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ACKGROUND established (14). In contrast to the more conventional
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The liver fulfills many vital processes in mammals.
t is the central organ of energy metabolism, bio-
ransformation of xenobiotics, and synthesis of plasma
roteins under physiological and pathophysiological
onditions. Primary cultures of hepatocytes have been
nd still are an important tool to study liver-specific
rocesses and functions. So far, most of the studies
ith hepatocyte cultures have primarily been per-

ormed with rat hepatocytes. However, interspecies
ifferences in all aspects of hepatocyte function exist
nd are recognized and investigated since more than
0 years: Differences have been reported for the intra-
ellular distribution of gluconeogenic enzymes (1–4),
or apolipoprotein A-IV expression (5), metabolic regu-
ation of cholesterol and triacylglycerol synthesis (6),
nd cytochrome P450 induction (7, 8). Therefore, pri-
ary human hepatocytes should be the system of

hoice for the evaluation of liver specific processes in
uman: (i) the biology of human viral pathogens or
arasites and (ii) drug metabolism in phase I and II
eactions (9, 10).

ODEL SYSTEMS

Since human hepatocytes are available only in lim-
ted number, the development of culture systems that
llow cultivation of differentiated and functional hepa-
ocytes is of great importance. Several different at-
empts have been taken using different substrates (11),
edia and hormonal conditions usually in the initial or

ngoing presence of serum (12, 13). Recently, a serum-
ree and chemically defined culture system has been

1 Present address: Ingenium Pharmaceuticals AG, 82152 Mar-
insried, Federal Republic of Germany.

2 To whom correspondence should be addressed at Department of
athology, University of Pittsburgh, South 410 BST, Pittsburgh,
A 15261. Fax: 001-412-648-9846. E-mail: michalopoulos@msx.
pmc.edu.
1

wo dimensional cultures three dimensional collagen
el sandwich cultures (12, 15, 16) or mixed cultures
ith the presence of non-parenchymal cells (17) were
valuated for prolonged hepatocyte function. A differ-
nt report describes a system that involves the transfer
f cells from a conventional two-dimensional to a three-
imensional collagen gel sandwich system (18). Cul-
ure systems that promote a long-term cultivation of
uman hepatocytes usually rely on the presence of
erum (12) and/or the addition of growth factors like
GF, EGF, and Insulin (12, 14, 15, 19). The benefits of
GF addition to the culture medium is somewhat con-

roversial. In short-term serum-treated cultures (up to
days) low concentrations of HGF mediated a down

egulation of cytochrome P4501A1/2, and CYP3A4 pro-
ein and activity, while UDP-glucoroyltransferase and
lutathione S-transferase activity were not modified
13). In contrast to these data, a more recent study
emonstrated the maintenance of basal and inducible
ytochrome P450 protein expression and enzymatic ac-
ivity for 4–6 weeks even in the presence of high HGF
oncentrations (14).
A majority of studies with a pharmacological–

oxicological objective depend on differentiated hepato-
ytes. Most investigators analyze the induction and
ctivity of cytochrome P450 enzymes, especially the
YP 1A and 3A isoforms (7, 8, 12–14, 16, 19–23), fewer
eports focus on phase II detoxifying enzymes (11, 13,
6). These studies used mostly short-term cultures, in
hich the cells were maintained for maximally 8 days.

t is well known that hepatocytes require an adjust-
ent period of about 4 days before full responsiveness

o applied hormonal stimuli is observed in terms of
ytochrome P450 induction (24). Therefore, the use of
ong-term human hepatocyte cultures is an important
ool for pharmacological and toxicological studies. The
ecent development of two dimensional long-term cul-
ure systems in which hepatocyte morphology and
unction is maintained for several weeks (14, 19) allows
0006-291X/00 $35.00
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he establishment of screening systems for cytochrome
450 inducers and to investigate drug-drug interac-
ions. These culture systems should allow repeated
reatment/wash-out cycles to screen for drug activity
specially if well-established noninvasive assays as
or testosterone-6b-hydroxylase (CYP3A4), ethoxy-
esorufin-deethylase (CYP1A) or chlorzoxazone-6-OH-
ydroxylase (CYP2E1, D.M.R., unpublished observa-
ions) can be used to determine enzymatic activities
Fig. 1).

