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ABSTRACT 

Recent advances in the study of human hepatocytes 
derived from induced pluripotent stem cells (iPSC) 
represent new promises for liver disease study and 
drug discovery. Human hepatocytes or hepatocyte-like 
cells differentiated from iPSC recapitulate many func-
tional properties of primary human hepatocytes and 
have been demonstrated as a powerful and efficient 
tool to model human liver metabolic diseases and fa-
cilitate drug development process. In this review, we 
summarize the recent progress in this field and discuss 
the future perspective of the application of human iPSC 
derived hepatocytes. 
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INTRODUCTION 

Since the first discovery of induced pluripotent stem cells 
(iPSC) in 2006 (Takahashi and Yamanaka, 2006), the study 
of iPSC technology has advanced through several exciting 
moments: from mouse iPSC to human iPSC, from fibroblasts 
to a variety of cell origins, from retrovirus-driven iPSC to in-
tegration-free iPSC, and from healthy iPSC to patient-specific 
iPSC harboring disease-related genetic backgrounds (Robin-
ton and Daley, 2012; Zhang et al., 2012). The generation of 
patient-specific iPSC together with directed differentiation 
provides an invaluable tool for modeling inherited human 
diseases in vitro, including many human liver syndromes. 

The liver is the single largest gland in adult human body 
and performs both endocrine and exocrine functions. Liver is 
the organ in charge of many important life functions, including 
food digestion, glycogen storage, control of metabolism, drug 
detoxification and hormone production (Si-Tayeb et al., 
2010a). Since liver is so vital to life, malfunction or failure of 
the organ often results in high rates of morbidity and mortality. 
Hepatocytes are the major parenchymal cells of human liver, 
accounting up to 70%–80% of total liver cell mass. While 
being the major structural units of liver body, hepatocytes are 
also the functional units for both liver metabolism and regen-
eration (Si-Tayeb et al., 2010a). Because of its tremendous 
potential of application in regenerative medicine and drug 
discovery, an unlimited source of functional hepatocytes is of 
great interest. Nevertheless, the current inability to culture 
and expand primary human hepatocytes in vitro with unim-
paired physiological functions represents a major obstacle in 
the field. Directed cell differentiation from embryonic stem 
cells (ESC) provides a nice alternative to obtain hepatocytes 
in vitro. However, the utilization of human ESC in both re-
search and clinic is embarrassed badly by ethical and legal 
issues. Therefore, the rise of human iPSC derived hepato-
cytes (iPSC-hepatocytes) presents a new hope for the liver 
study. 

As sharing most common features to human ESC, human 
iPSC are proved to be a suitable source to regenerate hepa-
tocytes, and a variety of strategies have been developed in 
the past few years (Busletta et al., 2011; Chistiakov and 
Chistiakov, 2012). Song et al. (2009) described the first suc-
cessful hepatic differentiation of human iPSC, closely fol-
lowed by several other reports (Liu et al., 2010; Rashid et al., 
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2010; Si-Tayeb et al., 2010b; Sullivan et al., 2010). Similarly 
to the strategies developed in ESC differentiation, most re-
ported studies of directed hepatic differentiation of human 
iPSC adopt multi-step protocols to mimic the liver embryo-
genesis by sequentially adding endodermal and hepatic in-
ductive cytokines and small molecules. These methods 
commonly result in iPSC-hepatocytes appearing many key 
attributes of primary human hepatocytes. However, since to 
date none of the reports claimed the generation of cells which 
completely recapitulate all features of primary human hepa-
tocytes, a term hepatocyte-like cells (HLC) is also commonly 
used to describe their identity. The human iPSC-hepatocytes 
exhibit similar gene expression profile as primary hepatocytes, 
secret hepatic functional proteins and metabolize chemicals 
in vitro. On the other hand, the iPSC-hepatocytes frequently 
secrete less albumin and exhibit lower levels of P450 enzyme 
activities compared to primary hepatocytes. Meanwhile, the 
persistent expression of alpha-fetoprotein (a fetal stage 
hepatocyte marker) implies an immature or fetal-stage status. 
More importantly, iPSC- hepatocytes have demonstrated a 
capacity to pass stringent in vivo test as engrafting and ma-
turing in animal models, as an ideal proof for their identity and 
functionality (Si-Tayeb et al., 2010b; Chen et al., 2011). The 
advantages of using iPSC-hepatocytes over their ESC 
counterparts in both basic and clinical studies are obvious: (1) 
the generation of iPSC from patient bearing inherited patho-
logical background provides a more objective platform for 
disease modeling and drug development; (2) the cell repro-
gramming using patient own cells makes iPSC-hepatocytes a 
preferred source for autologous cell therapy; (3) the somatic 
origin of iPSC avoids controversies surrounding the use of 
human embryonic cells and erases many ethical concerns in 
application. Taking together, the human iPSC-hepatocytes 
represent a promising tool in many aspects of research in 
liver disease and regenerative medicine. 

