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ABSTRACT

Hepatic steatosis is a metabolic disease, characterized by selective and progressive accumulation of lipids in liver, 
leading to progressive non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), and cirrhosis. 
The existing in vitro models of hepatic steatosis to elucidate the molecular mechanisms behind the onset of hepatic 
steatosis and to profile small molecule modulators uses lipid loaded primary hepatocytes, and cell lines like HepG2. The 
limitation of these models includes high variability between the different donor samples, reproducibility, and translatability 
to physiological context. An in vitro human hepatocyte derived model that mimics the pathophysiological changes seen 
in hepatic steatosis may provide an alternative tool for pre-clinical drug discovery research. We report the development 
of an in vitro experimental model of hepatic steatosis using human induced pluripotent stem cell (iPSC) derived he-
patocytes like cells (HLC), loaded with lipids. Our data suggests that HLC carry some of the functional characteristics 
of primary hepatocytes and are amenable for development of an in vitro steatosis model using lipid loading method. 
The in vitro experimental model of hepatic steatosis was further characterized using biomarker analysis and validated 
using telmisartan. With some refinement and additional validation, our in vitro steatosis model system may be useful for 
profiling small molecule inhibitors and studying the mechanism of action of new drugs.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), and non-alcoholic 
steatohepatitis (NASH) are devastating liver diseases characterized 
by steatosis (lipid accumulation). While the former lacks hepatocyte 
injury, the latter is prone for inflammation related liver dysfunction 
[1]. These pathological depositions of lipids in the liver are thought to 
be one of the main reasons for the observed progressive reduction in 
the function of liver in NAFLD/NASH subjects [2]. Reduction of the 
lipid content in liver is a highly reliable strategy for the development 

of novel therapeutic approach. Several advancements have been made 
to understand the pathogenesis of these liver diseases and this has been 
achieved using in vitro systems and in vivo animal models [3]. However, 
the translation from in vitro tests to in vivo models is poor and most of the 
small molecule compounds, peptides and/or biosimilars fail or respond 
differently in animal models as compared to in vitro experiments. The 
lack of correlation between in vitro to in vivo models may be due to 
improper selection of in vitro experimental systems.

The currently available in vitro models of human hepatic steatosis 
use either cancerous cell lines or transgenics, which do not resemble 
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the mature liver cells either morphologically or functionally and may 
have different protein expression profile [4]. The immortalized cells lack 
the features that define true hepatocytes and do not represent the exact 
pathophysiology of disease. Further, these traditional transformed cell 
lines also lack the vital proteins that are important for the differentia-
tion into mature hepatocytes and development of hepatic steatosis [5]. 
HepaRG cells, derived from human hepatocellular carcinoma, shares 
some features & properties of hepatocytes and has been proposed as 
a surrogate to human hepatocytes for drug metabolism and toxicity 
studies [6]. HepaRG cells have also been used for the development of 
vesicular steatosis model [7]. However, the physiological status of a 
tumor cell is very different from a normal cell and it does not reflect 
the physiological status of a normal cell in vivo. Hepatic cells derived 
from postnatal skin precursors (hSKP-HPCs), a stem cell population 
residing in human dermis have been reported in the investigation of 
steatosis-inducing effects of sodium valproate [8]. Primary human 
hepatocytes represent a better source for in vitro hepatocyte disease 
model [9]. The primary human hepatocytes based hepatic steatosis 
model expresses the genes and biomarkers that closely resemble the 
in vivo model system [10]. However, every batch of primary human 
hepatocyte comes from different donors and therefore they are prone 
for variability. The lack of availability of enough donors and expensive 
nature of these cells has hampered liver research and there is a need for 
an alternate source, which truly mimics the primary hepatocytes [11].

Human induced pluripotent stem cells (iPSCs) derived hepatocyte 
like cells (HLC) represents an alternative source for human primary 
hepatocytes [12]. Several studies have successfully used human iPSC 
derived HLC for functional studies, particularly in assays measuring 
CYP metabolism [13], hepatotoxicity [14] and infectious diseases such 
as hepatitis B [15]. iPSC derived HLC implanted in mice having acute 
liver failure has increased the survival rate of animals which suggests 
that these iPSC derived cells may represent HLC, not just in in vitro but 
in vivo as well [16]. Lipid profile of hepatocytes from patient derived 
iPSCs is reported as part of the studies on hepatocyte metabolism prior 
to the development of steatosis [17]. Previous studies have reported 
iPSC derived hepatocyte like cell models from homozygous familial 
hypercholesterolemia (hoFH) patients for profiling compounds that may 
lower serum LDL-C [18]. Recently, iPSC derived HLC have been used 
to screen small molecules [19].

