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Abstract

Alcohol consumption has long been a global problem affecting human health, and has been found to
influence both fetal and adult liver functions. However, how alcohol affects human liver development
and liver progenitor cells remains largely unknown. Here, we used human induced pluripotent stem
cells (iPSCs) as a model to examine the effects of alcohol, on multi-stage hepatic cells including hepatic
progenitors, early and mature hepatocyte-like cells derived from human iPSCs. While alcohol has little
effect on endoderm development from iPSCs, it reduces formation of hepatic progenitor cells during
early hepatic specification. The proliferative activities of early and mature hepatocyte-like cells are
significantly decreased after alcohol exposure. Importantly, at a mature stage of hepatocyte-like cells,
alcohol treatment increases two liver progenitor subsets, causes oxidative mitochondrial injury and
results in liver disease phenotypes (i.e., steatosis and hepatocellular carcinoma associated markers) in
a dose dependent manner. Some of the phenotypes were significantly improved by antioxidant
treatment. This report suggests that fetal alcohol exposure may impair generation of hepatic
progenitors at early stage of hepatic specification and decrease proliferation of fetal hepatocytes;
meanwhile alcohol injury in post-natal or mature stage human liver may contribute to disease
phenotypes. This human iPSC model of alcohol-induced liver injury can be highly valuable for
investigating alcoholic injury in the fetus as well as understanding the pathogenesis and ultimately
developing effective treatment for alcoholic liver disease in adults.

Key words: Induced pluripotent stem cells, hepatic progenitor cells, alcoholic liver disease, acquired liver
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Introduction

The detrimental effects of excessive alcohol
consumption on the human body, particularly in the
liver, have been well established (1-5). Alcohol can
induce a spectrum of liver damage, including fatty
liver, fibrosis and hepatocellular carcinoma,
collectively referred to as alcoholic liver disease (ALD)
(6). ALD remains one of the leading causes of liver
related deaths worldwide, especially in USA (3, 4).
More than 90% of patients with heavy alcohol intake
have some degree of steatosis and in 20 to 40% of
patients, continued heavy alcohol consumption leads
to liver fibrosis (3). The severe cases of liver cirrhosis

confer a high risk of liver failure and short-term
mortality (7). Alcohol exposure during pregnancy also
leads to multiple physiological alterations in the
developing fetus. The birth defects of neurons, renal,
heart and liver systems after exposure to alcohol in
uteri are denoted as fetal alcohol spectrum disorders
(FASD), which have been reported widely (8-10). Liver
biopsy from a child with FASD has demonstrated
parenchymal fat with portal and peri-sinusoidal
fibrosis, which resembles the pathology of adult ALD
(10).

Despite the profound economic burden of ALD
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on society and its severe effects on fetal and adult
health, few advances have been made in the
prevention and treatment of this disease. And the
pathogenesis of ALD in humans is not fully
understood (1). This is partly due to the lack of an ideal
experimental model of human ALD. Currently, most
of the ALD studies heavily rely on animal models,
which may not fully recapitulate the human condition,
and are hence suboptimal for studying human ALD
pathogenesis (11).

The advent of induced pluripotent stem cells
(iPSCs) has made it feasible to study the biology and
pathophysiology of human hepatic cells. Human
iPSCs have been generated from diverse human
somatic cells (12-17), which can then be differentiated
into hepatocytes that are functional in vitro and in vivo
(17-19). We have previously established a step wise
hepatic differentiation protocol to induce human
iPSCs into definitive endoderm, hepatic progenitor
cells, early/immature- and mature- hepatocyte-like
cell types wunder defined conditions, which
recapitulates human liver development (15-19). Using
some of the early stage cells, which mimic embryonic
liver, and a physiological dose of alcohol, we
previously observed that alcohol might negatively
influence differentiation of endoderm cells into
hepatic stem/ progenitor cells (20).

