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Abstract

Hepatotoxicity is the most frequent reason of drug withdrawal from the market. Therefore, hepatocyte in
vitro systems that predict human hepatotoxicity are of high importance. Although some progress has been
achieved in predicting toxicity formation of major metabolites and enzyme induction (Hewitt et al., Drug
Metab Rev 39:159-234, 2007; Hengstler et al., Chem Biol Interact 125:51-73, 2000) it is still difficult to
reliably predict idiosyncratic drug-induced liver injury (iDILI), a particularly worrying form of hepatotoxicity
that can arise from many commonly prescribed drugs (Godoy et al., Arch Toxicol 87:1315-1530, 2013,
Amacher, Expert Opin Drug Metab Toxicol 8:335-347, 2012). This chapter describes currently available
hepatocyte in vitro systems and their possibilities as well as limitations in studying hepatotoxicity and ADME.
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1 Organization and Cellular Composition of the Liver

1.1 Lobular To understand the possibilities and limitations of liver in vitro sys-

Architecture tems it is crucial to be aware of the organization principles of this
organ. The smallest functional unit of the liver is the lobule
(Fig. 1a). The human liver is composed of approximately one mil-
lion lobules. Each lobule is supplied by branches of the portal vein
which carries blood from the intestine (about 80 % of the liver’s
blood). Moreover, arterial blood is supplied by branches of the
liver artery (about 20 %). The blood enters the lobules in the
periphery, passes through microvessels where it is in close contact
with hepatocytes, is finally drained off into the central veins, and
leaves the liver by the hepatic vein. The oxygen concentration is
about 13 % v/v (60—-65 mmHg) in the periportal zone and drops
to about 4 % v/v (30-35 mmHg) in the central vein [3].

1.2 Non-parenchymal = Hepatocytes contribute about 60 % of the cells of the liver; 40 %
Cells are non-parenchymal cells, which closely cooperate with the hepa-
tocytes (Fig. 1b): (1) Sinusoidal endothelial cells (SECs) line the
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Fig. 1 Organization and cellular composition of the liver (from Godoy et al. [3]). (@) Overview over a liver lobule,
the smallest functional unit to the liver. Only the sinusoidal but not the bile canalicular network is shown.
(b) Non-parenchymal cell types and their position in the lobule. (¢) Sinusoidal (red) and bile canalicular (green)
vessel networks of the liver. The structures have been reconstructed from confocal laser scans of a mouse
liver, Hoehme et al. [5]. (d) Zonation of liver functions along the lobule
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Fig. 1 (continued)
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microvessels (sinusoids) of the liver lobule. Besides their function
as fenestrated endothelial cells they also play a critical role in hepa-
totoxicity and regeneration [5, 6]. By secreting cytokines they
influence the architecture of hepatocyte sheets which align along
the sinusoids [5]. Moreover, SECs sense hepatocyte damage which
in turn leads to secretion of cytokines (including HGF and Wnt
factors) finally stimulating hepatocytes to proliferate. (2) Kupffer
cells are resting macrophages which upon liver damage secrete pro-
and anti-inflammatory cytokines. Although the role of Kupfter
cells in hepatotoxicity is still discussed controversially it seems that
they predominantly mediate hepatoprotective effects by induction
of export pumps and by anti-inflammatory cytokines (review:
Godoy et al. [3]). (3) Stellate cells (HSCs) reside in the space
of Disse between SECs and hepatocytes. In normal liver they rep-
resent a storage site for vitamin A. After induction of liver injury
they acquire a myofibroblast-like cell type which is involved in
repair of damaged tissue. Upon repeated induction of liver damage
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activated HSCs contribute to fibrosis and cirrhosis by excessive for-
mation of scar tissue. (4) Infiltrating macrophages and their contri-
bution to hepatotoxicity remain controversial. As reported for
Kupfter cells they can produce pro-inflammatory cytokines, such as
TNEFa and IL-1p [7]. However, they can also secrete the anti-
inflammatory IL-10, TGFbeta, and IL-18-binding proteins [8]. In
recentyearsit has become clear that “pro-” and “anti-inflammatory”
macrophages exist, playing different roles after induction of liver
damage. (5) Neutrophils are rapidly recruited to sites of inflamma-
tion [9]. They can contribute to tissue damage in cholestasis, isch-
emia/reperfusion, and endotoxic shock. However, their role in
chemically induced liver damage is far from being understood
(review: Godoy et al. [3]). (6) Natural killer cells (NK cells) are
large granular lymphocytes that represent key components of the
innate immune system. NK cells contribute to inflammation by
releasing cytokines such as IFN gamma [10]. Hepatocytes seem to
be particularly susceptible to the damaging effects of NK cells.
They express relatively low levels of MHC class I molecules that
inhibit NK cells [11]. Moreover, the liver contains a population of
Ly-49-deficient cells, an inhibitory receptor that recognizes MHC
class I [11]. (7) Biliary epithelial cells (synonym: cholangiocytes)
line the bile ducts. These cells are often targets in cholestatic liver
diseases and hepatotoxicity.