Here, we report the development of an in vitro experimental model 
of hepatic steatosis using iPSC derived HLC loaded with lipids. The 
human iPSCs were differentiated into HLC, characterized using gene 
marker analysis & functional assays and hepatic steatosis model was 
developed via loading of palmitate & oleic acid. The steatosis model 
was characterized using biomarker and functional analysis. Finally, 
we tested telmisartan, a drug known to improve the overall histology 
of NASH patients [20] in our in vitro model. The HLC carry some of 
the functional characteristics and gene expression profile of primary 
hepatocytes and are amenable for development of an in vitro steatosis 
model using lipid loading method.

MATERIALS AND METHODS

Ethics statement
Normal human dermal fibroblasts, neonatal (HDFn) were used for 

reprogramming to generate iPSCs. The cells were purchased from Life 

Technologies (Gibco) and consent statement from the provider is: “The 
cells in this lot were derived from tissue obtained from accredited insti-
tutions. Consent was obtained by these institutions from the donor or 
the donor’s legal next of kin, for use of the tissue and its derivatives for 
research purposes.” The human Episomal Human iPSC line (A18944) 
was used as control lines to confirm iPSCs derived from HDFn cells. 
This study (proposal Cat. # JBL/IBSC/006) was approved by Institute 
Biosafety Committee (IBSC), Jubilant Biosys Ltd., Bengaluru, India.

Generation and characterization of undifferentiated 
iPSCs from fibroblasts

The detailed procedures on the generation and characterization of 
undifferentiated iPSCs from fibroblasts is given in the Supplementary 
information.

Differentiation of iPSCs into hepatocytes like cells
Prior to seeding MEF cells 0.3 × 106 cells/well, 6 well plates were 

coated with attachment factor for 1 h and incubated at 37°C for 24 h. 
iPSCs were incubated with 0.5 mM EDTA in DPBS at room temperature, 
monitored until the cells detach and neutralized with E8 medium. The 
cell suspension at a density of 0.3 × 105 cells/well were transferred to 
the MEF coated plate and incubate at 37°C with 5% CO2. [Days 1–2]: 
The culture medium was replaced with RPMI that has been pre-warmed 
to 37°C and supplemented with 2% B27 (without insulin), 100 ng/ml 
activin A, 10 ng/ml BMP4, and 20 ng/ml FGF2. The cells were cultured 
with daily medium changes for 2 d at 37°C. [Days 3–5]: The culture 
medium was changed to RPMI/2% B27 (without insulin) containing 
100 ng/ml activin A and the cells were continued in culture with daily 
media changes for an additional 3 d at 37°C. [Days 6–10]: Hepatic 
differentiation was induced by changing the medium to RPMI/2% B27 
(with insulin) supplemented with 20 ng/ml BMP4 and 10 ng/ml FGF2 
and the cells were continued to be cultured with daily medium changes 
for a total of 5 d at 37°C. [Days 11–15]: The hepatic progenitor cells 
were cultured for 5 d in RPMI/2% B27 (with insulin) supplemented 
with 20 ng/ml HGF, and with daily medium changes at 37°C. [Days 
16–20]: The medium was replaced with hepatocyte maturation medium 
(DMEM, 10%FBS) supplemented with 1× nonessential amino acids, and 
10-7 M dexamethasone. The medium was supplemented with 20 ng/ml 
of oncostatin M and the cells were cultured for at least 5 d with daily 
medium changes at 37°C. The cells were continued to be maintained 
in the same media till day 35.

Characterization of hepatocyte like cells using Q-PCR
The HLC were characterized using Q-PCR analysis of some of the 

critical liver genes. The list included the cytochrome p450 enzymes 
(Cyp3A4, Cyp1A2, Cyp2C9, Cyp2c19, Cyp2B6) and the transporters 
(Glut2, Glut4, FATP-4). Total RNA was extracted from iPSCs using 
TrizolTM (Invitrogen) according to the manufacturer’s instructions. The 
concentration of RNA was determined spectrophotometrically and 
the integrity of the RNA was assessed using a NanoDrop® ND-1000 
Spectrophotometer. Five hundred nanogram of total RNA was used to 
prepare the cDNA samples. iScript™ cDNA Synthesis Kit (BioRad: 
1708890) was used for the cDNA synthesis and subsequent to synthesis, 
aliquots of cDNA were stored at −20°C. qPCR was performed using 
iTaq™ Universal SYBR® Green Supermix (BioRad: 172-5120) as per 
manufacturer’s instructions. The cycling conditions included a dena-
turing step at 95°C for 2 min and 40 cycles of 95°C for 30 s, 60°C for 
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30 s and 45 s at 72°C. Bio-Rad® CFX96™ was used to determine the 
expression level of selected target genes. Human β-Actin was used as 
control for normalization. Primer sequences are detailed in Table 1.