HUMAN IPSC DERIVED HEPATOCYTES FOR  
DISEASE MODELING 

One great advantage of iPSC technology is that it allows the 
generation of human cells in the context of specific genetic 
identity. Recently, a number of studies have reported the 
generation of patient-specific iPSC from individuals with in-
herited liver disease. Rashid et al. (2010) reported the first 
success in modeling inborn liver metabolic disorders using 
human iPSC. The authors obtained skin fibroblasts from pa-
tients diagnosed with α1-antitrypsin deficiency, familiar hy-
percholesterolemia and glycogen storage disease type 1a, 
which represent three different mechanisms of liver disease 
respectively: defective protein secretion, lack of cell surface 
receptor and lack of a critical intracellular enzyme (Green-
baum, 2010). Patient iPSC lines were established followed by 
a three-step hepatic differentiation protocol to generate dis-

ease-specific hepatocytes. Remarkably, the iPSC derived 
hepatocytes exhibited the characteristic abnormalities in cul-
ture which recapitulate key pathological features of the dis-
eases (Greenbaum, 2010; Rashid et al., 2010). The signifi-
cance of this report is profound as it is the first proof-of-  
principle study demonstrating the feasibility of modeling he-
patic diseases in which the pathological defects are only seen 
in terminally differentiated adult hepatocytes (late-onset dis-
ease). Later on, Zhang et al. (2011) reported modeling of the 
Wilson’s disease, another type of liver metabolic disease, 
using patient iPSC. The iPSC-hepatocytes differentiated from 
Wilson’s disease patient iPSC demonstrated abnormal cyto-
plasmic localization of mutated ATP7B protein and defective 
copper transportation. Moreover, the authors showed that 
these functional defects could be reversed by lentivirus 
mediated gene therapy or chaperon drug treatment (Zhang 
et al., 2011). Interestingly, the first iPSC model of human 
liver infectious disease has also been reported recently. 
Schwartz and the colleagues reported that human iPSC- 
hepatocytes could support the entire life cycle of hepatitis C 
virus (HCV) including inflammatory responses to the viral 
infection (Schwartz et al., 2012). This study did not only 
offer a novel infectious disease model to study HCV patho-
genesis, but also enabled future research regarding how 
host genetics could impact viral infection using personalized 
iPSC models. 

