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ABSTRACT

The biopharmaceutical industry has been greatly pro-
moted by the application of drug and disease models,
including both animal and cellular models. In particular,
the emergence of induced pluripotent stem cells (iPSC)
makes it possible to create a large number of disease-
specific cells in vitro. This review introduces the most
widely applied models and their specialties.
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INTRODUCTION

It has been a long history since people declared war on
disease. The manuscript Shen Nong Ben Cao Jing in ancient
China represents the permanent aspiration of humans: to
understand and cure diseases. Due to the prosperity of life
science in the last two centuries, an increasing number of
diseases have been conquered, such as variola and
tuberculosis, and drug and disease models played an
indispensable role in the process. It is worth mentioning that
some recently emerged techniques have breathed new life
into this old field.

THE ANIMAL MODELS OF DRUGS AND DISEASES

Since etiological pioneers vaccinated mice with the serum
derived from smallpox patients in the 19th century, animal
models have been playing a vital role in the field of biomedical
study. Vertebrate models, including rodents or livestock, are
extensively used in disease and drug research. With the
development of model construction techniques, a growing
number of diseases can be simulated and investigated with
animals. However, the limitation of the animal model reveals
itself when further study is required.

The comparison of the mouse and the human genome has
revealed that more than 80% of mouse genes have
bidirectional homologues in the human genome (Waterston
et al., 2002), indicating the rationality of using the mouse as a
human disease model. Nevertheless, the 20% of differences
has hindered the usage of the mouse model, which does not
accurately recapitulate the human disease phenotype. For
example, the mutated HPRT1 gene leads to Lesch-Nyhan
syndrome that is tied to neurological abnormalities; however,
the mice model with the homologous mutation causes
excessive uric acid and renal calculus (Stout and Caskey,
1988). In addition, some mutations of disease homologous
genes result in non-visual phenotype change in the mouse
model (Cartwright, 2009). Other laboratory animals, such as
rats or non-human primates, are thought to be better
alternatives, but the limitation still exists.

Because the genetic differences between human and
animal may cause diverse phenotypes, a number of diseases
cannot be properly simulated with animals. The application is
also hindered by the heterogeneity and complexity of animal
models. The phenotype changes or the therapeutic effects in
animal models are not always authentic representations of
human physiological conditions. For example, a large number
of neurological diseases can be simulated in rodents, but only
few of them can precisely represent the human syndrome at
molecular or anatomical level (Jakel et al., 2004). In addition,
the construction and utilization of animal models may lead to
ethical disputations.

ADULT DERIVED CELL MODELS OF DRUGS AND

DISEASES

Somatic cell models

Cellular models can partially complement the disadvantages
of animal models. Traditionally, primary cells can be used in
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pathological study, drug screening or toxicity tests at cellular
or molecular level (Jakel et al., 2004; Sundstrom et al., 2005).
The utilization of human cells makes it possible to understand
diseases in a genuine human source medium rather than
non-human origin substitutes. Nevertheless, the model is far
from perfect. Some primary cells are characterized by a low
proliferative capacity associated with a rapid decline of
differentiation ability during subculturing, which thereby limits
their use (Darimont, 2003). Furthermore, there are abundant
diseases caused by the physiological abnormality of cardiac
muscle, cerebra or spinal cord, but samples from those spots
are hard to take. A practicable alternative to model these
diseases is to transfer pathogenic mutated genes into
available cell lineages. The disease- related events, such
as cell senescence or cell cycle changes, can be mimicked
(Brown et al., 1997; Bunz et al., 1998). Using this rationale,
cell lines expressing G-protein coupled receptors (GPCR)
can be used for drug screening (Zeh et al., 2003). However,
the relatively low efficiency has hampered the application of
these models (Zeh et al., 2003; Schneider et al., 2007).
Another limitation of the cellular model comes from its
superiority: as an in vitro model, it is not influenced by
intracorporal factors such as circulatory system or immune
system. Accordingly, the animal model still plays an indis-
pensable role in drug screening and disease study. Some
new approaches, such as human-animal chimeras, can
model diseases in vivo with human tissues. They are
generated by grafting human embryonic stem cells (hESCs)
or hESC-derived cells into immune-deficient mice (Saha and
Jaenisch, 2009). Although the hESCs are differentiated and
functional after injection into fetal mice, it is not clear whether
these cells are identical in all aspects with human cells
because the cells have experienced non-human circulation
system or microenvironment.

