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Abstract

1. The objective of this study was to characterize Huh7 cells' baseline capacity to metabolize drugs
and to investigate whether the drug metabolism was enhanced upon treatment with dimethyl
sulfoxide (DMSO).

2. The messenger RNA (MRNA) levels of major Phase | and Phase 1l enzymes were determined by
quantitative real-time-polymerase chain reaction (RT-PCR), and activities of major drug-
metabolizing enzymes were examined using probe drugs by analysing relevant metabolite production
rates.

3. The expression levels of drug-metabolizing enzymes in control Huh7 cells were generally very
low, but DMSO treatment dramatically increased the mRNA levels of most drug-metabolizing
enzymes as well as other liver-specific proteins. Importantly, functionality assays confirmed
concomitant increases in drug-metabolizing enzyme activity. Additionally, treatment of the Huh7
cells with 3-methylcholanthrene induced cytochrome P450 (CYP) 1ALl expression.

4. The results indicate that DMSO treatment of Huh7 cells profoundly enhances their differentiation
state, thus improving the usefulness of this common cell line as an in vitro hepatocyte model.
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Introduction

Hepatocytes, the main cell type of the liver, carry out vital liver functions through the synthesis,

degradation and storage of a wide variety of substances. Thus, the inability of the liver to
function normally has significant adverse effects on health, and hepatic diseases such as

hepatitis and cirrhosis can be fatal. For this reason, experimental in vitro cell culture systems
for understanding liver functions and pathogenesis are critically needed and the use of human

liver-derived cells has become an integral part of hepatology research.

Primary human hepatocytes are the ‘gold standard’ system for examining hepatic metabolism

of drugs, drug toxicity, and the potential for drug—drug interactions (Gomez-Lechon et al.
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2004), as well as to investigate progression of liver diseases such as hepatitis C (Duverlie &
Wychowski 2007). However, healthy primary hepatocytes are scarce and not readily available
to all investigators. Moreover, among different hepatocyte preparations, huge variations in the
state of differentiation maintained, specifically the expression and function of drug-
metabolizing enzymes as well as the varying donors genetics and limited longevity of the
culture, have been problematic (Gomez-Lechon et al. 2007).

In contrast, hepatoma cell lines have indefinite proliferative capacity and thus could potentially
serve as the basis of more practical alternative experimental systems. However, while different
hepatoma cell lines do retain certain liver-specific functions, these cells typically fail to exhibit
sufficient hepatocyte function. For example, HepG2 cells, a hepatocellular carcinoma cell line,
have been widely used in the study of liver physiology, but expression levels of various liver-
specific drug-metabolizing enzymes and transcription factors are low in these cells, making
them a less than ideal substitute for primary hepatocytes (Alexandre et al. 1999; Barbier et al.
2003; Gardner-Stephen et al. 2004; Hewitt & Hewitt 2004). Accordingly, drug toxicity that is
mediated by its reactive metabolites may not be as evident in HepG2 cells as it is in human
hepatocytes due to low amount of toxic metabolites generated by the HepG2 cells (Castell et
al. 1997). Another hepatocyte cell line that has been recently characterized as a potential in
vitro hepatocyte model is HepaRG. HepaRG cells have been reported to express Phase | and
Il enzymes at levels comparable to those in human hepatocytes (Aninat et al. 2006; Guillouzo
et al. 2007; Kanebratt and Andersson 2008). While the expression of drug-metabolizing
enzymes in these cells were also shown to be readily inducible by typical enzyme inducers
(Aninat et al. 2006), rendering HepaRG as a possible alternative hepatocyte model for drug
metabolism studies, their use thus far has been limited.

Huh7 is another continuous hepatocyte cell line which was established in 1982 from a 57-year-
old male with a well-differentiated hepatocellular carcinoma (Nakabayashi et al. 1982). Unlike
HepaRG cells, Huh7 cells are widely distributed, commercially available (Japan Health
Science Research Resources Bank, catalogue number JCRB0403), and cheaper to culture.
Huh7 cells have been used to investigate liver toxicity of drugs (Kogure et al. 2004), the
molecular mechanisms of hepatic gene regulation and drug efficacy (Gunton et al. 2003;
Goldring et al. 2006; Huang et al. 2007), as well as the pathogenesis of hepatitis virus infection
(Zhong et al. 2005; Gottwein et al. 2007). These cells retain the functional activities of various
carbohydrate-metabolizing enzymes and are capable of secreting plasma proteins such as
albumin (Nakabayashi et al. 1982); however, despite their widespread use in hepatology
research, the expression and function of drug-metabolizing enzymes in Huh7 cells has not yet
been extensively characterized. Interestingly, it was recently shown that Huh7 cells, when
incubated in the presence of dimethyl sulfoxide (DMSO), stopped dividing, entered a GO state,
and remained viable in culture without splitting for over 60 days. Under these conditions the
Huh7 cells obtained a more “differentiated’ hepatocyte state characterized by up-regulation of
liver-specific genes such as albumin, transthyretin, HNF4a, and al-antitrypsin (Sainz &
Chisari 2006). The potential implication of liver-specific genes being induced by DMSO
treatment is high, particularly if this includes drug-metabolizing enzymes, as the metabolizing
activities they exhibit not only may play an important role in modulating the drug efficacy or
toxicity studies performed in these commonly used cells, but also because DMSO treated Huh7
cells might then represent an alternative model system specifically for drug metabolism studies.