Functional characterization of hepatocyte like cells us-
ing glucose uptake assay and its comparison against 
primary human hepatocytes

Radiometric glucose uptake assay was performed using 3H-2-de-
oxy-D-glucose. Human primary hepatocytes (Caucasian male, aged 
71) were procured from Thermofisher scientific (Cat. # HMCPMS, Lot 
# HU1955). The cells were stored at vapor phase of liquid nitrogen. 
Post thawing, cell viability was found to be 91%. Cells were cultured 
in DMEM + 10% FBS + 1× antibiotic. 0.2% w/v gelatin solution was 
prepared in sterile tissue culture grade H2O. Multi well plates were 
coated and maintained at 37°C prior to assay initiation. Fifty thousand 
cells (primary human hepatocytes or HLC) per well were seeded in a 
multi well plate (DMEM + 10% FBS + 1× antibiotic) and incubated 
overnight (O/N) at 37°C with 5% CO2. After O/N incubation, the cells 
were washed with PBS twice and starved for 2 h in serum free DMEM 
media. After 2 h, the media was removed; cells were washed twice in 
PBS. Five hundred microlitre KRPH buffer containing 1% fatty acid 
free BSA was added and incubated for 30 min. Post 30 min, the spent 
buffer was removed; cells were washed once again with PBS. Cells 
were stimulated with and without insulin (10 µg/ml) in KRPH buffer 
containing 0.05% fatty acid free BSA. Stimulation buffer was removed 
and replaced with 300 µl KRPH buffer containing 0.5 µCi/ml of 3H-2-
deoxy-D-glucose (hot) and 2.5 µM of 2-deoxy-D-glucose (cold) and 

incubated for 10 min. After 10 min, the radioisotope containing buffer 
was removed, and cells were washed thrice with ice cold PBS to attenuate 
glucose uptake. The reaction was stopped by the addition of 150 µl of 
0.2 N NaOH. The cells containing plate was incubated in orbital shaker 
for 3 h at room temperature to homogenate samples. One hundred and 
fifty microliters of the sample was transferred into a pico-plate, 150 µl 
of microscint-40, was added, and incubated again for 3 h to O/N and 
counts read using Trilux micro beta plate reader. Counts per minute 
(CPM) per well was recorded and analyzed. Analysis was done using 
Dunnett’s multiple comparison test.

Functional characterization of hepatocyte like cells 
using drug metabolism and clearance assays and its 
comparison against primary human hepatocytes

Hepatocytes reflect the heterogeneity of cytochrome P450 gene 
expression, and it is a suitable model for drug metabolism studies. The 
metabolic stability of chemical entities can be investigated by incubating 
the drugs with primary human hepatocytes. We undertook the metabolic 
stability analysis of the known chemical entity, naloxone in primary 
human hepatocytes and in HLC. The idea of this experiment was to 
study the functional drug metabolizing ability of the HLC as compared 
to the primary human hepatocytes. Human Primary hepatocytes (Cau-
casian male, aged 71) were procured from Thermofisher scientific (Cat. 
# HMCPMS, Lot # HU1955). The cells were stored at vapor phase of 
liquid nitrogen. Post thawing, cell viability was found to be 91%. Cells 
were cultured in DMEM + 10% FBS + 1× antibiotic.

Table 1. Primers for characterization of hepatocytes.

Gene Forward primer Reverse primer

CYP3A4 GTGGGGCCTTTGTCAGAACT TGGGCAAAGTCACAGTGGAT

FATP-4 AGGGGCCAATAAACTCTGCC CTGCGGCATCTTACCTGCTA

CYP1A2 CTTCGCTACCTGCCTAACCC GTCCCGGACACTGTTCTTGT

CYP2C9 GGTGAGTGTTAGAGTTACTTGAGGA TAGAGGTTAGAGCTGCCCCT

CYP2C19 CCAGGGTTTAATCTTTTTCAGCTTC AAGACAGGAAGAGTGGTGAACA

CYP2B6 CTTCACGGTACACCTGGGAC CGACCATGGCGATTTTTCCC

GLUT4 TCTCCAACTGGACGAGCAAC CAGCAGGAGGACCGCAAATA

GLUT2 CACAATCTCATACTCAATGAACCCA GGCCTGAAATTAGCCCTTCCAA

Actin CATTCCAAATATGAGATGCGTTGT TGTGGACTTGGGAGAGGACT

18sRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

The HLC’s were re-plated after differentiation to perform the clearance 
assay. The viability of HLC was ~70% after re-plating. The primary 
human hepatocytes or the HLC were incubated with 3 μM of naloxone 
at 37°C for different (0, 30, 60, 120 and 180 min) time periods. Samples 
were collected at the end of each time points, and the reaction was 
terminated with a quenching solution. The samples were centrifuged 
and the supernatants were analyzed using LC-MS/MS. The clearance 
of naloxone over time was determined via changes of concentrations 
(chromatographic peak area ratios) relative to the control (time 0 sam-
ples) over a period of 180 min. The data was normalized to the cell 
number. Half-life of the drug was calculated based on the concentration 
data. Calculations for hepatic clearance were carried out with “well-
stirred” model.

