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Abstract

Alcohol consumption has long been associated with a majority of liver diseases and has been found to
influence both fetal and adult liver functions. In spite of being one of the major causes of morbidity and
mortality in the world, currently, there are no effective strategies that can prevent or treat alcoholic liver
disease (ALD), due to a lack of human-relevant research models. Recent success in generation of function-
ally active mature hepatocyte-like cells from human-induced pluripotent cells (iPSCs) enables us to better
understand the effects of alcohol on liver functions. Here, we describe the method and effect of alcohol
exposure on multistage hepatic cell types derived from human iPSCs, in an attempt to recapitulate the early
stages of liver tissue injury associated with ALD. We exposed different stages of iPSC-induced hepatic cells
to ethanol at a pathophysiological concentration. In addition to stage-specific molecular markers, we
measured several key cellular parameters of hepatocyte injury, including apoptosis, proliferation, and lipid
accumulation.

Keywords: Induced pluripotent stem cells, Alcoholic liver disease, Hepatic differentiation, Liver
steatosis, Apoptosis

1 Introduction

Alcoholic liver disease (ALD) is one of themajor causes ofmorbidity
and mortality in the world (1, 2). It includes a broad range of
progressive disease stages: fatty liver, liver fibrosis, liver cirrhosis,
and hepatocellular carcinoma (3). Approximately 80–90 % of indi-
viduals with excessive alcohol consumption develop liver steatosis,
of which 20–40 % progress into liver fibrosis without abstinence (2).
Heavy alcohol consumption during pregnancy can alter the devel-
opment of multiple organs in the fetus, including the brain, heart,
and liver, leading to fetal alcohol spectrum disorders (FASD) (4).
The reported hepatic abnormalities in subjects with FASD include
hyperbilirubinemia, elevated levels of liver enzymes, and hepato-
megaly, suggesting that excessive alcohol intake can lead to struc-
tural liver defects. Liver biopsy from a child with FASD has
demonstrated parenchymal fat with portal and perisinusoidal fibro-
sis, which resembles the changes in adult human ALD (5). Animal
studies have also demonstrated a wide range of liver defects under

271



prenatal alcohol exposure (6, 7). Thus, both animal and human
studies provide compelling evidence on alcohol-induced liver injury
and dysfunction.

Significant challenges remain for developing preventive or cura-
tive approaches targeting ALD (8–11). This is in part due to a lack of
human-relevant model systems to study alcohol effect on liver devel-
opment and regeneration (12). In recent years, human-induced plu-
ripotent stem cells (iPSCs) have been generated from diverse human
somatic cells (13–16), which can then be differentiated into a spec-
trum of mature human cell types including functional hepatocytes
(17). This development enables us to access an unlimited supply of
hepatocytes, which has been one of the major challenges in the past.
Moreover, human iPSCs retain the same genetic information of the
donor (i.e., patient) tissues, making iPSCs a promising resource to
study human genetic or acquired diseases.

We have established human-induced pluripotent stem cell lines
from healthy donors and multiple liver disease patients (13–15, 18).
Using our stepwise hepatic differentiation protocol, iPSCs can be
induced to definite endoderm (DE), hepatic progenitor cells (HP),
and then mature hepatocyte-like cells (MH) under defined condi-
tions (13–15, 17). This in vitro process has been designed to reca-
pitulate human liver development. Here we exposed different stages
of iPSC-induced hepatic cells to alcohol (ethanol) at a pathophysio-
logical concentration (100 mM) (19). We observe that exposure to
ethanol at the pathophysiological dosage significantly reduces the
expression of AFP, an early hepatic cell marker, and induces cell
apoptosis, during differentiation of iPSC-derived endoderm into
hepatic progenitor cells. Proliferative activity of more mature stage
hepatic cells is significantly lowered. Increased amounts of lipid
droplets are detected in ethanol-treated iPSC-derived hepatocytes
compared to controls.

2 Materials

This study was performed in accordance with the Johns Hopkins
Intuitional Stem Cell Research Oversight regulations and followed
approved protocols by the Johns Hopkins Institutional Review
Board.

2.1 Human-Induced

Pluripotent Stem Cell

(iPSC) Lines

The human iPSC lines used in this study were previously generated
from diverse healthy donor tissues (13–15) and cultured in a feeder-
free condition (mTeSR1 medium and Matrigel-coated plates).