A key feature of the liver is the antidromic blood and bile flow sys-
tem (Fig. 1¢). Blood enters the lobules in the periphery, passes the
sinusoids, and is drained off into the central vein. Bile is secreted
by the hepatocytes into the apical bile canaliculi, which form a net-
work organized parallel as well as perpendicular to the sinusoidal
vessels. Bile flows to the bile ducts in the periportal field and is
finally drained off into the gall bladder and the small intestine. The
bile canalicular network is not composed of conventional vessels
with endothelial cells. It is formed by the apical membrane of
hepatocytes and thereby is a consequence of the polar structure of
these cells which have an apical pole (facing the bile canaliculus)
and a basolateral side (facing the sinusoid). The direct contact to
bile leads to a high vulnerability of hepatocytes. Destruction of the
apical hepatocyte membrane may lead to bile acids entering the
cell, hepatocyte killing, and inflammation.

Hepatocytes show a remarkable heterogeneity and functional spe-
cialization which systematically differs depending on the cell’s posi-
tion in the lobule (simplified overview: Fig. 1d). For hepatotoxicity
it is particularly relevant that many cytochrome P450 enzymes
(e.g., CYP2E1 and CYP3A4) are preferentially expressed in the
center of the lobule. Since many hepatotoxic compounds such as
paracetamol or CCl, are metabolically activated by these enzymes
they lead to a specific pericentral pattern of hepatotoxicity.
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1.5 Inevitable
Limitations of Current
Liver In Vitro Systems

1.6 Hepatocyte
Isolation

This brief overview about liver physiology and hepatotoxicity
remains incomplete and has been comprehensively summarized
elsewhere [3]. However, this background is essential to understand
the following inevitable limitations of hepatocyte in vitro systems:

e Despite some progress in this field, current liver in vitro sys-
tems do not yet sufficiently include communication of hepato-
cytes and non-parenchymal cells.

e With the exception of the isolated perfused liver current in
vitro systems do not contain the antidromic blood and bile
circulation systems. This may lead to cholestasis and inflamma-
tion in vitro.

¢ Current hepatocyte in vitro system, including 3D cultures and
microtissues, do not yet form a lobular zonation.

e The highly specific liver tissue microenvironment tightly con-
trols numerous factors ranging from local cytokine concentra-
tions, cell contacts with NPCs, pH value, and oxygen as well as
carbogen tension within a narrow range. When primary cells are
taken out of their natural microenvironment they undergo man-
ifold alterations, reflected, e.g., by up and downregulation of
numerous genes. Currently, it is not yet possible to sufficiently
simulate the complex in vivo microenvironment in cell culture.

¢ Although co-culture systems with hepatocytes and macrophages
have been successfully established it is not yet possible to simu-
late in vitro hepatocyte—immune cell interactions.

Since several decades a principally identical hepatocyte isolation
technique is recommended (published standard operation proce-
dures: Godoy et al. [3]): This procedure is based on antegrade (via
the portal vein) or retrograde (via the vena cava) perfusion, remov-
ing the blood in a first step followed by EGTA collagenase perfu-
sion, release of enzymatically dissociated cells from the perfused
liver tissue, washing of the cells, and enrichment of hepatocytes by
centrifugation at low speed. In principle, similar techniques are
used to isolate hepatocytes from rodents, dogs, pigs, and humans
(Fig. 2). The major technical difference is that rodents (and rab-
bits) are perfused in situ (with the liver remaining in the animal),
while for larger animals, including humans, resected pieces of the
liver are perfused by cannulation of vessels at the cut surface.
Currently, there is no alternative to the well-established “two-step
EGTA collagenase” procedure to isolate primary hepatocytes for all
types of in vitro systems. However, often experimentalists are not
aware of one major problem associated with this procedure, the so-
called burning hepatocyte phenomenon. Due to the perfusion/
digestion procedure cytokines in the extracellular matrix become
activated and numerous signaling pathways in hepatocytes are mas-
sively stimulated in freshly isolated hepatocytes. This is easily
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Fig. 2 Isolation of hepatocytes by the “two-step EGTA collagenase” procedure