Development of in vitro steatosis model
iPSCs derived HLC were seeded onto a 96-well plate in Hepato-

cyte culture medium at 37°C, 5% CO2 and allowed to grow to 75% 
confluence. iPSC derived hepatocytes were allowed to attach for at 
least 24 h before initiating lipid overloading. Lipid over-loading was 
carried out for 24 h in the presence of oleate: palmitate in the ratio of 
3:1 (75 µM:25 µM). The lipid mixture in the absence and presence of 
test compound was incubated for 48h at 37°C and 5% CO2. The culture 
medium was gently removed on the following day and 100 µl of Nile 
red working solution was added to each well and incubated for 60 min 
at 37°C. After incubation, the Nile red solution was washed with 100 
µl of PBS to remove the debris. The lipid droplets stained with Nile 
red was quantified using fluorescence plate reader with excitation at 
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488 nm and emission at 550 nm.

Statistics
GraphPad Prism 5.04 (GraphPad software Inc. La Jolla, CA, USA) 

was used for statistical analysis and graphical presentation. Dunnett’s 
multiple comparison test was used to study the statistical significance.

RESULTS

The details regarding the generation and characterization of iPSCs 
are provided in the Supplementary information. Briefly, the iPSCs 
were generated from fibroblasts and characterized using a variety of 
techniques including staining, qPCR analysis and western blot analysis 

with pluripotency markers; embryoid body (EB) formation and dif-
ferentiation into germ layers; and karyotyping (Fig. S1-S7; Table S1 
and S2). The various analyses confirmed the pluripotency and genome 
stability of the iPSC colonies 4 and 8. iPSC colony number 4 was used 
in all further experiments.

Differentiation of iPSCs to hepatocytes like cells
The iPSCs were expanded and differentiated into HLC. The iPSCs 

were exposed to differentiation media supplemented with factors N2B27 
and beg that are required for the transition to definitive endoderm to 
specific hepatocyte endoderm (day 10) and finally to HLC (Day 20+). 
The HLC displayed the typical morphology seen with hepatocytes that 
are polygonal in shape (Fig. 1).

Figure 1. Differentiation of iPSCs to hepatocyte like cells. A. Specific hepatic endoderm (day 10). B. HLC (day 20). iPSCs were directed to differen-
tiate into HLCs. The differentiated cells displayed the typical morphology seen with hepatocytes that are polygonal in shape. These cells were used for 
further characterization using gene expression studies and functional analysis.

Characterization of hepatocytes like cells using gene 
markers specific for hepatocytes

Q-PCR analysis of some of the hepatocyte specific genes, cyto-
chrome p450 enzymes and transporters genes [21-24] were studied at 
the end of differentiation period to confirm the differentiation to HLC. 
The list of investigated hepatocyte specific genes include Fibrinogen 
alpha chain (FGA), fibrinogen gamma chain (FGG), alpha-fetoprotein 
(AFP), albumin (ALB), and SOX1. These genes are highly expressed 
in the HLC (Fig. S8). The list of cytochrome p450 enzymes analyzed 
include Cyp3A4, Cyp1A2, Cyp2C9, Cyp2c19, Cyp2B6 and the trans-
porters include Glut2, Glut4, FATP-4 (Fig. 2). The hepatocyte specific 
gene expression of cytochrome p450 enzymes and transporters in HLC 
were studied in comparison with primary human hepatocytes. The gene 
expression in primary human hepatocytes were normalized to a scale 
of 1 (one), and the relative gene expression in iPSC derived HLC were 
plotted (Fig. 2).

The data suggests that the genes expressed in primary human he-
patocytes were also expressed in iPSC derived HLC, albeit to different 
levels. In order to further ascertain the functionality of iPSC derived HLC, 
the cells were subjected to glucose uptake experiments in comparison 

with primary human hepatocytes (Fig. 3). Insulin dependent glucose 
uptake at 100 µg/ml was similar in both the cell types (~30 CPM over 
the control) lending support to the functionality of the HLC similar to 
primary human hepatocytes (Fig. 3).

Additionally, we carried out studies to assess the potential of HLC 
to metabolize the known drugs, similar to primary hepatocytes. This 
experiment was carried out in comparison with primary human hepato-
cytes (Table 2). Drugs are known to be metabolized by the cytochrome 
P450 (CYP450) enzyme system in hepatocytes and historical data is 
available for some standard drugs including Naloxone [25,26]. In our 
experiment, the calculated half-life of naloxone was 139 min in pri-
mary human hepatocytes as compared to 368 min in HLC (Table 2). 
Calculations for hepatic clearance were carried out with “well-stirred” 
model [25]. The ratio of the hepatic clearance of Naloxone to the he-
patic blood flow (scaled CL fraction blood flow, Table 1) was found to 
be 0.82 for primary human hepatocytes and 0.39 for HLC. HLC were 
able to metabolize Naloxone, albeit to a lower level as compared to 
human primary hepatocytes. This could be explained by the relative 
lower expression levels of the CYP450 family of enzymes (including 
Cyp3A4, Fig. 2) in HLC.
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Figure 2. Characterization of hepatocyte specific gene expression profile in HLC derived from iPSCs. QPCR analyses of cytochrome p450 
and transporter genes were performed using RNA samples from primary human hepatocyte and HLC. The gene expression levels in primary human 
hepatocytes were normalized to a scale of 1 (one) and the comparative expression profile of the respective genes in HLC is shown. The genes from 
cytochrome p450 family are expressed in lower levels in the HLC as compared to hepatocytes and GLUT2 is expressed in higher levels as compared 
to primary hepatocytes.