Hence, in the present study we examined the expression and function of major Phase | and 11
drug-metabolizing enzymes in actively growing Huh7 cells, as well as in non-growing DMSO-
treated Huh7 cells. The results demonstrate that basal expression levels and activity of drug-
metabolizing enzymes in growing Huh?7 cells are low, but that DMSO treatment induced both
dramatically. While the DMSO Huh7 cells failed to reach the absolute levels of drug

metabolism observed in primary human hepatocytes, the data demonstrate that Huh7 cells did
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achieve a high state of differentiation when incubated in the presence of DMSO, and thus
highlight the potential utility of the Huh7-DMSO cell culture system as an improved in vitro
hepatocyte model for a variety of different studies.

Materials and methods

Chemicals and reagents

Diclofenac, indomethacin, S-mephenytoin, 4-hydroxy mephenytoin, S-nirvanol, dextrorphan,
levallorphan, phenytoin, 3-methylcholanthrene (3-MC), caffeine, paraxanthine, and rifampin
were obtained from Sigma (St. Louis, MO, USA). Midazolam, prazepam, morphine, morphine
6-glucuronide, and [2H3] morphine 3-glucuronide were purchased from Cerilliant (Round
Rock, TX, USA). 4-Hydroxy diclofenac and dextromethorphan were purchased from Axxora
(San Diego, CA, USA). CITCQO, i.e. 6-(4-chlorophenyl) imidazo[2,1-b] [1,3]thiazole-5-
carbaldehyde O-3,4-dichlorobenzyl) oxime, was purchased from Biomol (Plymouth Meeting,
PA, USA). Bufuralol and 1-hydroxybufuralol were purchased from BD Biosciences (Franklin
Lakes, NJ, USA). P450-Glo™ CYP1A2 assay system was purchased from Promega (Madison,
WI, USA). Lamotrigine and lamotrigine-N2-glucuronide were generous gifts from
GlaxoSmithKline (Research Triangle Park, NC, USA). Formic acid (ACS grade) and methanol
(Optima grade) were purchased from Fisher Scientific (Pittsburgh, PA, USA).

Cells and treatments

Huh7 cells were cultured in complete DMEM which consists of 10% fetal bovine serum, 100
units mI~1 penicillin, 100 mg mI~1 streptomycin, 10 mM Hepes, 2 mM L-glutamine, and
nonessential amino acid. For all DMSO experiments, Huh7 cells were seeded in twelve-well
collagen-coated BioCoat dishes (BD Biosciences) at a cell density of 8 x 104 cells per well.
At 95% confluence, culture medium was replaced with 3 ml complete DMEM containing 1%
DMSO (Sigma-Aldrich). Cultures were incubated for 20 days, as previously described (Sainz
& Chisari 2006), during which time complete DMEM containing 1% DMSO was replenished
every 3 days. Non-DMSO treated Huh7 cells were seeded 24 h before use at a cell density of
2 x 10% cells per well in twelve-well BioCoat dishes in 2 ml complete DMEM. For comparison
of gene expression in Huh7 cells with primary human hepatocytes, pooled hepatocytes were
purchased from Celsis (Baltimore, MD, USA, catalogue number X008052; five donors of
mixed gender).

Isolation of RNA and quantitative reverse transcription real-time (RT) PCR

Total cellular RNA was isolated from Huh7 cells as well as from pooled human hepatocytes
by the guanidine thiocyanate method using standard protocols (Chomczynski & Sacchi
1987). A total of 1 pg of RNA was used for cDNA synthesis using TagMan reverse transcription
reagents (Applied Biosystems, Foster City, CA, USA), followed by real-time PCR
quantification using an Applied Biosystems 7300 real-time thermocycler (Applied
Biosystems). Thermal cycling consisted of an initial denaturation step for 10 min at 95°C
followed by 40 cycles of denaturation (15 s at 95°C) and annealing/extension (1 min at 60°C).
Expression levels were estimated using the AAC; method and normalized to B-actin. AAC; was
transformed into fold induction (compared with non-DMSO treated, growing Huh7 cells) with
the following formula: fold change = 272ACt, The PCR primers used are listed in Table 1.