analyzed by a simple Western blot of phosphorylated ERK 1,/2
where freshly isolated hepatocytes show dramatically increased lev-
els compared to liver tissue. However, the transcriptional (i.e., tran-
scriptome) and metabolic features of these cells are quite similar to
those of normal liver tissue [12]. Yet, it is likely that this “burning
hepatocyte” phenomenon contributes to later alterations of the
phenotype in culture. Therefore, a possible future development
may be the addition of small-molecule inhibitor cocktails to the
perfusion media. However, this is not yet part of the routinely used
isolation protocol. In the following paragraphs we discuss how the
isolated hepatocytes can be used for different forms of cell culture.

2 Hepatocyte Culture Systems

2.1 Hepatocytes The traditional way to cultivate primary hepatocytes is on culture
Cultivated on dishes coated with stiff and dry collagen that has been isolated
Collagen-Coated from rat tails. This technique is also named 2D culture. 2D cul-
Dishes tures are known to represent the in vitro system which most rapidly

dedifferentiates. However, it should be considered that dedifferen-
tiation shows major interspecies differences. While hepatocytes of
rats and mice rapidly dedifferentiate showing features of epithelial
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2.2 Sandwich
Cultures

to mesenchymal transition (EMT) [13] this process is much slower
for human hepatocytes. Despite their limitations 2D cultures are
nevertheless successfully used for short-term studies (1-3 days) of
enzyme induction and drug metabolism [14-18]. Moreover, sub-
confluent rodent hepatocytes in 2D cultures can easily be stimu-
lated to proliferate using HGF and EGF and are therefore used to
study proliferation-associated signaling [ 19]. 2D cultures of rodent
hepatocytes have been used to understand the mechanisms why
cultivated hepatocytes dedifferentiate. These studies have shown
that 2D cultures induce the activation of two major signaling path-
ways, namely ERK 1/2 and Akt [13]. These studies demonstrated
that dedifferentiation (i.e., EMT) is an active process driven by
Ras/Mek/ERK signaling. Suppression of ERK 1,/2 phosphoryla-
tion by inhibitors delays hepatocyte dedifferentiation [13].
Conversely, the increased Akt signaling promotes an apoptosis-
resistant phenotype [13]. Noteworthy, the activation of these
cultivation-dependent pathways can be largely prevented by using
a soft, 3D extracellular matrix, such as the collagen sandwich tech-
nique, which is explained in detail in the following section.

Hepatocytes cultivated between two layers of soft gel collagen
represent the most frequently used hepatocyte in vitro system.
They establish an apical pole between the cells which contains bile
canaliculi (Fig. 3). The hepatocyte membrane facing the collagen
gel corresponds to the basolateral side. Therefore, hepatocyte
sandwich cultures represent the easiest to handle 3D culture sys-
tem, although only one sheet of hepatocytes is represented. The
hepatocyte phenotype in sandwich culture is characterized by (1)
maintenance of susceptibility to apoptosis, (2) a delayed decrease
of drug-metabolizing activities compared to monolayer cultures,
(3) establishment and maintenance of bile canaliculi, and (4) a
resting cell state where stimulation by HGF and EGF induces
almost no proliferation events. As previously mentioned, this culti-
vation system effectively prevents the spontaneous activation of
ERK and Akt which occurs in 2D systems [13]. Consistent with
the effects of small chemical inhibitors in 2D cultures, expression
of a constitutively active form of Ras in sandwich-cultured hepato-
cytes induces features of EMT and stress fibers. In contrast to Ras,
expression of constitutive active Akt in hepatocytes induces an
antiapoptotic phenotype and does not cause EMT [13].
Considering that sandwich cultures are relatively cheap, easy to
handle, and applicable to high throughput it is not surprising that
most studies in drug metabolism, enzyme induction, and hepato-
toxicity have relied on this culture system. Despite its advantage it
should be considered that also sandwich cultures do not guarantee
an in vivo-like state. Gene array studies show that culture between
soft gel collagen only ameliorates and delays the gene expression
alterations that occur in conventional 2D monolayer culture.
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Fig. 3 Hepatocyte polarity in different culture conditions. (a) Confocal microscopy reveals formation of bile cana-
liculi (white arrows) in primary mouse hepatocytes. These structures are formed within 24 h when hepatocytes
are cultivated between two layers of soft gel collagen (i.e., sandwich culture S) but not in monolayer confluent
(Mo or monolayer subconfluent (M) cultures. Green fluorescence corresponds to DPPIV staining (a marker for
bile canaliculi). Nuclei appear blue (DAPI staining). (b) Bile canaliculi lumen is further revealed in z-stack confo-
cal imaging in sandwich-cultured hepatocytes. Red corresponds to F-actin and green to DPPIV. Co-localization
of the two markers is seen in yellow and corresponds to bile canaliculi. Nuclei appear blue (DAPI staining)
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Fig. 4 Confocal laser scans of human hepatocyte spheroids. (a) Human hepatocyte spheroid. Nuclei appear
blue (DAPI staining). Bile canaliculi are visualized by green fluorescence (staining of the bile canalicular marker
DPPIV). (b) Similar spheroid as shown in (a), with inclusion of sinusoidal endothelial cells (red) into the hanging
drop culture. The endothelial cells do not form vessel-like structures as in vivo but build an epithelium at
the surface of the spheroid. (¢) Kupffer cells integrated into a spheroid of hepatocytes. (d) Reconstructed bile
canalicular network of a spheroid of human hepatocytes. (e) Bile canalicular network of liver tissue