Figure 3. Radiometric glucose uptake assay using primary human hepatocytes (A) and iPSC derived HLC (B). Glucose uptake was undetectable 
in the control primary hepatocytes whereas the iPSC derived HLC had detectable levels of glucose uptake even in the control cells. Insulin dependent 
glucose uptake at 100 µg/ml was similar in both primary human hepatocytes and iPSC derived HLC (~30 CPM over the control). Analysis was done 
using Dunnett’s multiple comparison test. Compared with control, **P < 0.01.

Table 2. Assessment of the ability of iPSC derived hepatocyte like cells to metabolize naloxone.

  Half-life (min) In2 (min-1) Cells (million) hClint (µl/min/106 
cells)

CL hepatic (ml/min/kg) Scaled CL fraction 
blood flow

Primary human 
hepatocytes

139 0.69 0.15 33.2 17.2 0.82

Hepatocyte like cells 368.3 0.69 0.4 4.7 8.2 0.39
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In essence, the iPSC derived, HLCs were characterized using their 
morphology, gene expression analysis (Table S3), glucose uptake 
assays and their ability to metabolize the known drug (naloxone). 
Subsequently, we proceeded with the development of in vitro steatosis 
model using these cells.

Development of in vitro steatosis model and its valida-
tion using telmisartan

We used the lipid over-loading method in the presence of oleate: 
palmitate for the development of in vitro steatosis model. Treatment 
of iPSC derived hepatocytes like cells with lipid mixture (oleic acid: 
palmitate) in the ratio of 3:1 (75 µM:25 µM) resulted in a significant 
increase in lipid load (Fig. 4, please refer red bar vs. blue bar). The 
concentration and the ratio of oleic acid: palmitate used in this experi-
ment was chosen based on prior information available in our lab using 
HepG2 cells (data not shown).

The lipid loaded iPSC derived hepatocyte model (steatosis model) 
was further tested using telmisartan. Telmisartan is an angiotensin 

receptor blocker (ARB) that functions by modulating PPAR-γ activity 
that leads to decreased hepatic fat accumulation. Telmisartan also 
blocks angiotensin II receptor resulting in the inhibition of hepatic 
stellate cell activation and suppression of hepatic fibrogenesis [27]. 
Due to the above properties, telmisartan was selected and tested as a 
protecting agent in the steatosis model. Telmisartan (100 µM, 30 µM 
and 10 µM) was added to the iPSC derived hepatocytes like cells and 
incubated for 48 h along with the lipid mixture. There was a significant 
reduction (~80%) in lipid droplet formation even in the presence of the 
lowest tested concentration of telmisartan as compared to the disease 
state (steatosis), measured by Nile red fluorescence (Fig. 4).

Lastly, some of the gene markers associated with NAFLD such as 
aquaporin 1 (AQP1), collagen type 3, alpha 1 chain (COL3A1), collagen 
type 1 alpha 1 chain (COL1A1), and fatty acid synthase (FAS) were 
studied for their expression levels to validate the steatosis disease model 
and its reversal by Telmisartan. There was an increase in the expression 
of these genes upon lipid loading, and upon treatment with telmisartan, 
the gene expression was reduced (Fig. 5).

Figure 4. In vitro model of hepatic steatosis. Treatment of iPSC derived hepatocytes like cells with lipid mixture [oleic acid (OA) + palmitic acid (PA)] 
in the ratio of 3:1 resulted in a significant increase in lipid load. The cells were treated with telmisartan (100 µM, 30 µM, 10 µM) for 48 h. There was a 
significant reduction (~80%) in lipid droplet formation as compared to the disease state (steatosis) in the presence of telmisartan as measured by Nile 
red fluorescence. Two independent experiments (N = 1, A; N = 2, B) were conducted with similar outcome. Analysis was done using Dunnett’s multiple 
comparison test. Compared with control, ***P < 0.001, and when compared with OA + PA group, ###P < 0.001.

DISCUSSION

The difficulties faced during procurement and handling of rodent 
and human hepatocytes are accompanied with complications [28]. The 
immortalized cell lines (HepG2) which continue to be an important 
source for hepatocyte related studies, doesn’t provide an appealing 
solution to mimic in vivo physiological conditions [29]. Although the 
transformed cell lines can serve as surrogate models, the gene array 
results from these cells suggests that the profiles are completely different 
from that of primary hepatocytes. Further, these cell lines have little 
or no hepatic metabolizing activities, which make them irrelevant for 
drug discovery [30].