2.2 Human iPSC

Culture Reagents

1. Matrigel hESC qualified matrix (BD Biosciences, Cat. No.
354277), store at �20 �C.

2. Human iPSC culture medium: mTeSR1 Medium Kit
(STEMCELL Technologies, Cat. No. 05850).
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3. DMEM/F12 medium (Corning, Cat. No. 10-092-CV), store
at 4 �C.

4. Collagenase Type IV (Sigma, Cat. No. C5138-5 g), store at 4 �C.
Prepare 1 mg/ml collagenase IV solution with DMEM/F12 and
filter for sterilization. Store the collagenase solution at 4 �C.

5. Accutase solution (Sigma, Cat. No. A6964-100 ml), store at
�20 �C.

6. Cell scraper 25 cm (Sarstedt, Cat. No. 83.1830).

7. Y-27632 dihydrochloride (a ROCK inhibitor; Tocris Biosci-
ence, Cat. No. 1254-50 mg). Make 20 μl stock aliquots of
100 mM in PBS and store at �20 �C. For use in experiments,
thaw the frozen aliquot, dilute the 20 μl in 380 μl PBS to yield a
5 mM solution, and store at 4 �C. The desired final concentra-
tion to treat cells is 2–10 μM.

8. Penicillin-streptomycin (Gibco, Cat. No. 15140-122), store at
�20 �C.

9. CryoStem FreezingMedium (Stemgent, Cat. No. 01-0013-50),
store at 4 �C.

10. Tissue-culture-treated 12-well plastic plates (Thermo Scien-
tific, Cat. No. 130185).

2.3 Hepatic

Differentiation

Reagents

1. RPMI 1640 Medium with GlutaMAX (Gibco, Cat. No.
61870-036), store at 4 �C.

2. Recombinant human Activin A (R&D systems, Cat. No. 338-
AC/CF). Make 25 μl stock aliquots of 1 mg/ml in PBS and
store at �80 �C. For use in experiments, thaw the frozen
aliquot, dilute the 25 μl in 225 μl RPMI1640 medium to
yield a 100 μg/ml solution, and store at 4 �C. The desired
concentration to treat cells is 100 ng/ml.

3. B27 supplement (Gibco, Cat. No. 17504-044), aliquot, and
store at �20 �C.

4. CHIR 99021 (Tocris, Cat. No. 4423, GSK-3 inhibitor). Make
250 μl stock aliquots of 20 mM in DMSO and store at �20 �C.
For use in experiments, thaw the frozen aliquot, dilute the
250 μl in 250 μl DMSO to yield a 10 mM solution, and store
at 4 �C. The desired final concentration to treat cells is 1–2 μM.

5. William’s Medium E, no glutamine (Gibco, Cat. No. 12551-
032), store at 4 �C.

6. Insulin-Transferrin-Selenium (ITS) (Corning Cellgro, Cat.
No. 25-800-CR), store at 4 �C. This solution contains
1,000 mg/l human recombinant insulin, 550 mg/l human
recombinant transferrin, and 0.67 mg/l selenious acid.

7. HEPES solution (Sigma, Cat. No. H0887-100 ml), store at
4 �C.
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8. GlutaMAX Supplement (Gibco, Cat. No. 35050-061), store at
4 �C.

9. Dexamethasone (Sigma, Cat. No. D8893). Make stock ali-
quots of 10 mM in DMSO and store at 4 �C.

10. Gentamicin solution (Sigma, Cat. No. G1397-10 ml), store at
4 �C.

11. Recombinant human FGF-4 (R&D systems, Cat. No. 235-
F4/CF). Make 50 μl stock aliquots of 500 μg/ml in PBS and
store at �80 �C. For use in experiments, thaw the frozen
aliquot, dilute the 50 μl in 200 μl PBS to yield a 100 μg/ml
solution, and store at �20 �C. The desired concentration to
treat cells is 10 ng/ml.

12. Recombinant humanHGF (R&D systems, Cat. No. 294-HG/
CF).Make 50 μl stock aliquots of 500 μg/ml in PBS and store at
�80 �C. For use in experiments, thaw the frozen aliquot, dilute
the 50 μl in 200 μl PBS to yield a 100 μg/ml solution, and store
at�20 �C. The desired concentration to treat cells is 10 ng/ml.

13. Recombinant Human Oncostatin M (OSM) (R&D systems,
Cat. No. 295-OM/CF).Make 50 μl stock aliquots of 500 μg/ml
in PBS and store at �80 �C. For use in experiments, thaw
the frozen aliquot, dilute the 50 μl in 200 μl PBS to yield a
100 μg/ml solution, and store at �20 �C. The desired concen-
tration to treat cells is 10 ng/ml.