In this study, we compared effects of pathological
concentrations of alcohol on human liver cells at
different developmental stages, with a focus on
mature stage hepatocyte-like cells that mimic
postnatal or adult liver. While alcohol exposure on
early (i.e. fetal) hepatocyte stage cells significantly
reduced cell proliferation, markers of fetal hepatocytes
were not altered. In contrast, at a mature stage of
human iPSC-derived hepatocytes, alcohol increased
two distinct liver progenitor populations, oxidative
mitochondrial DNA damage, and markers associated
with steatosis and hepatocellular carcinoma (HCC) in
a dose dependent manner. Some of these disease
phenotypes were significantly improved by
antioxidant treatment. Together, these results provide
novel insights into the pathophysiology of alcohol
injury in human liver at different developmental
stages, and serve as a basis for establishing a human-
relevant model of alcoholic liver injury.

Experimental Procedures

Cell culture and hepatic differentiation of
human iPSCs and ethanol exposure

All human iPSCs were cultured in a feeder free
condition on Matrigel (BD) using mTeSR, (Stem Cell
Technologies) as we described previously (15-17). This
study was done in accordance with Johns Hopkins

ISCRO regulations and following a protocol approved
by the Johns Hopkins IRB. Hepatic differentiation was
performed by a step-wise protocol described
previously (15-19, 21) and for a longer time in some
cases to obtain more mature hepatocytes. Briefly,
definitive endoderm (DE) stage cells were derived
from five human iPSC lines after treatment with
100ng/ml Activin A for 5 days. This was followed by
treatment with 10ng/ml HGF/FGF4 for 5 days to
obtain hepatic progenitor (HP) stage cells. Treatment
was continued with 10ng/ml HGF/FGF4/OSM and
0.1pM Dexamethasone (Dex) for 10 more days to
obtain early hepatocyte-like cells and for 15 more days
to obtain mature hepatocyte-like cells. Alcohol
exposure was achieved by directly adding ethanol into
culture media at final concentrations of 100 mM and
2000 mM, which are comparable to the
pathophysiological blood concentrations of a heavy
drinker (22, 23). Constant alcohol level was
maintained in the culture wells by using a
microclimate chamber to prevent alcohol evaporation.

RNA extraction and Real-time PCR

Total RNA was extracted using TRIZOL reagent
(Invitrogen). Reverse transcription from mRNA to
cDNA was performed with high capacity cDNA
reverse transcription kit (Applied Biosystems). The
resulting cDNA was used as template for Real-time
PCR. Quantitative polymerase chain reaction (Q-PCR)
was carried out with StepOnePlus Real-Time PCR
System (Applied Biosystems), using TagMan primer-
probes. PCRs were performed with 20 ng of
complementary DNA, TagMan Fast Advanced Master
Mix, and TagMan gene expression assay reagent for:
AFP (Hs00173490_m1), ALB (Hs00910225_m1), CK7
(Hs00559840_m1), IL-6 (Hs00985639_m1), CK18
(Hs02827483_g1), CK19 (Hs00761767_s1), FASN
(Hs01005622_m1), SOX17 (Hs00751752_s1), GPC3
(Hs01018936_m1), FLNB (Hs00181698_m1), CYP2E1
(Hs00559368_m1), CD133 (Hs01009250_m1), EpCAM
(Hs00901885_m1), CYP3A4 (Hs00604506_m1),
TP53(Hs01034249_m1), Neill(Hs00908563_m1) and
185 rRNA (Hs03003631_g1) in a total volume of 20 ul.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde
(Sigma) for 20 minutes at room temperature, followed
by addition of primary antibodies. Primary antibodies
against SOX17 (1:200, R&D Systems), Ki67 (1:500, Cell
Signaling), AFP (1:200, Dako), ALB (1:200, Dako),
CD133 (1:100, Biolegend), and 8-OHdG (1:200, Abcam)
were diluted in PBS with 0.3% BSA and 0.1% Triton X-
100. Cells were incubated with appropriate primary
antibodies at 4°C overnight, and then incubated with
Alexa Flour 594 or 488 secondary antibodies (all of the
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Alexa Fluor Series from Invitrogen) at room
temperature for 30 minutes. Finally, cells were
counterstained with DAPI. Images were taken using
the motorized Nikon Ti-E microscope and NIS-
Elements software. Cell counting was performed with
Image] software (http://imagej.nih.gov/ij/).