Overall, the limitations with human primary hepatocyte based steatosis 
model and the intrinsic differences between the steatosis models from 

hepatocytes of rodent species (rat and mouse) make the human iPSC 
derived HLC based steatosis model an attractive tool for pharmaceutical 
research. Human iPSC derived HLC can be a good alternative as they 
have high resemblance to hepatocytes.

In the current study, we have generated the iPSCs from human 
fibroblasts, and demonstrated that the iPSCs can be differentiated into 
hepatocytes like cells, while retaining the morphology, gene expres-
sion profile, and functionality of hepatocytes. These highly specific, 
differentiated cells have the morphological and functional features 
of the primary hepatocytes. One of the most distinctive features of 
hepatocytes is the process of fatty acid metabolism [44]. The glucose 
uptake data and the drug metabolism data provided in this study with 
the iPSC derived HLC suggests that these cells are metabolically active 
and resemble the primary hepatocytes.
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Subsequently, we used these differentiated HLC to develop an in 
vitro experimental model of Hepatic Steatosis via loading of palmitate 
and oleic acid. The disease model was characterized using biomarker 
profiling, functional analysis and was validated using telmisartan. The 
accumulation of lipid droplets is the hallmark of steatosis and one of the 
key pathology in the progression of NAFLD, to NASH and ultimately 
to non-cancerous inflammation driven cirrhosis [28]. Several genes 
have been identified as biomarkers of NALFD disease progression 

[29]. We have selected a few of these genes (AQP1, FAS, COL3A1, 
and COL1A1) and tested them in our model. The data suggests that the 
expression pattern of these genes are in line with expression pattern seen 
with NAFLD [30]. Further, we have also tested telmisartan, a drug that 
is known to mediate improvement in hepatic inflammation and fibrosis 
in hypertensive patients with NAFLD or NASH in our model. The data 
from telmisartan treatment suggests that telmisartan was able to inhibit 
the expression of these genes associated with NAFLD.

Figure 5. Gene expression analysis of genes associated with NAFLD and its modulation by telmisartan treatment. A. AOP-1 mRNA expression. 
B. Col3 mRNA expression. C. FAS mRNA expression. D. COL1A1 mRNA expression. The expression of the respective genes upon lipid loading [oleic 
acid (OA) + palmitic acid (PA)] was normalized against the control and set as 1 (one). There was an increase in the expression of these genes upon lipid 
loading which were reduced following the treatment with telmisartan (30 & 100 µM).

In conclusion, our data suggests that HLC carry some of the func-
tional characteristics of primary hepatocytes and are amenable for 
development of an in vitro hepatic steatosis model that mimics the 
development, progression and pathogenesis of liver disease. The in 
vitro experimental model of hepatic steatosis was further characterized 
using biomarker analysis and validated using telmisartan. With some 
refinement and additional validation, our in vitro steatosis model system 

may be useful for profiling small molecule inhibitors, and studying the 
mechanism of action of new drugs and hepatotoxicity.

Data availability
The data used to support the findings of this study are available from 

the authors upon request.



8 J Biol Methods  | 2020 | Vol. 7(3) | e135
POL Scientific

Article
Funding statement

This work was self-supported by Jubilant Biosys Ltd., Bangalore, 
India.

Acknowledgments
The authors thank Dr. Sriram Rajagopal, and Dr. Sanjay Venkatacha-

lapathi Kadnur, Jubilant Biosys Limited, India for their valuable com-
ments. The authors thank Mr. A. B. Vinod, and Dr. Mohd Zainuddin 
Jubilant Biosys Limited, India for their valuable help with some exper-
iments and interpretations on metabolic stability assays.

References
1.  Jahn D, Rau M, Wohlfahrt J, Hermanns HM, Geier A (2016) Non-Alcoholic 

Steatohepatitis: From Pathophysiology to Novel Therapies. Dig Dis 34: 356-
363. doi: 10.1159/000444547. PMID: 27170389

2. Portillo-Sanchez P, Cusi K (2016) Treatment of Nonalcoholic Fatty Liver Disease 
(NAFLD) in patients with Type 2 Diabetes Mellitus. Clin Diabetes Endocrinol 
2: 9. doi: 10.1186/s40842-016-0027-7. PMID: 28702244

3. Kanuri G, Bergheim I (2013) In vitro and in vivo models of non-alcoholic 
fatty liver disease (NAFLD). Int J Mol Sci 14: 11963-11980. doi: 10.3390/
ijms140611963. PMID: 23739675

4. Chavez-Tapia NC, Rosso N, Tiribelli C (2011) In vitro models for the study 
of non-alcoholic fatty liver disease. Curr Med Chem 18: 1079-1084. doi: 
10.2174/092986711794940842. PMID: 21254970

5. Donato MT, Jover R, Gómez-Lechón MJ (2013) Hepatic cell lines for drug 
hepatotoxicity testing: limitations and strategies to upgrade their metabolic 
competence by gene engineering. Curr Drug Metab 14: 946-968. doi: 
10.2174/1389200211314090002. PMID: 24160292