2.3 Spheroids
and Microtissues

Again, the interspecies difterence should be taken into account.
Because rodent hepatocytes tend to dedifferentiate more rapidly
they “profit” much more from sandwich culture conditions than
human hepatocytes which have a lower propensity to show EMT-
like features.

Hepatocyte spheroids represent an in vitro system that has been
used since decades [20-22]. The concept is that suspended hepa-
tocytes are capable of forming 3D tissue or “spheroids,” if adhe-
sion of the hepatocytes to a substrate is prevented. In recent years
a specific technique based on the hanging drop principle has
become particularly popular, because it can also be applied in
96-well dishes [23]. Hepatocytes in spheroids spontaneously
secrete extracellular matrix (ECM) components that closely resem-
ble the normal ECM of the liver [24]. It has been reported that the
3D configuration in hepatospheres offers some advantages with
respect to activities of drug-metabolizing enzymes and transport-
ers (review: Godoy et al. [3]). Indeed, hepatospheres establish a
bile canalicular network which in several aspects resembles the in
vivo situation (Fig. 4a). However, the bile flow dynamics have not
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yet been studied. Moreover, spheroids have not yet been systemati-
cally compared to sandwich cultures using genome-wide tech-
niques, such as gene arrays. Hepatospheres can also be used to
integrate non-parenchymal cells, such as Kupffer cells, into the
“microtissue” (Fig. 4b). However, it has not been possible to
establish sinusoidal microvessels in liver “microtissues.” When
SECs are added together with hepatocytes to the hanging drop
culture they form an epithelium covering the core of hepatocytes
(Fig. 4a). Some researchers report about necrotic regions in
“hepatospheres.” However, in our hands this occurred only when
the initial viability of the primary hepatocytes was not adequate
(trypan blue exclusion should be at least 90 %) or if too many
hepatocytes were added to the hanging drops (2,000 hepatocytes
per hanging drop seems to be adequate). In conclusion, “hepato-
spheres” established by hanging drop cultures represent an easy-
to-handle, robust system whose potential also in comparison to
other culture forms still has to be evaluated.

