.5%
glutaraldehyde in phosphate buffer. Liver tissue fragments
were extracted and fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in phosphate buffer (0.1 M; pH 7.4), post
fixed in 1% osmium tetroxide and 0.8% potassium ferrocya-
nide, dehydrated with acetone, and embedded in epoxy resin.
Semithin sections were cut and stained with methylene blue
for light microscopy to select PP and PV areas. Ultrathin
sections (70 nm) for transmission electron microscope (TEM)
were cut, collected in 100-mesh cooper grids and stained with
2% uranyl acetate for 10 min and with a lead-staining solution
for 2 min. Images from stained ultrathin sections were
acquired using a transmission electron microscope JEOL
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JEM-1010 fitted with a Gatan Orius SC1000 (model 832) digital
camera. Image] software (https://imagejnih.gov/ij/) was used
to quantify glycogen and lipid droplets (LDs) content, as well
as mitochondrial length and number.

Biochemical determinations

Alanine aminotransferase and aspartate aminotransferase
as well as total bile acids (BAs) were analyzed by the Clinical
Core Laboratories at the Hospital Clinic i Provincial de Bar-
celona on an ADVIA 2400 Chemistry System (Siemens Med-
ical Solutions, Erlangen, Germany) using commercially
available kits, ADVIA Chemistry System 1650 (Bayer-Siemens)
and CHOD-PAP (Roche Diagnostics).

Western blotting

Total liver homogenates and cultured mouse hepatocytes
were diluted with RIPA lysis buffer (Sigma-Aldrich) with
antiproteases and antiphosphatases. Samples were incubated
15 min at 4°C, vortexed, and spanned down for 10 min at
10,000 rpm. All supernatants were collected and quantified
for protein concentration using Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Between 20 and 50 pg of protein
were subjected to 4%-12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) (Bio-Rad, XT-Criterion) and then elec-
trotransferred onto nitrocellulose membranes (Bio-Rad). One
percent—five percent BSA solution in TBS-Tween was used to
block the membranes for 1 h at room temperature. Mem-
branes were incubated overnight with the following primary
antibodies: CYP2E1 (Abcam, ab28146), CYP2F2 (Santa Cruz,
$c374540), E-Cadherin (Santa Cruz, sc59778), FISI (Abcam,
ab71498), GLUL (Abcam, ab73593), HIF2a (Abcam, ab109616),
4HNE (Abcam, ab46545), StARD3 (Santa Cruz, sc292868),
OPA1 (Abcam, ab42364), Porin (Merck Millipore, MABN504),
StARDI1 (Cell Signaling, #8449), B-Actin (Sigma-Aldrich,
A3854). Membranes were thoroughly washed with TBS-
Tween and incubated for 45 min with their respective
HRP-conjugated secondary antibodies. Pierce ECL. Western
Blotting Substrate (Thermo Fisher Scientific) was used to
develop the membranes. LAS4000 (GE HealthCare) was used
to digitally capture images and absorbance was analyzed with
Image] software.

Staining of liver sections

For immunohistochemistry analysis paraffin molds con-
taining liver samples were cut into 5-pm sections and mounted
on HistoGrip-coated slides. The sections were deparaffinized
in xylene and dehydrated in a graded alcohol series. Endog-
enous peroxidase (3% HsOg) and endogenous avidin and
biotin were used to block. Slides were incubated with primary
antibody (StARDI, Santa Cruz, sc23524) overnight in a wet
chamber at 4°C. After washing with PBS, slides were incu-
bated with a biotinylated antibody for 45 min in a wet
chamber and developed with an ABC Kit with peroxidase
substrate (diaminobenzidine) and peroxidase buffer. After
the slides were rinsed with tap water, they were counter-
stained with hematoxylin and mounted with Aquatex.
Olympus BX41 microscope was used to take images.

For immunohistofluorescence analyses, 12-pm liver frozen
sections were fixed in 10% formalin for 1 h at room temper-
ature, washed with PBS and blocked with antibody diluent
(Abcam ab64211) and 10% Normal Goat Serum ready-to-use
(Life technologies #5000627) at room temperature for 20
and 10 min, respectively. Sections were then washed with PBS
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and incubated overnight at 4°C with the following primary
antibodies: CYP2F2 (Santa Cruz, sc374540), GLUL (Abcam,
ab73593), StARDI (Cell Signaling, #8449), and hydroxyprobe
pimonidazole (Hydroxyprobe, Inc, HPI, MAbI). Sections were
subsequently washed with PBS, incubated with their respec-
tive fluorochrome-conjugated secondary antibodies for
45 min at room temperature and stained with 0.2 mg/ml
Filipin in PBS for 3 h at room temperature. Additionally,
samples were stained with glutathione-S-transferase tag fused
with the perfringolysin O (GST-PFO) to localize cholesterol, as
described previously (40). Samples were finally washed with
PBS and embedded in fluorescent mounting medium (Dako
#53023) or ProLong™ Diamond Antifade Mountant with
DAPI (Invitrogen, P36962) to mount the coverslips. Digital
images were taken in a Leica DM2500 confocal microscope.
Low magnification (10x) confocal images were obtained in
Dragonfly microscope, Andor.