Flow cytometric analysis

DE stage cells were resuspended in cold PBS and
then incubated with 488-SSEA3/4 (eBioscience, 1:100),
PE-CXCR4 (1:100) (BD Biosciences) for 30 minutes at
4°C. HP stage cells were incubated with PE-CD133
antibody (1:100, Biolegend) for 30 minutes at room
temperature. Cells were washed twice and then
resuspended in PBS. Flow cytometric analysis was
done with Guava easyCyte Flow Cytometer
(Millipore). Cells apoptosis assay was performed
using Guava Flow Cytometer and Annexin V
Apoptosis Detection Kit (eBioscience).

Oil Red O staining and quantification

The cells were fixed with 4% PFA at room
temperature for 30 minutes. After washing the cells
with ddH;O, they were incubated in 60% isopropanol
for 5 minutes, followed by 60% Oil Red O solution for
5 minutes. Finally, the cells were washed with ddH>O
until excess stain was no longer apparent. Lipid
droplets appear red under the microscope. After
staining the cells with Oil Red O, they were washed
twice with 60% isopropanol. Oil Red O was then
extracted by treating the cells with 100% isopropanol
for 5 minutes. 100% isopropanol was used as
background control when reading absorbance at
492nm wavelength.

Alcohol metabolism assays

Activities of alcohol metabolic enzymes and
alcohol metabolite acetaldehyde in ethanol treated
human iPSC-derived mature hepatocytes were
measured using ADH, ALDH, and aldehyde specific
commercial assay kits. For ADH and ALDH, the cells
were homogenized in ice-cold 0.1% Triton X-100, and
centrifuged to remove insoluble material. Cell lysates
were incubated with isopropanol, which results in
conversion of NAD* to NADH to generate a
colorimetric (450nm) product proportional to ADH
activity (Sigma, MAKO053). ALDH activity was
determined by mixing the cell lysates with
acetaldehyde to catalyze into acetic acid, along with
conversion of NAD* to NADH which reacts with
fluorometric developer. Then ALDH activity was
analyzed by fluorescence microplate reader at
Ex/Em=540/590 (Cayman, 700800). Aldehyde
measurement was performed using a kit (Abcam,
ab138882) by incubating aldehyde blue indicator with
cell supernatants for 15 minutes at room temperature.

After adding the reaction buffer, fluorescence was
measured at Ex/Em=365/435 nm. ADH/ALDH
activities and aldehyde concentration were calculated
using each of the standard curves.

Statistics

Data are expressed as mean * standard error of
the mean (SEM). For pairwise comparisons, a
Student’s ¢ test or Mann-Whitney test (95% confidence
interval) was used. For all tests, P<0.05 was considered
significant.

Results

Alcohol has little effect on endoderm
differentiation from human iPSCs, but
reduces hepatic progenitor formation during
early hepatic specification.

To evaluate the effects of alcohol on definitive
endoderm (DE) differentiation, human iPSCs were
treated with ethanol at multiple pathophysiological
doses (22, 23) from differentiation day 0 to 4 and
analyzed at day 5 (Fig. S1). The expression level of DE
markers such as SOX17 and CXCR4 was not
significantly affected (Fig. S1B-D). A consistent
increase in the Annexin V-positive apoptotic cells was
observed in cells treated with ethanol (Fig. S1E). No
significant change was detected in the quantity of Ki67
(a cellular marker for proliferation) positive cells after
ethanol treatment (Fig. S1F). These data demonstrated
that alcohol exposure even at a high concentration (200
mM) has little effect on differentiation of human iPSCs
into endoderm stage cells, suggesting that alcohol
might not significantly alter endoderm formation
during human embryogenesis.