Immortalized cell models and the applications

Given that primary cells cannot stably proliferate, a series of
immortalized cell models are constructed by ectopic onco-
gene or telomerase gene transduction, or a combination of
both (Obinata, 2007). The immortalized cells derived from
human or animals may solve the resource limitation of primary
cells (Darimont, 2003; Obinata, 2007; Pang et al., 2008), what
is more, the immortalization test is currently used as a risky
assessment procedure of drug candidates (Landolph, J.R.,
2006; Pang et al., 2008).

Unlike primary cells, which lose their original character-
istics during the process of in vitro proliferation, immortalized
cell models may lack some characters from the beginning
(Jensen et al., 2009). Furthermore, only a small amount of
human-origin immortalized cell models are available,
whereas animal origin cell models are less efficient due to
the species difference.

Patient-specific multipotent cell models

Patient-specific multipotent cells, including cord blood origin
stem cells (Theoharides et al., 2006) and adult stem cells
(Jakel et al., 2004; Dan and Yeoh, 2008; Buzanska et al.,
2009), are better disease model candidates compared with
primary or immortalized cells. Disease-specific cells can
facilitate the study of disease-related genes and provide a
platform to investigate the relationship between differentiation
and pathogenesis. Adult stem cells or cord blood stem cells are
self-renewable. More importantly, they are able to differentiate
in vitro (Dan and Yeoh, 2008; Buchheiser et al., 2009; Patel et
al., 2009; Simon et al., 2009), providing more cells compared
with primary culture. However, the differentiation capacity of
patient-derived multipotent cells might be weakened under in
vitro culture conditions (Wright et al., 2006).

HUMAN EMBRYONIC STEM CELL MODELS OF

DRUGS AND DISEASES

Established in 1998, hESCs are thought to be promising
candidates in regenerative medicine or as cell models
(Thomson et al., 1998). The infinite passaging potential of
hESCs provides abundant cells that can be used in disease
research and drug screening (Sartipy et al., 2007; Jensen et
al., 2009). As an ideal model for in vitro differentiation, the
pluripotent embryonic stem cell recapitulates the cellular
developmental processes and gene expression patterns of
early embryogenesis, which may benefit the embryotoxicity
study of drugs (Rohwedel et al., 2001).

The hepatic cell model is used as a golden standard in
testing drug metabolism and toxicity (Cross and Bayliss,
2000; Kola and Landis, 2004). However, the most commonly
applied hepatic cell models today are derived from trans-
formed hepatocytes, such as HepG2. These cell lines have
obvious defects due to the transformed phenotype (Sartipy et
al., 2007; Jensen et al., 2009). In contrast, hepatic cells
derived from hESCs are much closer to genuine hepatocytes
than hepatoma carcinoma cells (Yamada et al., 2002).

Cardiomyocyte toxicity is a common side effect of a variety
of drugs, which makes cardiomyocyte models indispensible in
developing cardiac drugs (Norstrom et al., 2006). Primary
human cardiomyocytes may rapidly lose functional properties
when cultured in vitro (Sartipy et al., 2007). However, the
existing cardiomyocyte models derived from non-human
origins are different from human cardiomyocytes (Cross and
Bayliss, 2000). On the other hand, new opportunities have
emerged due to the generation of cardiac progenitors and
multiple types of cardiac myocytes from hESCs (Norstrom et
al., 2006; Tanaka, 2009).

Investigating postmortem brain tissue from affected
patients provides information about the pathogenesis of
mutant proteins and toxins in neurological diseases (Jakel
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et al., 2004). Nevertheless, due to the limited proliferative
capability of neurocytes, it is hard to model neural diseases by
cell cultures (Jakel et al., 2004). Fortunately, much knowledge
of neural differentiation has been accumulated after the
establishment of hESCs. Neurons, gliocytes and their
progenitors can be acquired via in vitro differentiation of
hESCs (Sartipy et al., 2007). These achievements, together
with the existing cell model techniques, laid the foundation for
the possible application of hESCs as an alternative source of
neurocyte models.