Laser confocal imaging

Cultured PMH were fixed for 15 min with 4% para-
formaldehyde and permeabilized and blocked for 15 min with
0.2% saponin dissolved in 1% BSA-fatty acid free in PBS
commercial buffer. Cytochrome C (BD Pharmingen, 556432)
primary antibody was incubated overnight in BSA 1% fol-
lowed by a secondary antibody for 1 h at room temperature in
BSA 01%. Filipin (Sigma-Aldrich) was added at 0.33 mg/ml
during the secondary antibody incubation and the following
steps were performed in the dark. Stained samples were
mounted in Fluoromont (Sigma-Aldrich), and digital images
were taken in a Leica DM2500 confocal microscope.

GSH levels determination

Aliquots of one million hepatocytes were taken right after
hepatocyte isolation from mice. Cells were then fractionated
into cytosol and mitochondria by selectively permeabilizing
the plasma membrane with digitonin and subsequent centri-
fugation through an oil layer with 10% trichloroacetic acid as
described (34, 35). Aliquots of the cytosolic and mitochondrial
fractions were kept on ice for determination of GSH levels by
the recycling method as previously described (41).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
9 (Graphpad Software Inc; https://www.graphpad.com). Un-
paired Student’s ¢ test (two tailed) was performed between two
groups and one or two-way ANOVA followed by Tukey’s
multiple comparison tests were used for statistical compari-
sons between three or more groups. The corresponding
number of experiments is indicated in the figure legends.
Data in graphs are shown as mean + SEM.

RESULTS

Chronic and acute-on-chronic alcohol intake
increases StARDI expression in a zonal-dependent
manner

Previous studies indicated that alcohol feeding to
mice increases the expression of StARDI (18). However,
whether this event occurs in a zonal-dependent manner
was not investigated. Thus, we fed mice a liquid diet
containing ethanol (5%) for 10 and 30 days to examine

4 . Lipid Res. (2023) 64(8) 100413

the zonal distribution of StARDI. Although feeding
mice alcohol for 30 days markedly altered the liver
architecture, with centrilobular hepatocyte hypertro-
phy and hepatic macrovesicular steatosis, 10 days of
feeding already caused liver injury and microvesicular
steatosis (supplemental Fig. SI). Chronic alcohol feeding
for 30 days increased the expression of StARDI in
parallel with the increase of CYP2E] and this effect
was observed as early as 10 days of alcohol feeding
(Fig. 1A-D), suggesting that the expression of StARDI is
an early event in ALD. In contrast, hepatic expression
of StARD3, also known as MLN64, did not change in
extracts from alcohol-fed mice (supplemental Fig. S2).
Immunohistochemical staining of liver sections from
mice fed with alcohol revealed a zonal-dependent
pattern of StARDI distribution, exhibiting higher
expression around the central vein, suggesting prefer-
ential expression in the PV zone (Fig. 1E). To further
confirm the zonal-dependent expression of StARDI, we
performed immunofluorescence analyses of liver sec-
tions stained with GLUL antibody to identify areas
enriched in glutamine synthase, a PV marker and
StARDI antibody (30, 31). As seen, while the expression
of StARDI in liver sections from control mice was
barely detectable consistent with the low basal expres-
sion of StARDI in the liver, alcohol feeding for 10 or
30 days increased StARDI expression that colocalized
with GLUL stained areas (Fig. 1F, G; see also
supplemental Fig. S3), indicating that alcohol induced
the expression of StARDI preferentially in PV areas.
Furthermore, we next examined whether this pattern
of expression was also observed in a more severe model
of ALD. Mice fed acute-on-chronic NIAAA alcohol
model exhibited increased expression of StARD]1 that
colocalized with GLUL-stained area (Fig. 1H and
supplemental Fig. S3). Taken together these findings
indicate that chronic alcohol intake leads to a prefer-
ential expression of StARDI in PV zone.