Though tremendous efforts have been spent on generat-
ing iPSC from numerous human diseases, effective disease 
modeling is not always achievable since differentiated cells 
might fail to recapitulate the pathological defects in vitro 
(Robinton and Daley, 2012). Therefore, it is quite cheerful to 
see the inherited hepatic disorders can be effectively mod-
eled using iPSC, which implies that the subtle and myriad 
intracellular communications required for the development of 
pathogenic defects are not prevented by the considerable 
cellular stresses during cell reprogramming and directed 
differentiation procedures. On the other hand, it has been 
evidenced that iPSC may retain an “epigenetic memory” of 
the cells they originated from (Robinton and Daley, 2012). For 
some non-inherited liver diseases, it might be difficult for the 
non-hepatic originated iPSC to faithfully reproduce the cel-
lular defects. In this regard, it is suggested that he-
patic-sourced iPSC may have advantages in modeling cer-
tain acquired diseases like cirrhosis and hepatocellular car-
cinoma (Chun et al., 2010). Indeed, primary human hepa-
tocytes derived iPSC have been reported and readily dif-
ferentiated into hepatocytes, though the authors did not 
observe dramatically enhanced efficiency of hepatic differ-
entiation (Liu et al., 2010). Therefore, it will be interesting to 
see if these hepatocytes-iPSC derived hepatocytes offer 
any advantage in certain disease modeling or drug devel-
opment related application, although obtaining the patient 
hepatocytes itself may present a challenging task. 
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HUMAN IPSC DERIVED HEPATOCYTES FOR DRUG 
DEVELOPMENT 

Another prospective area of using iPSC-hepatocytes is the 
drug development. Hepatotoxicity and cardiotoxicity are two 
principal causes of drug failure in preclinical development 
(Rubin, 2008). Isolated primary human hepatocytes are the 
current “gold standard” in vitro model for drug metabolism 
and toxicology studies as they express the full spectrum of 
drug metabolizing enzymes and transporters (Hewitt et al., 
2007). However in practice, these safety evaluations rely 
heavily on the availability and quality of primary human 
hepatocytes, which often display batch-to-batch variations. 
Thereby, a stable source of hepatocytes in good quality is in 
urgent need to improve the reproducibility for pharmaceutical 
studies. In this regard, human iPSC derived hepatocytes 
would potentially satisfy the needs by providing a ready sup-
ply for reliable metabolism and toxicology studies of candi-
date compounds, as well as high throughput screening for 
lead compounds. An additional advantage of iPSC-hepatoc-
ytes for drug development is that it enables the establishment 
of a broad spectrum of hepatocyte lines which represent the 
potential genetic and epigenetic variations of human popula-
tion. The use of this tool offers exciting opportunities to re-
duce the risk and cost associated with early-stage clinical 
trials and may lead to personalized drug administration. Spe-
cifically, iPSC-hepatocytes generated from individuals with 
different P450 polymorphisms would be of great value for drug 
metabolism study and toxicity prediction of new drugs (Asgari 
et al., 2010). Moreover, the utilizing of iPSC would offer op-
portunities to generate liver cells at different stages of matura-
tion, as well as the potential to give rise to all the composite 
cells of the adult liver, which may provide extra advantages 
and substantially expand the scope of the traditional drug me-
tabolism and toxicology studies (Baxter et al., 2010). 

Though the future is promising and influence is profound, 
the real application of iPSC-hepatocytes still needs consid-
erable amount of investigations. In vitro hepatocyte models 
have innate limitations in terms of preserving metabolic en-
zyme activities and maturity. In addition, despite of numerous 
protocols aiming at efficient differentiation of hepatocytes 
from human pluripotent stem cells, phenotypic stability and 
expansion capacity of derived hepatocytes are still major 
challenges for the application, as the cell purity and scale-up 
capability are both mandatory for practical use in pharma-
ceutical industry (Baxter et al., 2010). Even if the direct in vitro 
application of iPSC-hepatocytes in drug discovery is still in 
infant stage, a feasible alternative would be an in vivo, artifi-
cial human liver for drug testing (Yoshizato and Tateno, 2009). 
It has been reported that the livers of the humanized mice 
can be over 90% repopulated with human hepatocytes and 
express human phase I/II metabolic enzymes (Katoh et al., 
2008). It will be exciting to see that this strategy, combined 
with iPSC-hepatocytes, may provide an ideal tool to investi-

gate drug metabolism for human hepatocytes with a great 
range of genetic diversity. In either way, further development 
and investment of human iPSC-hepatocytes would enable 
better prediction of drug-induced hepatotoxicity during 
pre-clinical stages and more successful clinical trials, which 
may substantially benefit the current protracted, time- and 
cost-consuming drug development process. 