6. Aninat C, Piton A, Glaise D, Le Charpentier T, Langouët S, et al. (2005) 
Expression of cytochromes P450, conjugating enzymes and nuclear receptors 
in human hepatoma HepaRG cells. Drug Metab Dispos 34: 75-83. doi: 10.1124/
dmd.105.006759. PMID: 16204462

7. Anthérieu S, Rogue A, Fromenty B, Guillouzo A, Robin M (2011) Induction 
of vesicular steatosis by amiodarone and tetracycline is associated with up-
regulation of lipogenic genes in HepaRG cells. Hepatology 53: 1895-1905. 
doi: 10.1002/hep.24290. PMID: 21391224

8. Rodrigues RM, Branson S, De Boe V, Sachinidis A, Rogiers V, et al. (2015) In 
vitro assessment of drug-induced liver steatosis based on human dermal stem 
cell-derived hepatic cells. Arch Toxicol 90: 677-689. doi: 10.1007/s00204-
015-1483-z. PMID: 25716160

9. Gerets HHJ, Tilmant K, Gerin B, Chanteux H, Depelchin BO, et al. (2012) 
Characterization of primary human hepatocytes, HepG2 cells, and HepaRG 
cells at the mRNA level and CYP activity in response to inducers and their 
predictivity for the detection of human hepatotoxins. Cell Biol Toxicol 28: 
69-87. doi: 10.1007/s10565-011-9208-4. PMID: 22258563

10. Donato MT, Jiménez N, Serralta A, Mir J, Castell JV, et al. (2006) Effects 
of steatosis on drug-metabolizing capability of primary human hepatocytes. 
Toxicol In Vitro 21: 271-276. doi: 10.1016/j.tiv.2006.07.008. PMID: 16950596

11. Hansel MC, Gramignoli R, Skvorak KJ, Dorko K, Marongiu F, et al. (2014) 
The history and use of human hepatocytes for the treatment of liver diseases: 
the first 100 patients. Curr Protoc Toxicol 62: 14. doi: 10.1002/0471140856.
tx1412s62. PMID: 25378242

12. Sauer V, Roy-Chowdhury N, Guha C, Roy-Chowdhury J (2014) Induced 
pluripotent stem cells as a source of hepatocytes. Curr Pathobiol Rep 2: 11-20. 
doi: 10.1007/s40139-013-0039-2. PMID: 25650171

13. Chaudhari P, Prasad N, Tian L, Jang Y (2016) Determination of Functional 
Activity of Human iPSC-Derived Hepatocytes by Measurement of CYP 
Metabolism. Methods Mol Biol 1357: 383-394. doi: 10.1007/7651_2014_145. 
PMID: 25410290

14. Sirenko O, Cromwell EF (2018) Determination of Hepatotoxicity in iPSC-
Derived Hepatocytes by Multiplexed High Content Assays. Methods Mol 
Biol 1683: 339-354. doi: 10.1007/978-1-4939-7357-6_19. PMID: 29082501

15. Sakurai F, Mitani S, Yamamoto T, Takayama K, Tachibana M, et al. (2017) 
Human induced-pluripotent stem cell-derived hepatocyte-like cells as an in vitro 
model of human hepatitis B virus infection. Sci Rep 7: 45698. doi: 10.1038/
srep45698. PMID: 28374759

16. Nagamoto Y, Takayama K, Ohashi K, Okamoto R, Sakurai F, et al. (2016) 
Transplantation of a human iPSC-derived hepatocyte sheet increases survival 
in mice with acute liver failure. J Hepatol 64: 1068-1075. doi: 10.1016/j.
jhep.2016.01.004. PMID: 26778754

17. Kiamehr M, Viiri LE, Vihervaara T, Koistinen KM, Hilvo M, et al. (2017) 
Lipidomic profiling of patient-specific iPSC-derived hepatocyte-like cells. 
Dis Model Mech 10: 1141-1153. doi: 10.1242/dmm.030841. PMID: 28733363

18. Cayo MA, Mallanna SK, Di Furio F, Jing R, Tolliver LB, et al. (2017) A Drug 
Screen using Human iPSC-Derived Hepatocyte-like Cells Reveals Cardiac 
Glycosides as a Potential Treatment for Hypercholesterolemia. Cell Stem Cell 
20: 478-489. doi: 10.1016/j.stem.2017.01.011. PMID: 28388428

19. Liu J, Lamprecht MP, Duncan SA (2018) Using Human Induced Pluripotent 
Stem Cell-derived Hepatocyte-like Cells for Drug Discovery. J Vis Exp : doi: 
10.3791/57194. PMID: 29863663

20. Alam S, Kabir J, Mustafa G, Gupta U, Hasan SKMN, et al. Effect of telmisartan 
on histological activity and fibrosis of non-alcoholic steatohepatitis: A 1-year 
randomized control trial. Saudi J Gastroenterol 22: 69-76. doi: 10.4103/1319-
3767.173762. PMID: 26831610