Determination of drug-metabolizing enzyme activities

Various probe drugs (Table 2) were added to growing or DMSO-treated Huh7 cells and culture
media were sampled at various time points for up to 48 h post-treatment. For all metabolic
pathways, the concentration of metabolites was determined by LC/MS/MS (Agilent 1200
HPLC interfaced with Applied Biosystems Qtrap 3200) using an electrospray ion source. The
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mobile phase consisted of water [0.1% (v/v) formic acid] and methanol. For most analytes,
separation was performed with a Zorbax Eclipse XDB-C8 column (4.6 x 50 mm, 3.5 um;
Agilent Technologies) at a flow rate of 0.4 ml min~1. For morphine, Eclipse XDB-18 (4.6 x
50 mm, 3.5 um; Agilent Technologies) was used at a flow rate of 0.6 ml min~1. MS detection
of the parent drugs and metabolites was followed by examining multiple MRM pairs in the
positive ion mode (Table 2). At the end of the 48-h experiment, the cells were trypsinized and
cell numbers were counted to normalize the rate of metabolite formation. The limit of
quantification for most analytes was 1 ng ml~1. The metabolic activity of CYP1A2 was further
determined using a Promega P450-Glo Assay for CYP1A2 according to the manufacturer's
protocol (Promega) using a luminometer (Synergy 4, Biotek).

For enzyme induction studies, growing or DMSO-treated Huh7 cells were incubated with
enzyme inducers — rifampin (10 uM), 3-MC (1 uM), or CITCO (100 nM) — or vehicle control
(DMSO, in a final concentration of 0.1%) for 48 h. The media were then changed to contain
caffeine, S-mephenytoin, or midazolam. The rate of metabolite formation was determined by
measuring concentrations of relevant metabolites in the media by using LC/MS/MS as
described above.

Baseline expression of drug-metabolizing enzyme genes

To determine baseline expression of major drug-metabolizing enzymes in Huh7 cells,
transcripts of nine P450s (CYP1A1, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, and CYP3AD5) and five UDP glucuronosyltransferases (UGT1A1,
UGT1A4,UGT1A6, UGT1A9, and UGT2B7) were analysed by reverse transcription followed
by quantitative RT-PCR, in Huh7 cells as well as in pooled human hepatocytes (Figure 1). In
actively growing Huh7 cells, mMRNA expression levels of the Phase | enzymes were less than
1% of the level of MRNA in primary human hepatocytes, except for CYP1AL (25%). Likewise,
the mRNA levels of Phase Il enzymes were low, ranging from 0.74% to 1.7% of the mMRNA
content in hepatocytes.

DMSO-mediated induction of drug-metabolizing enzyme expression

To examine whether the baseline expression of drug-metabolizing enzymes in Huh7 cells is
inducible by DMSO treatment, Huh7 cells were also grown in 1% DMSO over 20 days (i.e.
the culture condition previously shown to induce Huh?7 cells into a more differentiated, growth
arrested state (Sainz & Chisari 2006)), and transcripts for Phase | and Il enzymes were
compared in parallel with the growing Huh7 cultures above (Figure 1). DMSO treatment
increased the mRNA levels of most CYP and UGT enzymes by 5.5- (CYP2C9) to 155-fold
(CYP3A4) as compared with the levels in actively growing Huh7 cells, except no enhancement
of the already relatively highly expressed CYP1A1 gene was detected after DMSO treatment
(Figure 1).

DMSO-mediated induction of drug-metabolizing enzyme activity

To examine whether the increased mMRNA levels observed for these known drug-metabolizing
genes in the DMSO-Huh7 cells lead to enhanced function of the various associated metabolic
pathways, metabolite production rates from probe drugs were determined (Figure 2). To this
end, we chose a list of drugs that are commonly used to characterize known metabolic pathways
for xenobiotics (Table 2). Specifically, we characterized metabolic pathways of Phase |
(CYP1A1/2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4) and Phase Il (UGT1A4 and
UGT2BY7) reactions in both growing and DMSO-treated Huh7 cultures. In actively growing
Huh7 cells, the amount of metabolites produced from the majority of drugs, diclofenac
(CYP2C9), S-mephenytoin (CYP2C19), midazolam (CYP3A4), lamotrigine (UGT1A4), and
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morphine (UGT2B7), were below quantitation limits. DMSO treatment of the Huh7 cells,
however, led to a dramatic increase in the metabolic activities of CYP2C9, CYP3A4, and
UGT1A4, UGT2B7 (Figures 2A-D). Interestingly, hydroxy metabolites of S-mephenytoin
(CYP2C19) were not detected in DMSO-treated Huh7 cells, potentially due to the inhibitory
effects of DMSO on the reaction (Yuan et al. 2002).