Hepatocytes are attachment-dependent cells [ 3, 25]. Without ade-
quate extracellular matrix they lose their liver-specific functions.
Therefore, it has been studied intensively which types of matrix,
hydrogels, and scaffolds support differentiated hepatocyte func-
tions and which are the key properties. One of the first commer-
cially available hydrogels was Matrigel, an extract from mouse
sarcoma cells [26]. Later Extragel, another collagen-based hydro-
gel [27]; Alimatrix, a porous 3D scaffold [28]; and PuraMatrix
[29], a peptide hydrogel, became available. Moreover, 3D HGE/
heparin-immobilized collagen matrices have been recommended
[30]. Some hepatocyte functions have been preserved by embed-
ding hepatocytes into alginate [31]. Further improvements have
been reported by alginate including additionally galactosylated
chitosan and heparin [32]. The multitude of techniques that
successfully preserved hepatocyte functions makes it difficult to
recommend a specific method or hydrogel type. Possibly, several
techniques by which hepatocytes are embedded into hydrogels
may be similarly useful. A limitation of many previously published
studies is that specific hepatocyte functions, such as albumin secre-
tion or cytochrome P450 activities of hepatocytes in hydrogels,
were compared only to hepatocytes in 2D culture. In this constel-
lation it will not be difficult to obtain a favorable comparison, since
2D cultures actively promote hepatocyte dedifferentiation (as
reported above). More helpful would be comparisons to the in
vivo situation (liver tissue) or to freshly isolated hepatocytes which
at the transcriptional and metabolic level resemble very closely the
state of intact liver tissue, in spite of the strong activation of signal
transduction pathways. Also systematic unbiased comparisons of
whole-genome gene expression sets of hepatocytes would help to
identify advantages and limitations of specific hydrogel types.
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Numerous studies have reported that hepatocytes cultivated
on 3D scaffolds proliferate, migrate, and express differentiated
functions [33, 34]. The conventional way for producing 3D scaf-
folds includes fiber bonding, phase separation, particulate leach-
ing, melt molding, gas foaming, and freeze-drying (review: Godoy
et al. [3]). An advantage of the freeze-drying technique is that the
pore size of scaffolds can be controlled by the cooling rate of the
hydrated gel and thereby be optimized for the specific needs of
hepatocytes [ 35]. Even more controlled properties may be achieved
by computational scaffold design [36]. A feature of scaffolds is that
galactose can be presented on their surface. This can be advanta-
geous because of the specific affinity of hepatocytes to galactose
residues [37]. Recently, much excitement has surrounded the
establishment of decellularized liver-derived extracellular matrix
(e.g., Uygunetal. [38]; Bao etal. 2011). The 3D scatfold obtained
from a decellularized rat liver lobe was repopulated with liver cells
which exerted liver-specific functions and could be transplanted
into rats after partial hepatectomy. However, gene expression
patterns of hepatocytes in matrix of decellularized livers showed
alterations similar to those described in other culture forms.
For example, mRNA expression levels of phase 1 and phase 2
metabolism-associated genes were downregulated to similar levels
in both systems compared to freshly isolated hepatocytes or liver
tissue [ 38]. Furthermore, a proper vascularization of the recellular-
ized liver was not achieved, since only hepatocytes were trans-
planted and not SECs. This may also account for a lack of proper
zonation, since zonation depends on Wnt factors secreted from
NPCs [39]. In conclusion, although hydrogels and 3D scaffolds
maintain some liver functions it has not yet been analyzed on a
genome-wide level to which degree they avoid gene expression
alterations compared to the in vivo situation. Based on our previ-
ous experience it appears questionable whether an optimized
matrix alone will sufficiently mimic the in vivo situation.

3 Liver Slices

Liver slices have been used since the 1920s [3, 40, 41]. However,
reproducibility was initially limited. With the development of preci-
sion tissue slicers the technique became more popular since the
1980s [42]. Today precision-cut liver slices are mostly used for tox-
icity and drug metabolism studies [43—45]. The obvious advantage
of liver slices is the maintenance of liver microarchitecture with all
liver cell types; the major difficulty is the loss of blood perfusion
leading to physiological changes. As a consequence, expression of
xenobiotic metabolizing enzymes tends to decrease and cells in the
tissue slice become necrotic. Two technical factors are particularly
critical for the successful maintenance of liver slices. First, an opti-
mized slicing technique must be used which allows reproducible
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slicing without bruising of the tissue. The optimal thickness has
been reported to range between 100 and 250 pm [44, 46].
Moreover, it is critical to use a carbogenated (95 % oxygen and 5 %
carbon dioxide) slicing buffer (e.g., Krebs—Henseleit, pH 7.4,
4 °C) with high glucose (25 mM). A second critical factor is the
incubation system. It seems to be critical to use a gas phase with
relatively high oxygen tension (e.g., up to 95 % oxygen and 5 %
CQO,) and to shake during the culture [47—49]. Maximum incuba-
tion periods of 96 h have been reported [50, 51]. However, a limi-
tation remains that depending on the effort invested in optimization
of the technique, several functions tend to decrease already during
the first 24 h. In conclusion, liver slice cultures represent an attrac-
tive in vitro system, because all liver cell types are included. However,
careful controls are required to guarantee that the function of inter-
est was stable during the investigated time period.