Genetically modified hESCs have particular application on
simulating disease-specific cell models (Ben-Nun and Benve-
nisty, 2006). For example, dopamine neurons derived from α-
synuclein over-expressed hESCs possess distinct Parkinson’s
characteristics (Schneider et al., 2007). Such neurons are an
appropriate source of a Parkinson’s disease model; however,
the over-expressed α-synuclein elicits more toxicity in
hESC-derived dopaminergic neurons than in primary neurons
(Schneider et al., 2007). Nowadays, the three most widely used
techniques in cellular model construction of human disorders
are homologous recombination, gene trap and RNA inter-
ference (Ben-Nun and Benvenisty, 2006), but these methods
are only applicable to the well-characterized diseases.

Disease-specific hESCs can be derived from cloned
embryos or preimplantation genetically diagnosed (PGD)
embryos (Ben-Nun and Benvenisty, 2006). However, there is
no authentic report to date of hESCs created by somatic cell
nuclear transfer (SCNT), and the numbers of PGD embryos
are extremely limited. More importantly, both methods face
ethical dilemmas.

As an in vitro model system, hESCs and their derivatives
are not able to provide accurate information to some long
latency or complex diseases. Thus, a human-animal chimera
model system is required as an in vivo alternative (Saha and
Jaenisch, 2009). Humanized animal models are generated by
direct injection of hESCs into mice brain (Muotri et al., 2005;
Acharya et al., 2009), and then functional neural lineages are
formed and integrated into the brain. The chimeric model
allows the study of human neural development in a live
environment, paving the way for generating new models of
human neurodegenerative and psychiatric diseases (Muotri
et al., 2005). However, human-animal chimeras are not
perfect because the mouse microenvironment may have
unexpected effects on the human cells. In addition, the
application of chimera models may lead to ethical conflicts
because some people think that generating chimeras crosses
the boundary between human and animal (Hyun et al., 2007).

INDUCED PLURIPOTENTIAL STEM CELL MODELS

OF DRUGS AND DISEASES

The emergence of induced pluripotent stem cells (iPSCs)
makes it more exercisable to get large numbers of
disease-specific cells in vitro. The iPSC technique requires

the expression of an ectopic transcriptional factors cocktail in
somatic cells, which leads to the reprogramming of somatic
cells to a pluripotent state (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007; Yu et al., 2007). After this technical
breakthrough, significant progress in improving the safety and
efficiency of iPSC induction has been made, leading to a
further step towards the future application of iPSCs in
regeneration medicine (Okita et al., 2008; Stadtfeld et al.,
2008; Hanna et al., 2009; Yu et al., 2009; Zhou et al., 2009).
Recently, mouse iPSCs have passed the most stringent
tetraploid complementation assay, which undoubtedly con-
firmed the pluripotency of iPSCs in vivo for the first time (Zhao
et al., 2009). It is shown that iPSCs share identical
differentiation capacity with ESCs. On the other hand,
increasing evidence shows that iPSCs and ESCs are
distinguishable at epigenetic or transcriptional levels (Chin
et al., 2009; Huang et al., 2009; Sridharan et al., 2009),
although the differences might be due to the imperfect
reprogramming state rather than the congenital defects of
iPSCs (Chan et al., 2009; Silva et al., 2009; Smith, 2009).

There are also natural reprogramming processes in vivo.
For example, several reprogramming events occur in germ
cells on the road toward totipotency. In particular, when
primordial germ cells (PGCs) migrate into developing gonads
on E11.5, they undergo extensive epigenetic modifications,
including genome-wide DNA demethylation, removal of
imprints and reactivation of the X chromosome (Hajkova et
al., 2002, 2007, 2008; Surani et al., 2008). The processes can
be mimicked in vitro as the dedifferentiation of PGCs into
pluripotent embryonic germ (EG) cells (Matsui et al., 1992;
Surani et al., 2008). Recently, the epigenetic reversion of
post-implantation epiblast to pluripotent embryonic stem cells
shows that the reprogramming course PGC went through on
E11.5 can be mimicked in non-germline cells (Bao et al.,
2009). Further studies on the natural reprogramming pro-
cesses may give clues to the underlying mechanism of the
iPSC technique and the use of safer methods to induce
somatic cells into a pluripotent state in future.