Predominant expression of StARDI in isolated PV
hepatocytes from alcohol-fed mice

To further verify the zonal-dependent pattern of
StARDI expression in ALD, we next isolated PP and PV
hepatocyte populations from alcohol-fed mice using a
dual digitonin-collagenase perfusion approach and
examined expression of zone-specific markers (see
Methods for details). As seen, E-cadherin, a PP marker,
was enriched in PP hepatocytes with barely expression
in PV population, while GLUL expression was higher in
PV hepatocytes (Fig. 2A-D). The zone-specific enrich-
ment was maintained in PP and PV hepatocytes from
alcohol-fed mice, although the levels of both E-cad-
herin and GLUL were somewhat reduced compared to
control PP and PV hepatocytes. As expected, Western
blots showed that the expression of CYP2El was
significantly enhanced following alcohol feeding in
both populations, with a higher level of expression in
PV hepatocytes compared to PP hepatocytes, further
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indicating segregation of PP and PV-enriched hepato-
cyte populations (Fig. 2A, C). Consistent with the
immunohistochemical and immunofluorescence ana-
lyses of liver sections, StARDI expression by alcohol
feeding was higher in isolated PV hepatocytes
compared to PP population, and this outcome was
observed as early as 10 days of alcohol intake (Fig. 2E, F).
Like in cell extracts, expression of StARD3 in PP and
PV hepatocytes was unchanged in alcohol-fed mice
(supplemental Fig. S2). Thus, taken together StARDI
exhibits a zonal-dependent pattern of expression
following chronic alcohol feeding with a predominant
induction in PV zone.

Hypoxia synergizes with alcohol to induce StARDI
expression in PMH

We next explored the mechanism whereby alcohol
feeding increases StARDI in PV hepatocytes. PV zone is
not only enriched in CYP2E1 expression but exhibits a
lower oxygen tension compared with PP area and it is
the area where HIFs are mainly activated (28-31).
Hence, we examined the impact of hypoxia and alcohol
in the expression of StARDI in PMH. Exposure of PMH
to chemical hypoxia with CoCls induced HIF20, as ex-
pected, that was further potentiated by simultaneous
incubation with ethanol (Fig. 3A, B). While this syner-
gism did not affect the expression of CYP2E1 (Fig. 3A,
C), it did increase that of StARDI (Fig. 3A, D). In line
with the findings in PMH, staining of liver sections with
the hydroxyprobe pimonidazole to detect hypoxic
areas and anti-GLUL antibody indicated that alcohol
feeding exacerbated the onset of hypoxia in areas that
colocalized with GLUL (Fig. 3E). As ER stress is a major
player in ALD and HIF is known to increase the
expression of StardI at the transcriptional level (18, 27,
42), our findings indicate that alcohol and HIF stabili-
zation synergize to induce the expression of StARDIL

Alcohol feeding increases hepatic and
mitochondrial cholesterol in PV zone

Alcohol metabolism alters the imbalance between the
biosynthesis and catabolism of lipids leading to hepatic
steatosis (9). In addition to the increase in triglycerides, a
major component of the LDs characteristic of macro-
vesicular hepatic steatosis, alcohol intake also has been
shown to increase the cholesterol content (10, 14). To
examine whether alcohol feeding increases cholesterol
levels even after a 10-day period, we stained liver sec-
tions with GST-PFO, a stable and specific probe that
labels membrane cholesterol (40). Consistent with pre-
vious observations (10, 14), liver sections stained with
GST-PFO indicated a higher cholesterol level in mice
fed alcohol compared to sections from control mice
(Fig. 4A). Moreover, GST-PFO staining colocalized with
sections labeled with GLUL to detect PV areas, indi-
cating a predominant increase of cholesterol in PV
zone after alcohol feeding (Fig. 4A). Similar findings
showing predominant increase of cholesterol in PV
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were observed when liver sections were stained with
filipin, an antibiotic that detects free cholesterol, and
GLUL or CYP2F2 antibodies to delineate PV and PP
zones, respectively (supplemental Fig. S4). Besides
increasing cholesterol levels in liver sections of mice
fed alcohol, we next examined the content of choles-
terol in mitochondria. Thus, isolated PP and PV hepa-
tocytes from control and alcohol-fed mice were stained
with filipin to detect cholesterol and cytochrome c to
label mitochondria. Laser confocal analyses revealed a
higher degree of colocalization of filipin with cyto-
chrome c in PV hepatocytes than PP hepatocytes from
alcohol-fed mice (Fig. 4B). Thus, these findings indicate
that in line with the increase of cholesterol following
alcohol intake mitochondrial cholesterol preferentially
accumulates in PV hepatocytes.