To examine the effects of alcohol on hepatic
progenitor (HP) cell formation, DE cells were treated
with ethanol from differentiation day 5 to 9 and
analyzed at day 10 (Fig. 1). Although the cell
morphology at this stage did not change significantly
with alcohol treatment (Fig. S2), real time PCR results
at day 10 showed decreased expression of hepatic
progenitor markers including AFP and CD133 in
alcohol treated group, compared to control (Fig. 1B).
The inhibition effects of alcohol on AFP and CD133
were also observed at the protein level (Fig. 1C, and
Fig.S2C). The amount of Annexin V-positive apoptotic
cells was significantly increased after 100 mM ethanol
treatment at this stage of hepatic differentiation (Fig.
1D and Fig. S2). The number of Ki67 positive
proliferating cells were slightly reduced in alcohol
treated cells (Fig. 1E). To further determine whether
the alcohol treated HP cells maintain their progenitor
potential, we purified CD133 positive HP cells from
alcohol exposed day 10 plates and cultured them
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under normal hepatic differentiation condition.
Compared to the untreated control, alcohol treated HP
cells showed less mature characteristics at the end of
hepatic differentiation (Fig. S2D). Taken together,
ethanol exposure at a physiological concentration (100
mM) reduced expression of hepatic progenitor
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Figure 1. Effects of alcohol on human iPSC-derived hepatic progenitor formation. (A) Diagram of hepatic progenitor differentiation from human iPSCs, and alcohol
treatment (day 5-10). (B) Expression levels of hepatic progenitor makers such as AFP, CD133, CK19, and EpCAM were examined by Real-time PCR at day 10 after 5 days of
alcohol treatment. (C) Immunostaining of AFP at day 10 in control and alcohol treated groups and the percentage of AFP positive cells. (D) Annexin V positive apoptotic cells
were analyzed by flow cytometry at day 10 after alcohol treatment. (E) Representative images of Kié7 staining of hepatic progenitor stage cells derived from human iPSCs and

the percent of Ki67 positive cells. *:;p<0.05, Scale Bar,100pm.
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Alcohol reduces proliferation of human iPSC-
derived early stage hepatocyte-like cells.

AFP expression is high in fetal hepatocytes and
reduces sharply as they mature to an adult hepatocyte
phenotype (24-26). Similarly, human iPSC-derived
early hepatocyte-like cells (~day 20) express AFP at the
highest level, and the levels decrease sharply with
further maturation (~day 25) at mature stage
hepatocyte-like cells (Fig. S3A). In contrast, a mature
hepatocyte marker ALB increases significantly during
early to mature hepatocyte transition (Fig. S3B). Thus,
the early hepatocyte-like cells generated in this in vitro
system represent fetal hepatocytes, and the mature
stage hepatocyte-like cells represent postnatal or adult
hepatocytes. To examine the effects of alcohol on early
stage hepatocytes, we utilized early hepatocyte-like
cells differentiated from iPSCs, which express high
AFP and low ALB (Fig. S3). After these cells were
treated with ethanol for 5 days, more uniform small
sized early hepatocyte-like cells were observed in
alcohol treated groups (Fig. 2B). The quantity of AFP
or ALB positive cells did not increase after alcohol
treatment; however, the number of Ki67 positive
proliferating cells was significantly reduced after 100
mM or 200 mM ethanol exposure (Fig. 2B-E).
Expressions of hepatic progenitor markers such as
AFP, CK19, CD133 and EpCAM (27-32) were not
altered after alcohol treatment even at a high
concentration (200 mM) (Fig. 2F). These results
indicate that alcohol at a physiological concentration
(100 mM) negatively influences proliferation of early
stage liver (i.e. fetal liver) rather than affecting hepatic
differentiation.

Alcohol increases two hepatic progenitor
populations in mature stage hepatocyte-like
cells derived from human iPSCs.

To examine the effects of alcohol on mature stage
hepatocytes, we treated hepatocyte-like cells
differentiated from human iPSCs with ethanol for 5
days at the mature hepatocyte stages (Fig. 3A).
Strikingly,  treatment with a  physiological
concentration of ethanol (100 mM) upregulated a
hepatic progenitor marker AFP, while a high
concentration (200 mM) upregulated both AFP and
another progenitor marker, CD133 (Fig. 3C, D, E).
Other hepatic progenitor markers such as CK19 and
EpCAM were not altered significantly (Fig. 3E).
Mature hepatocyte markers including ALB, CDP3A4
and CK18 were not significantly changed after alcohol
treatment even at a high concentration (200 mM) (Fig.

3B, D and Fig. S4). As expected, activities of major
alcohol metabolic enzymes (ADH and ALDH,
CYP2E1l) and its metabolite, acetaldehyde, were
increased after ethanol treatment (Fig. 3F). To
determine whether AFP and CD133, two progenitor
markers that were most significantly affected by
alcohol treatment, mark the same hepatic progenitor
population, we co-stained these markers in mature
stage hepatic cells (Fig. S5). Interestingly, these two
markers are rarely co-expressed in the cells. In
addition, a majority of CD133 positive cells did not co-
stain with either hepatocytic (ALB) or non-hepatocytic
(SMA, or CK7?) liver cell markers.