iPSCs derived from the patient’s somatic cells have high
immunological compatibility, which makes them a powerful
competitor of hESCs in regeneration medicine field. Another
major application of iPSCs is to be an in vitro disease model
due to their broad resources and similarity to hESCs. In
addition, the iPSC technique facilitates the construction of
model panel covering a variety of genetic origins (Tanaka et
al., 2009). Most importantly, disease-specific pluripotent cells
can be derived from the patient’s somatic cells directly.
Approximately 10% of patients with amyotrophic lateral
sclerosis, 7% with early-onset Alzheimer’s disease, and
less than 1% with Parkinson’s disease are believed to have
familial variants, and only a subset of these patients carry
known mutations (Koch et al., 2009). Patient-derived iPSCs
can remarkably facilitate the modeling of these diseases.

Human iPSCs (hiPSCs) can be used in embryotoxicity
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tests or disease-related studies during the differentiation
processes in vitro. Among the transcription factors used in
induction of iPSCs, c-Myc is also used in immortalized cell
models. Interestingly, although c-Myc is dispensable during in
vitro reprogramming (Nakagawa et al., 2008), the acquisition
of immortality is a crucial and rate-limiting step towards the
establishment of iPSCs (Utikal et al., 2009).

The advances mentioned above do not obviate the need
for hESCs (Insoo Hyun, 2007). It is reported that the trace
expression of exogenetic transcriptional factors may influ-
ence the state and differential capacity of iPSCs (Yu et al.,
2007; Soldner et al., 2009). In addition, there are also
differences between hiPSCs and hESCs in terms of the
epigenetic state of both nuclear genome and mitochondrial
genome (Chamberlain et al., 2008; Ying et al., 2008). It is
reported that more than 1200 genes are differently expressed
in hESCs and hiPSCs (Takahashi et al., 2007). The
differences may be due to the imperfect reprogramming of
hiPSCs, but it is also possible that the hESCs used as
comparison do not represent the authentic embryonic stem
cell state (Brons et al., 2007; Tesar et al., 2007; Silva et al.,
2009; Vallier et al., 2009). On the other hand, as another in
vitro system, hiPSCs cannot provide accurate information on
some long latency or complicated diseases. Unlike hESCs,
there is no report so far of using hiPSCs or their derivatives to
construct a human-animal chimera.

In spite of the existing disadvantages, hiPSCs are still
promising models for drug development and disease studies.
Recently, the generation of patient-specific iPSCs has been
successfully applied to several neurological disorders (Dimos
et al., 2008; Park et al., 2008; Ebert et al., 2009; Lee et al.,
2009; Maehr et al., 2009; Raya et al., 2009; Soldner et al.,
2009). iPSCs from spinal muscular atrophy patient are able to
differentiate into motor neurons in vitro, but with less number
and smaller size compared with normal iPSC-derived
counterparts. The SMN1 gene in these motor neurons is
less expressed, and the formation of synapse is delayed
(Ebert et al., 2009). These details involved in developmental
process can be provided by disease-specific iPSCs or the
PGD embryo-derived hESCs, while the former one is much
easier to obtain.

Human iPSCs have also proved their potency as drug
screening models. Tachycardia is the common side effect of
heart disease medicines and is an important parameter in the
drug safety assessment. Nevertheless, there is no practicable
human cardiomyocyte model that can be used to evaluate
heart disease drugs (Sartipy et al., 2007). Functional
cardiomyocytes derived from hiPSCs have similar expression
pattern and contractile function compared with normal
counterparts. These cardiomyocytes are sensitive to a
range of cardiopathy medicines. This study shows that
hiPSC-derived cardiomyocytes are promising as an in vitro
model for cardiac drug screening (Tanaka et al., 2009).