Alcohol feeding induces mitochondrial GSH
depletion and oxidative stress in a zonal-dependent
manner

As StARD] mediates mitochondrial cholesterol
loading, which in turn, has been described to regulate
the transport of GSH into mitochondria (14, 21, 25), we
next determined the zonal distribution of mitochon-
drial GSH levels following alcohol intake. Mitochon-
drial GSH levels were determined in isolated PP and
PV hepatocytes after permeabilization with digitonin
and subsequent centrifugation through oil layer as
described previously (35, 36). Determination of GSH in
the mitochondrial fractions revealed a preferential
depletion in PV hepatocytes from alcohol-fed mice
with respect to PP population (Fig. 5A), in line with
previous reports in alcohol-fed rats (35, 36). These
findings suggest that the preferential depletion of
mitochondrial GSH in PV zone by alcohol intake in
mice is species independent. As GSH is a crucial mito-
chondrial antioxidant defense, we next examined the
zonal distribution of lipid peroxidation. As seen,
4-hydroxynonenal (4-HNE) levels were higher in PV
hepatocytes from alcohol-fed mice compared to PP
population (Fig. 5B), correlating with the predominant
depletion of mitochondrial GSH content. Moreover,
ROS determined by dichlorofluorescein diacetate
fluorescence indicated higher oxidative stress in PV
hepatocytes from alcohol-fed mice (Fig. 5C). Thus,
these findings revealed that alcohol intake caused a
selective depletion of mitochondrial GSH and
increased oxidative stress in the PV zone of the liver,
coinciding with the area exhibiting more alcohol-
related liver injury.

Unchanged zonal distribution of BAs in alcohol-fed
mice

Cholesterol is a precursor for BAs, which can be
synthesized via the classic and alternative mitochon-
drial pathways, the latter being regulated by StARDI-
mediated cholesterol trafficking to mitochondria
(43-46). BAs can be potentially toxic and alcohol
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consumption causes cholestasis whose contribution to
ALD progression is unclear (47). Moreover, the effect
of alcohol intake in the expression of enzymes involved
in BAs biosynthesis is controversial (48-51). Thus, we
next examined whether the alcohol-induced stimula-
tion of StARDI-mediated cholesterol trafficking to
mitochondria translated in higher BAs content in a
zonal-dependent manner. Total pool of BAs was un-
changed by alcohol feeding in PP and PV hepatocytes
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from alcohol-fed mice (supplemental Fig. S5A). More-
over, except for the expression of CYP7BI, which was
markedly reduced in PP and PV hepatocytes from
alcohol-fed mice, and CYP7A1 that was stimulated in
PV hepatocytes from control mice, alcohol feeding did
not change the expression of CYP27A1 and CYPS8BI,
involved in the alternative and classic pathways of BAs
synthesis, respectively (supplemental Fig. S5B-E). Thus,
despite alcohol-induced StARDI expression and
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mitochondrial cholesterol accumulation in PV zone,
alcohol feeding does not lead to a zonal-dependent
change in the total pool of BAs.

TEM reveals zonal-dependent alterations in LD
population and mitochondrial morphology in
alcohol-fed mice

We next examined the structural morphology of PP
and PV zones of liver sections from alcohol-fed mice by
TEM. First, to ensure that ultrathin sections contained
both PP and PV areas, semithin (1 pm) slices were
carefully selected under a light microscope (to deter-
mine whether the right area of liver samples were in a
position for thin sectioning); then, ultrathin sections
(70 nm) were cut and placed onto grids (supplemental
Fig. S6). Chronic alcohol drinking is known to alter
the ultrastructure of hepatocytes affecting the content
of glycogen and the presence of LD, characteristic of
hepatic steatosis, the initial stage of ALD. While liver
sections from control mice presented high glycogen
content and few small LD in both areas, samples from
alcohol-fed mice revealed a remarkable reduction in
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glycogen in both zones, with the almost disappearance
of glycogen in the PV area (Fig. 6A, B), consistent with
the reported impact of alcohol abuse in patients with
ALD (52). Quantitative analysis of LD showed minor
differences between PP and PV zones in samples from
control mice, which changed substantially in sections
from alcohol-fed mice, reflected in the zonal-
dependent alterations in the number and size of LDs.
In particular, PP zone from alcohol-fed mice exhibited
a number of LDs that ranged from small to large sizes,
while PV zone exhibited an increased number of LD of
reduced size (Fig. 6C, D), in line with the known
expression of enzymes involved in the lipogenesis in
the pericentral hepatocytes (30, 31).

Consistent with the effect of alcohol drinking on the
ultrastructure of mitochondria (53), we observed striking
changes in the appearance of mitochondrial
morphology in PP and PV areas. In PV areas from con-
trol samples, mitochondrial length was significantly
reduced compared to mitochondria from PP zone
(Fig. 6D, E). This feature paralleled the observed
increased expression of FIS1, a mitochondrial fission