14. Fetal bovine serum (HyClone, Cat. No. SH30070.03). Make
aliquots and store at �20 �C.

15. Hepatocyte culture medium (HCM): The base HCM con-
tains 15 mM of HEPES, 1 % of GlutaMAX, 1 % of ITS
solution, 0.1 μM of dexamethasone, and 0.1 % of gentamicin
in William’s Medium E. Filter this base medium and store at
4 �C. Prior to use in cell culture, supplement this medium
with HGF, FGF-4, and OSM, each at final concentration of
10 ng/ml.

2.4 Antibodies Used

in the Study (Table 1)

2.5 Primer Probes

Used for Real-Time

PCR (Table 2)

2.6 Other Reagents

and Kits

1. TRIzol Reagent (Life technologies, Cat. No. 10296-028).
2. High Capacity cDNA Reverse Transcription Kit (Life technol-

ogies, Cat. No. 4368813).
3. 0.5 % Oil Red O solution (Sigma, Cat. No. O1391).
4. Annexin VApoptosis Detection Kit (BD Pharmingen, Cat. No.

559763).
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3 Methods

3.1 Matrigel Coating

of 12-Well Plates for

Pluripotent Stem Cell

Culture

The whole procedure should be performed under extra aseptic
condition.

1. Thaw frozen Matrigel overnight at 4 �C. Prepare 1:4 dilution
of Matrigel using chilled DMEM/F12. Prepare 5 ml aliquots
with chilled pipettes and freeze them at �20 �C.

2. Thaw one 5 ml aliquot on ice.

3. Transfer the thawed aliquot to cold 500 ml DMEM/F-12
medium, mix well, and keep on ice.

4. Add 1 ml/well diluted Matrigel into 12-well plates using
chilled pipettes. Wrap the coated plates using aluminum foil
and incubate at room temperature for 1 h. Store in 4 �C (see
Note 1).

5. When the plate is ready for iPSC culture, bring the plate to
room temperature.

Table 1
Details of antibodies used in this study

Antibodies Reactive Source Supplier Cat. No. Dilution

Sox17 Human Mouse R&D systems mab1924 1:200

AFP Human Rabbit Dako A0008 1:200

ALB-FITC Human Rabbit Dako F0117 1:200

SSEA3-Fitc Human Rat eBioscience 14-8833-80 1:100 (FACS)

CXCR4-PE Human Mouse eBioscience 12-9999-73 1:100 (FACS)

Ki67 Human Mouse Cell Signaling 9449S 1:500

AAT Human Goat Thermo PA126908 1:100

Table 2
TaqMan primer-probe sets used for real-time PCR

Gene Abbreviation Assay ID

Eukaryotic 18S rRNA 18S Hs03003631-g1

SRY (sex-determining region Y)-box 17 Sox17 Hs00751752_s1

Alpha-fetoprotein AFP Hs00173490_m1

Albumin ALB Hs00910225_m1

Fatty acid synthase FASN Hs01005622_m1
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6. Remove theMatrigel solution. Ensure that the coated surface is
not scratched by pipette.

7. Immediately add 0.5 ml/well iPSC culture medium and then
plate cells.

3.2 Human iPSC

Culture and Hepatic

Differentiation

3.2.1 Human iPSC

Culture: Thaw iPSC Lines

Onto Matrigel-Coated 12-

Well Plates (See Note 2)

Culture the cells in mTeSR1 medium at 37 �C with 5 % CO2.
Observe the morphology of the colonies under the microscope
and change medium every day. When the colonies are large and
ready to merge, passage the cells with Accutase or collagenase IV
(see Note 3).

3.2.2 Differentiation of

Human iPSCs to

Hepatocytes (Fig. 1)

It is important that the iPSC colonies be evenly distributed and
reach 40–80 % confluence before starting differentiation.

1. Day 0: Replace iPSC culture medium with warm RPMI
medium supplemented with 100 ng/ml Activin A and
1–2 μM CHIR99021 (see Note 4). Incubate the cells at
37 �C with 5 % CO2.

2. Day 1–4/5: Continue replacing the previous culture medium
with fresh RPMI supplemented with 100 ng/ml Activin A and
0.05–2 % B27 daily (seeNote 5). After day 4, more than 90 % of
the cells express endodermal markers like Sox17 and CXCR4
(Fig. 1b, c).