HUMAN IPSC DERIVED HEPATOCYTES FOR CELL 
THERAPY 

Human liver has an immense regenerative capacity. Under 
physiological conditions, the liver does not need any external 
cell source to undergo repair, as resting hepatocytes have the 
capacity to re-enter the cell-cycle efficiently after injury (Zaret 
and Grompe, 2008). However, in persistent injury condition, 
the sustained proliferative stress prematurely ages the 
hepatocytes and exhausts their ability to replicate. Allogeneic 
liver transplantation is the single conventional treatment for 
patients with end-stage liver diseases. Nevertheless, the 
shortage of donor organs together with other hurdles includ-
ing operative damage, post-transplant rejection and high 
clinical cost are all serious problems hampering its application 
(Lorenzini et al., 2008). In recent years, hepatocytes based 
cell transplantation has been demonstrated as an experi-
mental procedure which has been successfully applied in 
clinical trials for acute liver failure and chronic liver disease. 
Cheerful results have been seen from individual patient, es-
pecially from the treatment of liver metabolic disorders 
(Dhawan et al., 2010). Though it has been proven effective, 
one crucial bottleneck of this practice is the limited supply of 
allogeneic donor hepatocytes provided in good quality. 
Therefore, the latest advance of iPSC technology may pro-
vide a very promising source for the generation of truly isog-
enic grafts. To date, considering the unrelieved concerns 
regarding safety and efficacy, it hasn’t yet been clinical trial 
using human iPSC derived hepatocytes for treating liver dis-
ease. However, it has been demonstrated in animal models 
that human iPSC-hepatocytes can efficiently engraft into 
mouse hepatic parenchyma and perform normal function in 
vivo (Si-Tayeb et al., 2010b). More recently, human iPSC- 
hepatocytes generated by a newly developed three-step 
protocol have been shown to rescue lethal fulminant hepatic 
failure in a non-obese diabetic severe combined immunode-
ficient mouse model, which comprehensively proved their 
functionality in vivo (Chen et al., 2011). 

Another important advantage of iPSC over conventional 
cell therapy is the potential of repairing pathogenic mutations 
by gene targeting and correction (Liu et al., 2011, 2012). 
Yusa et al. (2011) reported the targeted gene correction of 
α1-antitrypsin deficiency in human iPSC. Utilizing a combined 
technology of zinc finger nucleases (ZFNs) and piggyBac, the 
authors efficiently corrected the pathogenic point mutation in 
patient iPSC. The normal metabolic function was restored in 
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Figure 1.  Summary of application potential of human iPSC derived hepatocytes. Human iPSC can be generated by cell re-
programming through virus or integration-free methods. Pathogenic mutation may be corrected by gene correction to generate dis-
ease-free iPSC. Hepatocytes differentiated from either disease-bearing or disease-free iPSC can be utilized for a wide range of 
applications upon desired purposes, including disease modeling, drug screening and metabolism/toxicology studies, as well as 
prospective cell therapy through transplantation. 

 
hepatocytes derived from corrected iPSC, which demon-
strated in vivo functionality (Yusa et al., 2011). This study 
proved a concept that inherited liver metabolic disorder can 
be cured through gene correction. Assuming that the safety 
concern of human iPSC will be eventually addressed, the 
combination of iPSC and gene targeting technology will truly 
illuminate a new future for autologous cell therapy. 

CONCLUDING REMARKS 

Recent progress in human iPSC technology and hepatocytes 
differentiation strategy has provided an enormous opportunity 
for basic and clinical studies of liver diseases and drug de-
velopment (Fig. 1). It will be exciting to see one major step 
forward which is the moving of iPSC-hepatocytes from the 
dish into the clinic and pharmaceutical development. Never-
theless, before this significant step to be made, several non-
neglectable issues need to be satisfied, which include: (1) 
generation of “safe” human iPSC; (2) establishment of reli-
able and efficient hepatocyte differentiation and isolation 
method; (3) in vitro maintenance and expansion of functional 
human hepatocytes; and (4) optimized engrafting and homing 
strategy for cell transplantation. Frankly speaking, neither one 

is an easy task and the conquest of each step may prove to 
be expensive in both time and efforts. However, given the 
rapid and cheerful progress within this field, it is worthwhile to 
wait and expect the turnaround of iPSC-hepatocytes from the 
bench to the bedside. 