Zonal expression of STARDI 9
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protein without changes in the expression of OPAllevel,
in PV with respect to PP zones (supplemental Fig. S7).
Ultrastructure analyses in liver sections from alcohol-
fed mice revealed an increased mitochondrial number
in both zones, particularly in the PV area, with the
appearance of larger mitochondria surrounding LD in
the PP area (Fig. 6D-F at higher magnification). More-
over, although chronic alcohol feeding did not affect
mitochondrial size in PV areas it induced changes in
mitochondrial shape with the appearance of concave
forms with thick edges and a thin matrix in the center,
and donut-like forms with bent shapes shrinking into a
ring with a lumen containing cytoplasm (Fig. 6D),
consistent with previous findings (54). Furthermore, as
shown in other settings such as phenobarbital treatment
or drug metabolism/detoxification (55, 56), there were
also significant changes in the ER. As seen, the PV zone
exhibited more rough endoplasmic reticulum (RER)
than PP area in control mice. Interestingly, consistent
with the intracellular site where P450 enzymes are
expressed (57), chronic alcohol intake caused a shift
from RER to a dramatic increase of smooth endoplasmic
reticulum (SER) in PV areas, (Fig. 6D, E). These findings
underscore zonal-dependent alterations in the ultra-
structure of glycogen, LD, and mitochondria after
alcohol feeding particularly in the PV zone.
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Chronic alcohol feeding induces zonal-dependent
alterations in mitochondrial respiration

We next examined the zonal-dependent effects of
chronic alcohol feeding on mitochondrial function
assessed by extracellular flux analyses. As a first
approach, we determined real-time OCR tracings in
isolated mitochondria from control and alcohol-fed
mice using malate-pyruvate (complex I) or succinate
plus rotenone (complex II). While complex I-driven
mitochondrial respiration exhibited comparable OCR
between control and alcohol-fed mice for 30 days,
mitochondria from alcohol-fed mice showed significant
increased state 3 respiration with succinate plus rote-
none, indicating the stimulation of complex IlI-driven
mitochondrial respiration (Fig. 7A, B), in line with
recent findings in mitochondria from mice fed alcohol
(58-60). To determine the spatial distribution of the ef-
fects of alcohol intake on mitochondrial function, we
examined OCR in isolated PP and PV hepatocytes from
control and alcohol-fed mice. Consistent with the poor
oxygen environment of PV zone, PV hepatocytes from
control mice displayed significant reduction in func-
tional mitochondrial respiratory parameters, including
lower basal respiration, ATP production as well as
maximal respiration and spare respiratory capacity
compared to PP hepatocytes (Fig. 7C), indicating a spatial
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segregation in the functional capacity of mitochondria
in basal conditions, determined most likely by the zoned
spatial characteristics of the liver acinus. However, while
these changes remained unchanged in PP from alcohol-
fed mice, chronic alcohol intake reversed the decrease of
respiratory parameters in PV hepatocytes (Fig. 7C) that
were accompanied by an increase in mitochondrial mass
as shown by higher levels of porin in PV hepatocytes
from alcohol-fed mice (Fig. 7D). These findings indicate
that chronic alcohol feeding stimulates mitochondrial
respiration in PV hepatocytes.

Hepatocyte-specific Stardl deletion protects from
alcohol-induced oxidative stress in PV hepatocytes

Given the preceding findings, we next explored the
cause-and-effect relationship between increased
StARDI1 expression and alcohol-induced oxidative
stress, focusing particularly in PV hepatocytes, which is
the parenchymal population most sensitive to the
oxidative stress and injury caused by alcohol intake.
First, immunohistochemical analyses of liver sections
stained with anti-StARDI and anti-GLUL antibodies
confirmed the predominant expression of StARDI in
PV zone of the liver in Stard1"* mice fed alcohol
(Fig. 8A). These findings paralleled the increased
expression of StARDI in PV hepatocytes isolated from
Stard1"”" mice that was dampened in PV hepatocytes
from Stard1*"P mice fed alcohol (Fig. 8B). Consistent
with these findings, alcohol caused a significant in-
crease in mitochondrial cholesterol (Fig. 8C) and sub-
sequent mGSH depletion (Fig. 9A) as well as oxidative
stress reflected by increased levels of 4-HNE (Fig. 9B) in
PV hepatocytes from Stard1'/* mice but not Stard1*"P
mice fed alcohol (Figs. 8C and 9A, B). Furthermore,
hepatocyte-specific Stardl deletion protected against
alcohol-induced liver injury reflected by the decrease
in the release of serum transaminases (Fig. 9C) and
alcohol-induced steatosis (Fig. 9D). Thus, these findings
establish a crucial role for StARDI as a causal mediator
of alcohol-induced oxidative stress in PV hepatocytes.