3. Day 4–9/10: Change medium to RPMI supplemented with
100 ng/ml Activin A, 0.1–1 % B27, 10 ng/ml HGF, and
10 ng/ml FGF-4 every day. Following HGF/FGF-4 treat-
ment, a majority of cells express hepatic progenitor marker
AFP (Fig. 1d).

4. Day 9/10–20: Change medium to HCM supplemented with
1–3 % FBS, 10 ng/ml HGF, 10 ng/ml FGF-4, and 10 ng/ml
OSM daily (see Note 6). At day 20, 80–90 % of cells express
characteristic mature hepatocyte markers including albumin
(ALB) and alpha-1 antitrypsin (AAT) (Fig. 1e, f).

3.3 Alcohol Exposure

Method and Effects of

Alcohol on Hepatic

Differentiation

Alcohol exposure in this model is achieved by directly adding
ethanol into multistage hepatic cell culture at a final concentration
of 100 mM. Constant alcohol atmosphere was maintained in the
culture wells by using a microclimate chamber to prevent alcohol
evaporation (20).

1. Effects of alcohol on differentiation of iPSCs into definitive
endoderm (DE): Treat the iPSCs with 100 mM ethanol from
day 0 to 3 of endoderm differentiation. Prepare the medium
containing ethanol freshly every day before use. At day 4,
harvest the cells for real-time PCR, flow cytometry, and
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immune staining. Based upon cell morphology and Sox17
expression, endoderm differentiation is not significantly influ-
enced by alcohol exposure (Fig. 2a). Flow cytometry analysis
demonstrates increased Annexin V-positive apoptotic cells after
alcohol treatment (Fig. 2a). Cell proliferation shows little to no
change at this stage (Fig. 3a).

Fig. 1 Differentiation of human iPSCs into multistage hepatic cells. (a) A schematic diagram of hepatic
differentiation procedure and corresponding bright field images of hepatic cells at each stage. (b) A
representative image showing the expression of Sox17 (red), a definitive endoderm marker, at differentiation
day 4. (c) Flow cytometric analysis shows that ~99 % of cells express CXCR4, another definitive endoderm
marker, at day 4. (d) Expression of AFP (green), a hepatocyte progenitor marker, at day 9 after initiation of
hepatic differentiation. (e and f) At day 20, most of the cells express mature hepatocyte markers such as
albumin (ALB, green) and alpha-1 antitrypsin (AAT, red). Scale bars, 100 μm
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Fig. 2 Effects of alcohol on hepatic differentiation and cell viability. (a) Real-time PCR analysis of Sox17
expression (left panel) at day 4 definitive endoderm (DE) stage, following 100 mM ethanol treatment from day
0 to day 3. Percentage of Annexin V-positive cells was obtained from analysis of cell apoptosis by flow
cytometry (right panel). Apoptotic cells were increased with alcohol exposure at DE stage. (b) Significant
reduction in AFP expression (left panel) was observed in hepatic progenitor (HP) cells at day 9, on exposure to
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Fig. 2 (continued) 100 mM ethanol from day 4 to day 8, and the quantity of Annexin V-positive apoptotic cells
also increased significantly (right panel). (c) Alcohol treatment from day 11 to day 15, followed by analysis of
albumin (ALB) expression (left panel) and cell viability (right panel) of the mature hepatocyte-like cells at day
16, showed no statistical difference compared with control. *: p < 0.05, #: p < 0.01

Fig. 3 Effects of alcohol on proliferation of iPSC-derived multistage hepatic cells. (a) Representative images of
Ki67 (Red)-positive cells at day 4 DE stage, (b) Ki67 (green)-positive cells at day 9 HP stage, (c) ALB-positive
cells (green), and Ki67 (red)-positive cells at day 16 MH stage in control and ethanol-treated cells. Scale bars,
100 μm
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2. Effects of alcohol on differentiation of iPSC-derived DE cells
into hepatic progenitor (HP) stage cells: Differentiate iPSCs to
HP stage cells, as described in Sect. 3.2. Treat the cells with
100 mM ethanol from day 4 to 8. At day 9, perform real-time
PCR, apoptosis assay, and Ki67 staining (Figs. 2b and 3b).
Hepatic progenitor marker, AFP, shows significant reduction
after ethanol treatment. This is accompanied with significantly
increased cell apoptosis at HP stage (Fig. 2b). Cell proliferation
does not change significantly at this stage (Fig. 3b).