4 The Isolated Perfused Liver

The isolated perfused liver differs from the decellularized liver
model in that the NPCs, including the vascular endothelial cells,
are preserved. Hence, it represents the only in vitro system that
includes perfusion of the sinusoids in a physiological state. It has
been introduced by Miller et al. [52] and has been further improved
in the following decades (e.g., Sies [53], Hiussinger [54], vom
Dahl and Hiussinger [55]). For this system usually rat livers are
used, but the technique has also been adapted to the smaller size of
mouse livers. The perfusion fluid is usually delivered from a reser-
voir by a roller pump and enters the liver by the cannulated portal
vein [3]. It is drained into a cannula in the superior vena cava.
Moreover, the bile duct can be cannulated for sampling. The most
frequent application of the isolated perfused liver is determination
of metabolic flux rates. When the substrate concentration of a non-
recirculating inflow is constant, the concentration of metabolites in
the effluent can be analyzed. This can be used to study metabolites
of xenobiotics. It has also been successfully used to determine the
detoxification of ammonia to urea and glutamine (review: Godoy
et al. [3]). A particularly valuable technical possibility of the iso-
lated perfused liver is to switch the direction of the flow of the
perfusion buffer. Antegrade perfusion means a flow of the bufter in
the “normal” direction from the portal vein to the vena cava,
whereas for retrograde perfusion the buffer is pumped into the
vena cava and leaves the liver by the portal vein. This switch
between ante- and retrograde perfusion is a key method for study-
ing the functional heterogeneity of the liver lobule. It has, for
example, been used to prove that ammonia is detoxified to urea in
a periportal compartment of the liver lobule, whereas a ring of
pericentral hepatocytes metabolizes ammonia to glutamine. The
principle of the antegrade-retrograde perfusion change is that one
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of the two metabolic pathways will be favored depending on the
perfusion direction. A precondition is that different compartments
of the lobule compete for the same substrate. Moreover, it is critical
to use rate-limiting substrate concentrations for this type of experi-
ment (review: Godoy et al. [3]). In conclusion, the isolated per-
fused liver represents the most complex model and is the only
system that allows functional analysis of metabolic zonation of the
liver. Nevertheless, this system is not suitable for screenings or for
long-term toxicity testing.

5 Alternative Cells to Primary Human Hepatocytes

Alternative cell systems to primary hepatocytes have recently been
reviewed comprehensively (e.g., Godoy et al. [3]). Here, we only
summarize implications for studies of in vitro toxicity and metabo-
lism with human cells. Several human hepatoma cell lines are of
practical relevance (e.g., HepG2, Hep3B, Huh7, Fa2N4, or
HepaRG). Under specific cultivation conditions, such as high cell
densities, 3D culture systems, or high DMSO concentrations, they
can express relatively high levels of phase I and phase II metaboliz-
ing enzymes and may therefore be useful in studies of drug metabo-
lism and metabolism-associated toxicity (review: Godoy et al. [3]).
By transfection of drug-metabolizing genes the metabolizing capac-
ity could be further enhanced. Numerous studies have been per-
formed to immortalize human hepatocytes (e.g., Tsuruga et al.
[56]; Wege et al. [57]; Kobayashi et al. [58]). A general difficulty of
these approaches is the propensity of immortalized hepatocytes to
lose differentiated functions. Human embryonic stem cells or
induced pluripotency cells have been extensively used to generate
differentiation protocols for hepatocytes. In these cell types it has
been possible to induce expression of genes typically observed in
hepatocytes. However, unbiased analysis, e.g., by gene arrays dem-
onstrates that “hepatocyte-like cells” derived from stem cells still
show huge differences compared to freshly isolated primary hepato-
cytes or to liver tissue [59]. Therefore, it is still not recommended to
replace primary hepatocytes by stem cell-derived cell types. However,
these limitations are not surprising. When primary hepatocytes are
isolated from their physiological environment hundreds of genes are
massively up- and downregulated during the cultivation period.
Culture conditions avoiding these alterations of primary cells are not
yet available. It would therefore be surprising if stem cells could be
differentiated into a state similar to real hepatocytes when we have
not yet found in vitro conditions to maintain the phenotype of the
primary cells. Although a lot has already been invested into research
on hepatocytes from alternative sources, the hunt for the “hepato-
cyte-like cell” that deserves this name has only just begun.
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