Stardl deletion attenuates the mitochondrial
ultrastructural alterations caused by alcohol feeding
Besides the changes in oxidative stress, we next
explored whether StARDI deletion modulated the ef-
fects of alcohol intake in ultrastructure of intracellular
organelles, including the mitochondria. Livers from
Stard ! and Stard1*"°P fed alcohol or control diets were
prepared for TEM analyses. Fixed livers were processed
as described before and hepatocytes selected from PV

areas were analyzed. Figure 10 shows representative
images of hepatocytes in the centrilobular zone (PV)
revealing that specific hepatocyte StARDI1 depletion
significantly rescued the ultrastructural phenotype, in
agreement with the biochemical data. In particular, the
PV zone showed a marked increase in the content of
glycogen of Stard1*™P mice fed alcohol compared to
Stard1'/* mice (F ig. 10A, B). Moreover, the number of LD
tended to decrease in Stard1*™P mice fed alcohol.
(Fig. 10C). Besides, mitochondria from Stard*"P mice
fed alcohol exhibited well-differentiated cristae and
intact inner and outer mitochondrial membranes and
electron dense matrix (see high magnification images
Fig. 10A) with respect to Stard1”/" mice. Like in control
hepatocytes, mitochondria appeared surrounded with
RER, and only small, scattered regions with SER could
be observed. Although Stard!I deletion did not affect the
number or length of mitochondria, it decreased the
mitochondrial area determined from TEM images
compared to Stardl'”* mice (Fig. 10D). Thus, these
findings indicate a crucial role for StARDI in deter-
mining the ultrastructure of intracellular components
of PV hepatocytes, particularly mitochondria and ER.

DISCUSSION

Despite being one of the leading causes of chronic
liver disease and mortality, the pathogenesis of ALD is
still incompletely understood, which has limited the
availability of effective therapies. The anatomical fea-
tures and functional complexity of zone-restricted
gene expression makes it even more challenging to
understand the mechanisms whereby chronic alcohol
intake injure hepatocytes and sensitize to disease pro-
gression. Here, we uncover a spatial distribution of the
expression of StARDI induced by alcohol metabolism
in mice fed alcohol using chronic and acute-on-chronic
models of ALD. In both cases we observe the predom-
inant expression of StARDI in the PV zone of the liver,
coinciding with the area in which not only alcohol is
preferentially metabolized by the inducible expression
of CYP2EI but also where most of the damaging effects
of alcohol take place (34). Our findings in PMH
revealed a synergism between alcohol and chemical
hypoxia in increasing the expression of StARDI, which
is not observed for CYP2EL indicating the specificity of
this synergism in the induction of StARDI in PV he-
patocytes. These findings are consistent with StARDI
expression being regulated by ER stress and hypoxia
(18, 27, 42). Although we did not examine the

ultrathin sections and analyzed using Image] software. Data are presented as means = SEM (N > 3, P < 0.05, Two-way ANOVA
(B (diet: F = 120.4, P < 0.001; zonality: F = 19.42, P < 0.001; interaction F = 3.537, P = n.s.), C (diet: F = 37.76, P < 0.001; zonality: F = 10.14,
P < 0.05; interaction F = 63.28, P < 0.001), (E) mitochondrial number (diet: F = 27.58, P < 0.001; zonality: F = 53.46, P < 0.00]; interaction
F = 0106, P = ns.) and (E) mitochondrial length (diet: F = 0.001, P = ns;; zonality: F = 23.35, P < 0.00]; interaction F = 1183, P = ns.))
followed by Tukey’s multiple comparison test). F: Representative images of CTRL and ethanol, as indicated, at high magnification
showing the ultrastructural morphology of mitochondria in PP and PV areas. Bar scale = 400 nm. PP, periportal; PV, perivenous;
RER, rough endoplasmic reticulum; TEM, transmission electron microscope.
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expression of ER stress markers, ER stress is a well-
known player in the progression of ALD (2, 3, 5, 61).
Whether alcohol-induced ER stress is spatially distrib-
uted in the liver remains to be further investigated in
detail. Hypoxia, however, is an intrinsic factor of the PV
area of the acinus determined largely by the anatom-
ical features of oxygen flow from the portal to the
central vein that can contribute in part to the segrega-
tion of zone-specific functions of the liver (30, 31). Be-
sides this anatomical feature, chronic alcohol intake is
known to increase hepatic oxygen consumption, which
can further contribute to the pericentral hypoxia in the
liver (62, 63), consistent with our findings showing
enhanced pimonidazole staining in colocalization with
GLUL in liver sections from alcohol-fed mice.