ROPAGATION OF HUMAN HEPATOCYTES FOR
ELL TRANSPLANTATION AND GENE THERAPY

A different application of human hepatocyte cultures
s represented by an increasing number of studies that
sed human hepatocyte either for therapeutical (25) or
xperimental cell transplantation studies (26). Here
epatocytes were cultured in the presence of serum,
hich allows proliferation to accomplish a stable gene

ransfer by retroviral vectors. In the first case a patient
ith familial hypercholesterolemia was treated by

ransplantation of autologous hepatocytes after her
wn hepatocytes had been modified ex vivo by retrovi-
al transfer of the LDL-receptor gene (25). To overcome
he critical shortage of human hepatocytes Kobayshi
nd co-workers (26) generated a reversible immortal-
zed human hepatocyte cell line, which expresses some
ut not all of the investigated liver-specific markers.
his method allowed amplification of the de-
ifferentiated cells with subsequent and complete ex-
ision of the immortalizing gene by Cre/Lox site specific
ecombination, which then led to reexpression of the
nvestigated differentiation markers.

ULTURE OF HUMAN HEPATOCYTES IN
IOARTIFICIAL LIVER SUPPORT SYSTEMS

The use of human cells in bioartificial liver support
ystems is now under investigation (27, 28). In earlier
pplications these devices have utilized pig hepato-
ytes (29). This holds the potential danger of transmit-

FIG. 1. Long-term cultures as a tool for screening in drug metabo
everal weeks. Prototypical inducers are applied for 48 h to increase e
t the end of induction period, followed by wash-out periods of 3–4
ore) may be tested in duplicate in the same culture (1 billion cells
2

ing human pathogenic substances like PERV (porcine
ndogenous retrovirus) to the patient during treatment
30). Therefore, the efficiency of these systems is cur-
ently tested with human hepatocytes in co-culture
ith non-parenchymal cells, originally described by
uillouzo and coauthors (17). Promising results have
een demonstrated investigating albumin secretion
nd basal cytochrome P450 activity for up to two
eeks, using human hepatocytes alone in the liver

upport device. When hepatocytes were cocultured
ith non-parenchymal cells (approximately 17% of to-

al number of cells) albumin synthesis increased about
0-fold, basal lidocaine metabolism 3-fold compared to
epatocyte monocultures. Furthermore, a significant
eduction of LDH release was observed in cocultures
ompared to hepatocytes alone (28).

UNCTIONAL ASSAYS TO CHARACTERIZE
EPATOCYTE-SPECIFIC FUNCTIONS

Which parameters should be used to evaluate the
unctionality of a given human hepatocyte culture sys-
em? Usually, maintenance of liver-specific functions is
onitored by the expression of serum proteins and/or

rug metabolizing enzymes (7, 8, 12, 14, 16–21, 26, 28,
9, 31, 32). Expression of these proteins is regulated by
iver-enriched transcription factors C/EBPa, HNF-3,
nd HNF-4. In serum-free cultures expression and ac-
ivity of these transcription factors was maintained for
everal weeks and is held responsible for maintenance
f hepatocyte specific gene expression (31, 32). Serum
rotein expression is either monitored by RT–PCR or
orthern blot analysis of mRNAs for albumin, trans-

errin, apolipoproteins or a-1-antitrypsin or by immu-
ological detection of the corresponding proteins in the
ulture medium (12, 17–19, 28, 29, 31, 32). In addition,
xpression or inducibility of phase I or phase II drug
etabolizing enzymes is often used as a convenient
arker for hepatocyte specific functions (7, 8, 12–14,

6, 19–24, 28, 29). These basal cellular functions, i.e.,
ynthesis of mRNA that are normally abundant in
unctional primary cells or the corresponding synthesis

using noninvasive assays. Human hepatocytes can be cultured for
mes involved in drug metabolism. Noninvasive assays are performed
s to downregulate enzyme levels again. Two hundred molecules (or
C, medium change. Adapted from Ref. 35.
lism
nzy
day
). M



of abundant proteins seems to be maintained for weeks
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r even months. However, the quality of these markers
s parameters for hepatocyte specific function is argu-
ble for two reasons: First, the detection of a certain
RNA by itself, especially by RT–PCR, does not nec-

ssary indicate the presence of the corresponding pro-
ein. Second, even if the protein is detectable by West-
rn blot analysis, one cannot draw any conclusion on
ts functionality, because cofactors required for enzy-

atic activities might be missing. This has been dem-
nstrated by our group: although the total amount of
nducible cytochrome P450 protein varied only slightly
etween earlier and later time points in the human
epatocyte cultures, the corresponding inducible enzy-
atic activity did not correlate with steady-state pro-

ein levels in all cases. It declined during the culture,
robably due to the loss of the heme component (14).
herefore, hepatocyte function should be demon-
trated by more sensitive metabolic or enzymatic ac-
ivities, or, if membrane transport proteins are inves-
igated, transport assays of model substances (e.g.,
hodamine 123) should be performed.

Recently, improvements have been made in hepato-
yte cryoconservation techniques (33, 34). This may
llow to establish cell banks, that should improve the
vailability of human hepatocytes for cell transplanta-
ion, bio-artificial liver support, as well as pharmaco-
ogical studies.
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