3. Effects of alcohol on differentiation of iPSC-derived HP cells
into hepatocyte-like cells: In this section, treat the iPSC-
derived early hepatic cells with ethanol from day 11 to 15.
Measure the expression of hepatocyte-specific marker albumin
at day 16, by real-time PCR (Fig. 2c). Maturation and viability
of iPSC-derived hepatocytes is not significantly affected by
ethanol treatment at this stage. However, Ki67-positive cells
are remarkably reduced (Fig. 3c), which suggests that alcohol
influences cell proliferation of iPSC-derived hepatocytes.

3.4 Estimation of

Fatty Changes in iPSC-

Derived Mature

Hepatocytes on

Alcohol Exposure

Liver steatosis is the most common form of ALD, which can be
found in more than 80 % patients with chronic alcohol
consumption.

1. Differentiate human iPSCs to mature hepatocyte-like cells
(Section 3.2).

2. At day 20 of differentiation, a majority of the cells express
mature hepatocyte markers ALB and AAT (Fig. 1e, f). Treat
these cells with 100 mM ethanol in HCM supplemented with
2 % FBS, 10 ng/ml HGF, 10 ng/ml FGF-4, and 10 ng/ml
OSM, from day 20 to 24. Ethanol containing culture medium
is prepared freshly prior to treatment. Seal the culture plates
with parafilm to limit ethanol evaporation andmaintain ethanol
concentration (21). Change medium daily and culture at 37 �C
and 5 % CO2.

3. At day 25, harvest the cells for real-time PCR or fix them using
4 % PFA for measurement of lipid accumulation (Fig. 4).

4. Staining of lipid droplet: Fix the cells with 4 % PFA at room
temperature for 30 min. Wash the cells with PBS once and
twice with ddH2O. Incubate the cells in 60 % isopropanol for
5 min, followed by 60 % Oil Red O solution (diluted in
ddH2O) for 5 min. Finally, wash the cells with ddH2O until
excess stain is no longer apparent. Keep cells covered with
ddH2O at all times. Lipid droplets appear red under micro-
scope (Fig. 4a, b).

5. Quantification of lipid accumulation: After Oil Red O staining,
wash the cells thrice with 60 % isopropanol. Extract the Oil Red
O by treating the cells with 100 % isopropanol for 5 min with
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gentle rocking. Use 100 % isopropanol as background control
when reading absorbance at 492 nm. Human iPSC-derived
hepatocytes contain increased amount of lipid droplets after
100 mM alcohol treatment (Fig. 4c).

6. To further confirm alcohol-induced lipid accumulation, ana-
lyze the expression of fatty acid synthase (FASN) using real-
time PCR. Cells treated with 100 mM alcohol show increased
FASN transcription, when compared with the untreated con-
trol (Fig. 4d).

Fig. 4 Ethanol exposure induces fat accumulation in differentiated hepatocytes from iPSCs. (a and b) Detection
of lipid droplets by Oil Red O. (c) Quantification of lipid accumulation with Oil Red O staining. (d) Real-time PCR
analysis of expression levels of fatty acid synthase (FASN) in control and 100 mM ethanol-treated groups. *:
p < 0.05. Scale bars, 100 μm
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4 Notes

1. Use the cell culture plates within 1 week of coating with
Matrigel. The plates should not be used for human iPSC/
ESC culture, if not fully coated.

2. Freeze cells from 6 wells of a 12-well plate (approximately two
to four million cells) in one freezing vial with CryoStem Freez-
ing medium. When thawing, thaw the cells from one freezing
vial into an entire 12-well plate. Do not start the hepatic
differentiation right after thawing the iPSCs when the cells
are still quiescent.

3. Pass the colonies as small cell aggregates. The split ratio varies
with the growth condition of different cell lines (1:2–1:5).
Y-27632 at 2–10 μM can be added to the culture medium to
increase cell viability.

4. There is difference in terms of ingredients among RPMI 1640
medium from different suppliers. The RPMI 1640 medium
from Gibco works better for endoderm differentiation of
most of the iPSC lines tested by us.

5. Observe the cells under the microscope every day, and then
determine an optimum concentration of B27 (0.02–2 %) based
upon cell viability and differentiation status. Ideally, there
should be cells with uniform DE morphology attached to the
plate and less than 5 % of dead cells floating in the medium.
When cell viability is compromised, increase B27 concentration
to protect the cells. It is essential to keep an even distribution of
the cells in the plates in order to obtain the best DE differenti-
ation efficiency (>99 %).

6. Adding FBS can increase viability but is not necessary for
hepatic differentiation or hepatic functionality. Therefore,
FBS can be omitted for certain purposes including xeno-free
human liver cell generation or experiments requiring serum-
free conditions.
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