StARDI is the founding member of an expanding
family of proteins with lipid-binding pocket domains,
which encompasses other members that have been
shown to mediate intracellular cholesterol trafficking.
In this regard, the role of StARD3 in delivering
cholesterol to mitochondria has been documented in
various contexts, including lysosomal storage disorders
like Niemann-Pick type C disease (64). However, unlike
StARDI, the hepatic expression of StARD3 did not
change in chronic alcohol-fed mice, indicating that the
inducing effect of alcohol was specific for StARDI,
which lends further support for the contribution of this
particular member of the StAR family in the delivery of
cholesterol to the mitochondria in the context of ALD.
In line with the known function of StARDI, chronic
alcohol intake resulted in a predominant accumulation
of cholesterol in the mitochondria from PV hepatocytes
that translated in a significant depletion of mitochon-
drial GSH defense and increased oxidative stress and
lipid peroxidation. Thus, although previous findings
demonstrated an increased expression of StARDI in
alcohol-fed mice and patients with ALD (18), the current
findings significantly extend these observations linking
the expression of StARDI with the onset of oxidative
stress and lipid peroxidation in a zone-specific fashion,
namely the pericentral zone, which is endowed with the
greatest capacity to metabolize alcohol while exhibiting
the lowest antioxidant defense reflected by decreased
mitochondrial GSH content determined by increased
mitochondrial cholesterol loading.

As StARDIl-mediated delivery of cholesterol to
mitochondria is the rate-limiting step in the generation
of 27-hydroxycholesterol, which serves as a precursor
for BA synthesis in the alternative pathway (43-46), it
could be anticipated that alcohol-induced StARDI1
expression may result in an increased BAs content in a
zone-dependent manner, mirroring the expression of

StARDL Intriguingly, however, BAs levels in liver ex-
tracts from alcohol-fed mice did not change with
respect to control mice, being similar between PP and
PV hepatocytes. Besides the increase in StARDI in PV
area, the expression of the enzymes involved in the
synthesis of BAs in the acidic mitochondrial pathway
was lower in alcohol-fed mice, in line with previous
reports (49-51). Thus, although our findings do not
support a role for chronic alcohol consumption in the
onset of cholestasis and contrast with the increase of
serum BAs in patients with ALD (48), further investi-
gation will be required to estimate whether other
models of ALD that elicit a more severe pathology, e.g.,
intragastric model, have an impact in the synthesis of
BAs and the specific contribution of the alternative
mitochondrial pathway.

TEM analyses indicated important morphological
spatial changes following alcohol intake, including a
drastic decrease in the glycogen content that was more
predominant in the PV zone, consistent with previous
findings in patients with ALD (52), and an increased
homogeneous population of LD in the same zone.
These changes were also accompanied by a fragmen-
tation of the Golgi in PP hepatocytes as reported pre-
viously (65, 66) and a marked increase in the tubular
SER in the PV zone, likely to accommodate the induc-
ible expression of cytochromes, particularly CYP2E] to
metabolize alcohol (55-57). In line with the contribution
of the disruption of mitochondrial dynamics in the
progression of ALD (67, 68), chronic alcohol feeding
also resulted in a zone-dependent morphological
change in the shape and number of mitochondria.
Interestingly, the length of mitochondria in the PV area
was reduced compared to the PP zone and although
alcohol intake did not significantly impact this feature
it did result in an increase in mitochondrial number.
Remarkably, hepatocyte-specific deletion of Stardl
reversed these structural alterations caused by alcohol
consumption, not only regarding mitochondrial ultra-
structure, which exhibited preserved cristae and mito-
chondrial membranes and a reduced area, but also
related to the changes in SER and glycogen content. As
the regulation of liver architecture controls metabolic
homeostasis in the context of obesity (69), the impact of
StARDI in hepatocyte ultrastructure suggests that
StARDI could emerge as a regulator of liver meta-
bolism in ALD. These changes translated in alterations
in mitochondrial function monitored by OCR, with an
increased complex II-driven mitochondrial respiration
from alcohol-fed mice, consistent with reports showing
that chronic alcohol intake results in the stimulation of
mitochondrial respiration and a higher complex II

(diet: F = 7.430, P < 0.05; zonality: F = 8.033, P < 0.05; interaction F = 5844, P < 0.05), C spare (diet: F = 6.040, P < 0.05; zonality: F =
4.520, P = ns; interaction F = 6.466, P < 0.05), C spare % (diet: F = 2,615, P = n.s; zonality: F = 0.002, P = n.s; interaction F = 5.945,
P < 0.05) and D (diet: F = 3.256, P = ns, zonality: F = 0.042, P = ns,; interaction F = 1365, P = n.s.)) followed by Tukey’s multiple
comparison test. FCCP, carbonyl cyanide 4~(trifluoromethoxy) phenylhydrazone; OCR, oxygen consumption rate; PP, periportal; PV,