Familial dysautonomia (FD) is a fatal autosomal

degenerative disease characterized by the degeneration of
sensory and autonomic neurons. The disease is caused by
the inaccurate splicing of the IKBKAP transcription product.
Gabsang Lee and colleagues used FD patient-derived
hiPSCs to generate the disease-specific neurons in vitro.
They found a co-existence of both correct and incorrect
splicing pattern in these neurons. Furthermore, the plant
hormone kinetin can reduce the proportion of incorrect
splicing (Lee et al., 2009). This study provides new insights
into disease pathogenesis and suggests alternative func-
tional assays for the identification and validation of drug
candidates for the first time.

NEURAL DIFFERENTIATION OF PLURIPOTENT

CELLS AND NEURAL DISEASES

There are hundreds of nervous system-related diseases. The
most common ones include Parkinson’s disease, Alzheimer’s
disease and ataxias. Therefore, neural differentiation is one of
the most attractive subjects in the area of in vitro differentia-
tion of embryonic stem cells or iPSCs. Tremendous efforts
have been exerted in the field of neural differentiation and
numerous accomplishments have been achieved.

The approaches to acquire neurocytes from ESCs can be
divided into three categories. Upon the aggregation to
embryoid bodies (EBs), differentiating ESCs can be induced
into neural precursors, from which different kinds of neurons
can be acquired (Bain et al., 1995; Zhang et al., 2001). This
method is based on the simulation of the early neural
development process in vivo (Chamberlain et al., 2008).
Alternatively, neurons can be obtained from ESCs through the
induction of midbrain dopaminergic neurons by stromal
cell-derived inducing activity (Kawasaki et al., 2000). Since a
high proportion of midbrain cells can be generated, this
approach is widely used to induce dopaminergic neurons
(Kawasaki et al., 2000). The adherent monoculture system
provides a platform for defining the molecular machinery of
neural commitment and for optimizing the efficiency of neuronal
and glial cell production from ESCs (Ying et al., 2003).

DRUG DISCOVERY AND TARGET IDENTIFICATION

Generating appropriate cellular models has significant
impacts on drug screening. There are three major sources
of modern drugs: natural products, combinatorial chemicals
and the derivatives of existing drugs (Feher and Schmidt,
2003). Among the 974 drugs approved by the Food and Drug
Administration (FDA) from 1984 to 2007, 63% are natural
products or their derivatives (Newman and Cragg, 2007).
Combinatorial chemicals are designed to bind specific drug
targets. The interaction between drugs and their targets may
induce the conformation and activity changes of the targets.
This method requires an in-depth comprehension of disease
mechanism (Dixon and Stockwell, 2009). Furthermore, there
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are only 10%–15% of human genes that can be affected by
drugs, limiting the number of drugable targets (Dixon and
Stockwell, 2009). The simplest approach to treat a genetic
disorder is to directly modulate the function of a disease-
causing gene product by small chemicals (van de Ven et al.,
2007; Dixon and Stockwell, 2009). Alternatively, indirect
targets can be selected with the knowledge of disease-
associated biological processes when the disease-causing
gene product is indrugable (Dixon and Stockwell, 2009;
Soucy et al., 2009). These approaches can be facilitated by
cellular models. For example, the study of tumor cells reveals
that nutlin protects p53 by destroying the interaction between
Mdm2 and p53, which leads to the apoptosis of tumor cells
(Vassilev et al., 2004). Further knowledge of hiPSCs in the
future may give new insights into the drug discovery
strategies.

SUMMARY

The emergence of hiPSCs may give solution to a long-term
barrier of the application of cellular models: the generation of
disease-specific cells. Previous models are limited by their
multiple defects, such as the unstable proliferation or non-
specificity. Patient-derived hiPSCs, which can proliferate and
differentiate in vitro, have a good promise in disease modeling
(Table 1). As the iPSC technique becomes increasingly
efficient and effective, safer iPSCs will be obtained. The
neural disease model is one of the most intriguing applica-
tions of hiPSCs because some most common neurological
disorders are genetically related and hard to be modeled
alternatively. It is predictable that the development of hiPSC
models will substantially promote the study of neural diseases
and drug screening.
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