These results collectively suggest that a
physiological concentration of ethanol (100 mM)
induces AFP+ liver progenitor subset, while a high
concentration (200 mM) induces both AFP+
progenitors and CD133+ progenitors in mature stage
hepatocytes, but has little effect on other subsets of
liver progenitors (CD19+ or EpCAM+ cells).

Alcohol significantly increases disease
phenotypes in mature stage hepatic cells
derived from human iPSCs.

To detect the effects of alcohol on ALD
pathogenesis, we analyzed multiple ALD phenotypes
in the alcohol treated mature stage (day 25)
hepatocyte-like cells derived from human iPSCs (Fig.
4). By using Oil red O staining, we observed
intracellular lipid droplet accumulation in the iPSC-
derived mature hepatocyte-like cells after alcohol
treatment at both 100 and 200 mM concentrations (Fig.
4A). An increase in number as well as size of the lipid
droplets was observed in the ethanol treated mature
stage hepatic cells compared to untreated controls in a
dose dependent manner (Fig. 4A, B). Analysis of fatty
acid synthase (FASN) by real time PCR showed
increased FASN transcription in alcohol treated cells
when compared to the untreated control (Fig. 4C).

Glypican3 (GPC3) and Filamin B (FLNB) are
widely accepted as tumor biomarkers for
hepatocellular carcinoma, in addition to AFP (33, 34).
Similar to the effect of alcohol on increasing AFP at the
mature stage hepatocytes (Fig. 3), GPC3 and FLNB
were also considerably induced after alcohol exposure
(Fig. 4C). A well-known tumor suppressor TP53 was
significantly reduced in the 200 mM ethanol treated
group (Fig. 4C). These results together indicate that
alcohol exposure results in ALD associated
phenotypes (i.e, fat accumulation and tumorigenic
changes) in human iPSC-derived mature stage
hepatocyte-like cells in vitro.
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Figure 2. Effects of alcohol on human iPSC-derived early stage hepatocytes. (A) Diagram of early stage hepatocyte-like cell differentiation and alcohol treatment
(day 15-20). (B) ALB-positive cells (green) and Kié7 (red) positive cells were shown at this stage with or without alcohol treatment. (C) Immunostaining of AFP (green) at day
20 in alcohol treated and untreated groups. (D, E) The percentages of ALB, AFP, or Ki67 positive cells are expressed as the mean of three independent experiments. (F)
Markers for hepatic progenitors are not changed at early hepatocyte stage cells by ethanol treatment. AFP, CD133, CK19 and EpCAM expression levels were examined by

Real-time PCR at day 20. *:p<0.05, Scale Bar, 100pm.
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Figure 3. Effects of alcohol on human iPSC-derived mature stage hepatocytes. (A) Diagram of mature stage hepatocyte-like cell differentiation and alcohol treatment
(day 20-25). (B, €) Immunostaining of ALB and Ki67 (B), and AFP and Ki67 (C) at day 25 mature hepatic cells with or without alcohol treatment. (D) The percentages of ALB,
AFP or Ki67 positive cells expressed as the mean of three independent experiments. Expressions of hepatic progenitor markers, AFP, CD133, CK19 and EpCAM examined by
Real-time PCR (E) and Alcohol metabolic activities measured (F) at day 25 mature stage hepatocytes. *:p<0.05, Scale Bar, 100pm.
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Figure 4. Alcohol increases disease phenotypes including lipid accumulation and hepatocellular carcinoma markers, and oxidative mitochondrial injury
in human iPSC-derived mature stage hepatocytes. (A) Lipid droplets were stained with Oil Red O in control groups and ethanol treated groups. (B) After staining, Oil
Red O was extracted by isopropanol and the absorbance at 492nm was measured. (C) Expression levels of fatty acid synthase (FASN), hepatocellular carcinoma markers
glypican3 (GPC3) and filamin B (FLNB), and tumor suppressor, TP53 were measured by Real-time PCR. (D) Immunostaining of 8-OHdG, a marker for oxidative mitochondrial
DNA damage, in alcohol treated day 25 mature stage hepatocytes derived from human iPSCs. (E) Expression of IL-6 and Neil | were examined by Real-time PCR in the day 25
hepatocytes exposed to alcohol 0 to 200 mM. (F) NAC treatment restored expression of Neil-1, FASN, and GPC3 in the alcohol treated mature hepatocytes. The treatment
period and cell stage for Figure 4 is the same as those used for Figure 3. *:p<0.05, Scale Bar, 100um.