perivenous.
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Fig.8. Hepatocyte-specific StardI deletion prevents alcohol-induced mitochondrial cholesterol accumulation and oxidative stress in
PV hepatocytes. A: Characterization of subcellular localization of GLUL and StARDI in mouse liver. Representative immunohis-
tofluorescence images from at least 3 replicates per group at 10 days after ethanol feeding. Bar scale = 100 um. B: Western blot of
homogenates from isolated PV hepatocytes showing protein levels of StARDI and protein expression quantification by Image]
software. C: Mitochondrial cholesterol levels were analyzed in PV hepatocytes by immunocytochemistry using anti-CytC and Filipin.
Bar scale = 10 pm. Staining markers colocalization was analyzed using Image] software. Values are the mean + SEM of >6 animals per
group. P < 0.05. Two-way ANOVA (A (diet: F = 2744 P= ns; phenotype: F = 12.81, P < 0.01; interaction F = 3.586, P = n.s.) and C (diet:
F =12.49, P< 0.05; phenotype: F = 0.221, P= n.s,; interaction F = 6.942, P < 0.05)) followed by Tukey’s multiple comparison test. GLUL,
glutamine synthase; PV, perivenous; StARDI, steroidogenic acute regulatory protein.
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ethanol PV hepatocytes. C: Serum AST and ALT levels from CTRL and ethanol mice. D: Liver sections of ethanol-fed StARD1"/ and
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transferase; PV, perivenous; StARD], steroidogenic acute regulatory protein.

relative to complex I-driven OCR (58-60). Interestingly, =~ spared respiratory capacity in PV hepatocytes from
OCR determination in control mice revealed a signifi-  alcohol-fed mice compared to control mice, suggesting
cant depression of mitochondrial respiration in PV that the increased mitochondrial number in this pop-
compared to PP hepatocytes, likely reflecting the  ulation compensates for the effect of alcohol in mito-

change in mitochondrial length that was not compen-  chondrial length. An intriguing aspect is the stimulation
sated by the insufficient mitochondrial number. How-  of mitochondrial respiration by alcohol feeding despite
ever, these determinations in alcohol-fed mice revealed accumulation of cholesterol in mitochondria. While
the stimulation of mitochondrial respiratory parame-  individual mitochondrial with increased cholesterol

ters, including maximal respiration and increased  may respire less efficiently (21), it is conceivable that an
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Fig.10. Ultrastructural analysis of PV area in Stard1 deleted hepatocytes of alcohol-fed mice. StARD1** and StARDI*™P were fed
with chow or alcohol diet for 10 days and livers perfused and processed for conventional TEM. Ultrathin sections were analyzed and
representative images from the PV area, at two different magnifications, from 3 livers examined (A) and quantified (B-D). Control
livers, with chow diet (StARD1®*, upper panels) showed the normal architecture and compartments also observed in Figure 6. This is
indicative that genetic models StARD1"/f or StARDI*™“P were not affected and the ultrastructure of the liver parenchyma was
largely intact. Large accumulation of glycogen is evident (see red dashed squares) and scattered small red arrows in high magni-
fication images together with large amount of tubular RER and mitochondria. Panels below showed details of PV hepatocytes from
livers of mice fed with alcohol diet for 10 days. Compared to controls, St ARDI"" livers showed a drastic reduction of glycogen (B)
and slightly increased of LD (C). The number and length of mitochondria were similar to controls (D). Strikingly, the deletion of
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matrix, and decreased area (D) compared to StARDI”" hepatocytes (scale bar insets = 500 nm). LD, lipid droplet; mit, mitochondria;
RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; bc, bile canaliculus; Dis, Space of Disse; EC, Endothelial cell;
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phenotype: F = 0.337, P = ns; interaction F = 2143, P = ns.) followed by Tukey’s multiple comparison test. LD, lipid droplet; PV,
perivenous; RER, rough endoplasmic reticulum; StARDI, steroidogenic acute regulatory protein; TEM, transmission electron
microscope.
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increased population of poorly respiring mitochondria
may result in a net increase in oxygen consumption,
which will require further investigation in the future.
The question is how to link the stimulation in mito-
chondrial respiration with the area being most sensitive
to alcohol-induced damage like PV. While challenging,
this issue may relate to recent findings correlating
increased mitochondrial respiration in mice fed alcohol
with liver injury and advanced ALD pathology (58, 59),
in which the stimulated oxygen consumption in the
mitochondrial electron transport chain was linked to a
more effective regeneration of NAD™ from NADH to
accelerate alcohol metabolism. A derived consequence
of the increased mitochondrial respiration would be
expected to generate more ROS, which can contribute
to the predominant zonal damage in ALD.

In summary, our current findings identify an addi-
tional factor that can contribute to the spatial, zonal-
dependent sensitivity of the liver to the damaging ef-
fects of alcohol besides the known preferential meta-
bolism of alcohol in the centrilobular area. Several
factors converge in this area, such as lower oxygen
tension and alcohol metabolism that synergize to
induce StARD], leading to subsequent mitochondrial
cholesterol delivery that disrupts mitochondrial anti-
oxidant defense and function, suggesting that targeting
StARDI may be a novel approach for ALD.
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