ACKNOWLEDGEMENTS 

Work in the laboratory of JCIB was supported by Sanofi-Aventis, The 
Helmsley Charitable Trust and The Ellison Medical Foundation. GHL 
was supported by 100 Talents Program of the Chinese Academy of 
Sciences. 

REFERENCES 

Asgari, S., Pournasr, B., Salekdeh, G.H., Ghodsizadeh, A., Ott, M., 
and Baharvand, H. (2010). Induced pluripotent stem cells: a new 
era for hepatology. J Hepatol 53, 738–751. 

Baxter, M.A., Rowe, C., Alder, J., Harrison, S., Hanley, K.P., Park, 
B.K., Kitteringham, N.R., Goldring, C.E., and Hanley, N.A. (2010). 
Generating hepatic cell lineages from pluripotent stem cells for 
drug toxicity screening. Stem Cell Res 5, 4–22. 

Busletta, C., Novo, E., and Parola, M. (2011). Human-induced pluri-



Protein & Cell Fei Yi et al.   

250 © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 

potent stem cells as a source of hepatocyte-like cells: new kids on 
the block. Hepatol Int. 2011 July 23. doi: 10.1007/s12072-011- 
9300-0. [Published online] 

Chen, Y.F., Tseng, C.Y., Wang, H.W., Kuo, H.C., Yang, V.W., and 
Lee, O.K. (2011). Rapid generation of mature hepatocyte-like 
cells from human induced pluripotent stem cells by an efficient 
three-step protocol. Hepatology. 2011 Nov 16. doi: 10.1002/hep. 
24790. [Epub ahead of print] 

Chistiakov, D.A., and Chistiakov, P.A. (2012). Strategies to produce 
hepatocytes and hepatocyte-like cells from pluripotent stem cells. 
Hepatol Res 42, 111–119. 

Chun, Y.S., Chaudhari, P., and Jang, Y.Y. (2010). Applications of 
patient-specific induced pluripotent stem cells; focused on disease 
modeling, drug screening and therapeutic potentials for liver dis-
ease. Int J Biol Sci 6, 796–805. 

Dhawan, A., Puppi, J., Hughes, R.D., and Mitry, R.R. (2010). Human 
hepatocyte transplantation: current experience and future chal-
lenges. Nat Rev Gastroenterol Hepatol 7, 288–298. 

Greenbaum, L.E. (2010). From skin cells to hepatocytes: advances in 
application of iPS cell technology. J Clin Invest 120, 3102–3105. 

Hewitt, N.J., Lechón, M.J., Houston, J.B., Hallifax, D., Brown, H.S., 
Maurel, P., Kenna, J.G., Gustavsson, L., Lohmann, C., Skonberg, 
C., et al. (2007). Primary hepatocytes: current understanding of 
the regulation of metabolic enzymes and transporter proteins, and 
pharmaceutical practice for the use of hepatocytes in metabolism, 
enzyme induction, transporter, clearance, and hepatotoxicity 
studies. Drug Metab Rev 39, 159–234. 

Katoh, M., Tateno, C., Yoshizato, K., and Yokoi, T. (2008). Chimeric 
mice with humanized liver. Toxicology 246, 9–17. 

Liu, G.H., Sancho-Martinez, I., and Izpisua Belmonte, J.C. (2012). 
Cut and Paste: restoring cellular function by gene correction. Cell 
Res 22, 283–284. 

Liu, G.H., Suzuki, K., Qu, J., Sancho-Martinez, I., Yi, F., Li, M., Kumar, 
S., Nivet, E., Kim, J., Soligalla, R.D., et al. (2011). Targeted gene 
correction of laminopathy-associated LMNA mutations in pa-
tient-specific iPSCs. Cell Stem Cell 8, 688–694. 