human iPSCs compared to the untreated controls (Fig.
4D). It has been reported that IL-6 promotes liver
recovery from mitochondrial DNA oxidation in ALD
and that reduction of IL-6 results in inactivation of
mitochondrial repair enzymes such as Neil-1 and
induces cell cycle arrest (35). IL-6 and Neil-1 were
decreased in the ethanol treated mature hepatocyte-
like cells derived from human iPSCs in a dose
dependent manner (Fig. 4E) and a cell cycle check
point P53 was also reduced (Fig. 4C). To further
evaluate the contribution of oxidative stress to ALD

Alcohol induces oxidative mitochondprial
damage in mature stage hepatic cells derived
from human iPSCs.

Since ALD phenotypes were induced in the
ethanol treated mature stage hepatic cells, we tested if
these phenotypic changes are also associated with a
known ALD pathogenesis, oxidative stress in liver. We
first measured a marker for mitochondrial oxidation,
8-OHdG. Interestingly, 8-OHdG was increased in the
ethanol treated mature hepatocytes derived from
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phenotype, N-Acetyl-L-Cysteine (NAC) was added to
the ethanol treated mature hepatocytes derived from
human iPSCs. The decreased Neil-1was restored after
NAC treatment (Fig. 4F). Although not as significant
as seen in Neil-1, similar effects were observed in
markers associated with liver cancer or steatosis
including GPC3 and FASN (Fig. 4F). Collectively,
these results suggest that alcohol induces damage in
mature hepatocytes through oxidative mitochondrial
damage and that ALD phenotypes can be reversed by
antioxidant treatment.

Discussion

Significant progress (i.e. vaccine and drug) has
been made for prevention and treatment of viral
hepatitis during the last decades. However there have
been few strategies that can effectively prevent or treat
another major liver disease, ALD. To date, how alcohol
affects liver development and hepatocytes in human
remains largely unknown. Human iPSCs and their
hepatic derivatives have been proven to be a great
resource for modeling inherited or monogenic liver
diseases (16, 18, 36, 37) while their use in modeling
acquired liver diseases are limited. In this study, we
attempted to evaluate the effects of alcohol on human
liver development and to model alcoholic liver
disease, a common acquired liver disease, using
human iPSC-derived multistage hepatic cells.

Different stages of human iPSC-derived hepatic cells
were exposed to alcohol at multiple pathologic
concentrations (22, 23). The effects of alcohol on
endoderm formation were not significant (Fig. S1).
However, generation of AFP or CD133 expressing
hepatic progenitor cell subsets was significantly
reduced by alcohol treatment during the early hepatic
specification stage (Fig. 1). While alcohol treatment
only resulted in a reduction in proliferative activity of
early stage hepatocytes (Fig. 2), alcohol damage in
mature stage hepatocytes (Fig. 3, 4) induced ALD
phenotypes including steatosis and HCC markers,
which may be associated with increased oxidative
stress and increased AFP or CD133 expressing
progenitor populations (Fig. 5). Based on this pure
effect of ethanol on mature stage human (iPSC-
derived) hepatocytes, it is possible to postulate that
mature hepatocytes may obtain progenitor or disease
phenotypes independent of significant interaction
with non-hepatic cells in response to alcohol injury.
This study also suggests that human iPSCs can be used
for modeling certain aspects of ALD (i.e., steatosis and
initiation of HCC) and studying its pathogenesis. In
addition, the new finding that two progenitor markers
(AFP and CD133) were differentially affected by
alcohol in early hepatic specification stage (Fig. 1) and
the mature hepatocyte stage (Fig. 3) may provide
potential candidates as disease targets for both fetal
alcohol injury and adult ALD.
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Figure 5. Direct effect of alcohol on mature stage human hepatic cells and potential pathogenesis of ALD. Based on this pure effect of ethanol on mature stage
human hepatic cells, it is possible to postulate that alcohol can alter cell fate (i.e., obtain multiple liver progenitor phenotypes), and induce pathogenic changes within mature
hepatocytes, without major interaction with non-hepatic cell types. Ethanol may directly increase two progenitor phenotypes (AFP and CD133) in addition to impaired
proliferation and oxidative damage in postnatal or mature human hepatocytes. Damaged hepatocytes increase fat content and may directly contribute to cancer. It is likely that
increased AFP+ hepatic progenitors lead to cancerous changes. It is possible that CD 133+ hepatic stem/progenitors might be partly responsible for both liver fibrosis and
cancer, however it needs to be determined if CD133+ progenitors activates hepatic stellate cells (HSCs) to increase fibrosis. This cell fate change and oxidative damage in
mature hepatocyte may be more ALD specific, compared to liver diseases with other causes. Black line; known/likely, Red line; new/possible, and dotted line; possible/no