21. Zhong S, Han W, Hou C, Liu J, Wu L, et al. (2016) Relation of Transcriptional 
Factors to the Expression and Activity of Cytochrome P450 and UDP-
Glucuronosyltransferases 1A in Human Liver: Co-Expression Network Analysis. 
AAPS J 19: 203-214. doi: 10.1208/s12248-016-9990-2. PMID: 27681103

22. Nakamori D, Akamine H, Takayama K, Sakurai F, Mizuguchi H (2017) Direct 
conversion of human fibroblasts into hepatocyte-like cells by ATF5, PROX1, 
FOXA2, FOXA3, and HNF4A transduction. Sci Rep 7: 16675. doi: 10.1038/
s41598-017-16856-7. PMID: 29192290

23. Kubo A, Kim YH, Irion S, Kasuda S, Takeuchi M, et al. (2010) The homeobox 
gene Hex regulates hepatocyte differentiation from embryonic stem cell-derived 
endoderm. Hepatology 51: 633-641. doi: 10.1002/hep.23293. PMID: 20063280

24. Ishikawa T, Kobayashi M, Yanagi S, Kato C, Takashima R, et al. (2015) Human 
induced hepatic lineage-oriented stem cells: autonomous specification of human 
iPS cells toward hepatocyte-like cells without any exogenous differentiation 
factors. PLoS One 10: doi: 10.1371/journal.pone.0123193. PMID: 25875613

25. Chiba M, Ishii Y, Sugiyama Y (2009) Prediction of hepatic clearance in human 
from in vitro data for successful drug development. AAPS J 11: 262-276. doi: 
10.1208/s12248-009-9103-6. PMID: 19408130

26. Kurogi K, Chen M, Lee Y, Shi B, Yan T, et al. (2012) Sulfation of buprenorphine, 
pentazocine, and naloxone by human cytosolic sulfotransferases. Drug Metab 
Lett 6: 109-115. doi: 10.2174/1872312811206020109. PMID: 22946908

27. Vecchione G, Grasselli E, Compalati AD, Ragazzoni M, Cortese K, et al. 
(2016) Ethanol and fatty acids impair lipid homeostasis in an in vitro model of 
hepatic steatosis. Food Chem Toxicol 90: 84-94. doi: 10.1016/j.fct.2016.02.004. 
PMID: 26854922

28. Wu G, Rui C, Chen J, Sho E, Zhan S, et al. (2017) MicroRNA-122 Inhibits Lipid 
Droplet Formation and Hepatic Triglyceride Accumulation via Yin Yang 1. Cell 
Physiol Biochem 44: 1651-1664. doi: 10.1159/000485765. PMID: 29216638

29. Wong VW, Adams LA, de Lédinghen V, Wong GL, Sookoian S (2018) 
Noninvasive biomarkers in NAFLD and NASH - current progress and future 
promise. Nat Rev Gastroenterol Hepatol 15: 461-478. doi: 10.1038/s41575-
018-0014-9. PMID: 29844588

30. Moylan CA, Pang H, Dellinger A, Suzuki A, Garrett ME, et al. (2013) Hepatic 
gene expression profiles differentiate presymptomatic patients with mild versus 
severe nonalcoholic fatty liver disease. Hepatology 59: 471-482. doi: 10.1002/
hep.26661. PMID: 23913408

31. Zhang W, Bu SY, Mashek MT, O-Sullivan I, Sibai Z, et al. (2016) 
Integrated Regulation of Hepatic Lipid and Glucose Metabolism by Adipose 
Triacylglycerol Lipase and FoxO Proteins. Cell Rep 15: 349-359. doi: 10.1016/j.
celrep.2016.03.021. PMID: 27050511

Supplementary information
Figure S1. Scheme on generation of iPSC colonies from fibroblasts 

cells.



J Biol Methods  | 2020 | Vol. 7(3) | e135 9
POL Scientific

Article

Figure S2. Live cell imaging and staining of iPSCs.
Figure S3. Morphology of iPSCs was retained upon freeze/thawing.
Figure S4. Gene expression analysis of the pluripotency markers 

from the iPSC colonies using RT-PCR.
Figure S5. Characterization of iPSC lines via karyotyping.
Figure S6. Western blot analysis for pluripotency marker.
Figure S7. Embryoid body formation and differentiation into germ 

layers.
Figure S8. Gene expression analysis of the hepatic markers from 

HLC using Q-PCR.
Table S1. Primers for characterization of iPSCs.
Table S2. Pluripotency marker analysis using RT-PCR.
Table S3. Primers for the characterization of HLC.
Supplementary information of this article can be found online at
http://www.jbmethods.org/jbm/rt/suppFiles/330.

This work is licensed under a Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 International License: http://cre-
ativecommons.org/licenses/by-nc-sa/4.0