Liu, H., Ye, Z., Kim, Y., Sharkis, S., and Jang, Y.Y. (2010). Genera-
tion of endoderm-derived human induced pluripotent stem cells 
from primary hepatocytes. Hepatology 51, 1810–1819. 

Lorenzini, S., Gitto, S., Grandini, E., Andreone, P., and Bernardi, M. 
(2008). Stem cells for end stage liver disease: how far have we 
got? World J Gastroenterol 14, 4593–4599. 

Rashid, S.T., Corbineau, S., Hannan, N., Marciniak, S.J., Miranda, E., 
Alexander, G., Huang-Doran, I., Griffin, J., Ahrlund-Richter, L., 

Skepper, J., et al. (2010). Modeling inherited metabolic disorders 
of the liver using human induced pluripotent stem cells. J Clin In-
vest 120, 3127–3136. 

Robinton, D.A., and Daley, G.Q. (2012). The promise of induced pluri-
potent stem cells in research and therapy. Nature 481, 295–305. 

Rubin, L.L. (2008). Stem cells and drug discovery: the beginning of a 
new era? Cell 132, 549–552. 

Schwartz, R.E., Trehan, K., Andrus, L., Sheahan, T.P., Ploss, A., 
Duncan, S.A., Rice, C.M., and Bhatia, S.N. (2012). Modeling 
hepatitis C virus infection using human induced pluripotent stem 
cells. Proc Natl Acad Sci U S A 109, 2544–2548. 

Si-Tayeb, K., Lemaigre, F.P., and Duncan, S.A. (2010a). Organo-
genesis and development of the liver. Dev Cell 18, 175–189. 

Si-Tayeb, K., Noto, F.K., Nagaoka, M., Li, J., Battle, M.A., Duris, C., 
North, P.E., Dalton, S., and Duncan, S.A. (2010b). Highly efficient 
generation of human hepatocyte-like cells from induced pluripo-
tent stem cells. Hepatology 51, 297–305. 

Song, Z., Cai, J., Liu, Y., Zhao, D., Yong, J., Duo, S., Song, X., Guo, 
Y., Zhao, Y., Qin, H., et al. (2009). Efficient generation of hepato-
cyte-like cells from human induced pluripotent stem cells. Cell Res 
19, 1233–1242. 

Sullivan, G.J., Hay, D.C., Park, I.H., Fletcher, J., Hannoun, Z., Payne, 
C.M., Dalgetty, D., Black, J.R., Ross, J.A., Samuel, K., et al. 
(2010). Generation of functional human hepatic endoderm from 
human induced pluripotent stem cells. Hepatology 51, 329–335. 

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast cultures by 
defined factors. Cell 126, 663–676. 

Yoshizato, K., and Tateno, C. (2009). In vivo modeling of human liver 
for pharmacological study using humanized mouse. Expert Opin 
Drug Metab Toxicol 5, 1435–1446. 

Yusa, K., Rashid, S.T., Strick-Marchand, H., Varela, I., Liu, P.Q., 
Paschon, D.E., Miranda, E., Ordóñez, A., Hannan, N.R., Rouhani, 
F.J., et al. (2011). Targeted gene correction of α1-antitrypsin defi-
ciency in induced pluripotent stem cells. Nature 478, 391–394. 

Zaret, K.S., and Grompe, M. (2008). Generation and regeneration of 
cells of the liver and pancreas. Science 322, 1490–1494. 

Zhang, S., Chen, S., Li, W., Guo, X., Zhao, P., Xu, J., Chen, Y., Pan, 
Q., Liu, X., Zychlinski, D., et al. (2011). Rescue of ATP7B function 
in hepatocyte-like cells from Wilson’s disease induced pluripotent 
stem cells using gene therapy or the chaperone drug curcumin. 
Hum Mol Genet 20, 3176–3187. 

Zhang, W., Ding, Z., and Liu, G.H. (2012). Evolution of iPSC disease 
models. Protein Cell 3, 1–4. 

 
 

 

 
 