evidence.
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While AFP is relatively well known as a marker
for fetal hepatocytes, hepatoblast/bi-potent liver
progenitors, as well as a HCC bio-marker, the role of
CD133 (Prominin 1) has not been clear and is rather
complicated. CD133 has long been regarded as a
primitive hematopoietic and neural stem cell marker
(38), however evidence suggests it may also be a
cancer stem cell marker in solid cancers such as brain
tumors (39), renal tumors (40), liver cancer (32), and
colon (41) and prostate carcinomas (42). Recent
evidence suggests that CD133 is also a marker for oval
cells in adult murine liver, which have the gene
expression profile and function of bi-potent liver
progenitors (31). However, CD133 is also suggested as
a fibrosis marker, since hepatic stellate cells express
CD133 and are involved in liver fibrosis (43, 44).
Therefore, in human liver CD133 may serve as a liver
progenitor marker with ability to activate hepatic
stellate cells in a disease condition (Fig. 5), or a marker
for a more multipotent stem/progenitor, which
produces not only hepatocytes and ductal cells but
also hepatic stellate cells. In our human iPSC-based
model, CD133 and AFP increased with alcohol
treatment in MH stage cells (Fig. 3). Future studies will
determine whether these two distinct hepatic
progenitor subsets (Fig. S5) are the main targets
involved in the pathology of ALD, as well as the
functional differences between CD133+ progenitors
and AFP+ progenitors in ALD pathogenesis (Fig. 5).

It has long been suggested that oxidative stress is
one of the main pathogenic mechanisms underlying
ALD initiation and progression (1, 45, 46). Our data
based on the human iPSC model support these
findings by demonstrating the critical role of
mitochondrial injury in mature hepatocytes in
response to alcohol (Fig. 4). Interestingly, NAC
treatment has not only restored the decreased
mitochondrial enzyme Neil-1, but also improved
markers associated with HCC and steatosis (Fig. 4F).
Antioxidants such as S-Adenosylmethionine have
been part of clinical studies, but those with clear
benefits are yet to be identified (47). Prospective
studies are needed to uncover the key pathogenic
driver(s) in alcohol induced oxidative liver injury.
Importantly, as we have successfully shown using a
human iPSC model of a metabolic liver disease (18),
this in vitro human iPSC model recapitulating certain
features of ALD may also allow high-throughput
screening of new antioxidant and anti-ALD drug
candidates.

Alcoholic liver disease is a complex acquired
human disease involving multiple cell types. While
our human in vitro cellular models mimic some of the
ALD features, it does not recapitulate the natural
history or a whole feature of ALD. Therefore, animal

ALD models would still be very important to study the
complex in vivo environment where non-hepatic cells
including inflammatory cells interact with liver cells.
In this study, we investigated the direct effects,
without presence of other complicating factors present
in vivo, of alcohol on early and mature stage hepatic
cells derived from human iPSCs, which mimics fetal
and post-natal liver, respectively. This human iPSC
based cellular model of alcohol-induced liver injury
can be a very useful tool for studying FASD and ALD
as well as for developing preventive or therapeutic
strategies for alcoholic liver disorders.
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