Unexpectedly, metabolite production rates of CYP1A1/2 and CYP2D6 initially appeared to
be decreased in DMSO-treated Huh7 cells as compared with the growing Huh7 cells when
caffeine and dextromethorphan, respectively, were used as probe drugs (Figures 2E and 2F).
However, further characterization of CYP1A2 activities in these cells using luciferin-ME
indicated an enhanced CYP1A2-mediated metabolite production in the DMSO-treated Huh7
cells (Figure 2G). In addition, characterization of the CYP2D6 pathway using a different probe
drug, bufuralol, exhibited a little, but similar amount of metabolite (hydroxybufuralol)
production in both the growing and DMSO-treated Huh7 cells; 4.5 + 0.5 versus 4.1 + 0.3 ng
per 106 cells/48 h, respectively (data not shown). The slow metabolic rates of bufuralol appear
to indicate that Huh7 cells were derived from an individual who may be a poor metabolizer of
the CYP2D6 pathway. In total, however, these data suggest that DMSO treatment of Huh7
cells not only up-regulates mRNA levels of drug-metabolizing genes, but also exhibits a
corresponding increase in drug-metabolizing enzyme activity.

Baseline expression of liver-specific receptors and other differentiation-associated genes

Expression levels of four orphan receptors involved in regulation of drug-metabolizing
enzymes — aromatic hydrocarbon receptor (AhR), constitutive androstane receptor (CAR),
pregnane X receptor (PXR), and retinoid X receptor . (RXRa) — and four common markers
of liver differentiation — albumin, transthyretin, hepatocyte nuclear factor 40, (HNF4a), and
al-antitrypsin — were also analysed in growing and DMSO-treated Huh7 cells and compared
with levels in primary human hepatocytes (Figure 3). Generally, expression levels of these
genes in growing Huh7 cells were much lower as compared with primary hepatocytes. Notably,
however, DMSO treatments led to an increase in the mRNA levels of all the nuclear receptors,
except RXRa the levels of which were only marginally higher in primary human hepatocytes
relative to the growing Huh7 cells (Figure 3A). The increase was most dramatic in CAR which
showed 92-fold enhancement in its expression in DMSO-treated cells; however, the transcript
level was still significantly lower compared with that detected in primary human hepatocytes.
On the other hand, expression levels of AhR in DMSO-treated Huh7 cells were comparable
with those in primary human hepatocytes. Likewise, as seen previously (Sainz & Chisari
2006), the levels of the hepatocyte differentiation markers were comparable to those detected
in the primary human hepatocytes confirming the effectiveness of our DMSO treatment (Figure
3B).

Effects of enzyme inducers on expression of drug-metabolizing enzymes

Because the receptors AhR, CAR, and PXR, which are known to target CYP1A1, CYP2B6,
and CYP3A4, were up-regulated in DMSO-treated Huh7 cells in the experiment above, we
proceeded to determine the inducibility of these Phase | enzymes in growing versus DMSO-
treated Huh7 cells. The expression and function of CYP1A1, CYP2B6, and CYP3A4 were
determined after treatment of the cells with standard enzyme inducers, i.e. 3-MC, CITCO, or
rifampin, which induce expression of their target genes by binding to AhR, CAR, and PXR,
respectively. 3-MC exhibited the greatest effect among the three inducers (Figures 4A and 4B),
as expected from the relatively high AhR expression levels in the Huh7 cells compared with
primary human hepatocytes (Figure 3A). Specifically, 3-MC induced CYP1A1 mRNA levels
by 9.4- and 22.7-fold in growing and differentiated Huh7 cells, respectively; these magnitudes
of induction are comparable with the level of induction typically observed in primary human
hepatocytes (six- to 20-fold) (Donato et al. 1995; Gomez-Lechon et al. 2007). Rifampin led to
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a marginal induction in the expression of CYP3A4 in growing Huh7 cells (by 2.2-fold),
although the induced CYP3A4 expression level was still much lower compared with the level
in DMSO-treated Huh7 cells (Figure 4A). Surprisingly, despite the fact that CAR was induced
92-fold in DMSO-treated Huh7 cells (Figure 3A), treatment with its ligand CITCO had
insignificant effects on CYP2B6 expression in both growing and differentiated Huh7 cells
(Figure 4A). The lack of significant effect of CITCO and rifampin may be due to the lower
absolute expression of relevant nuclear receptors (CAR and PXR, respectively) in Huh7 cells
as compared with the primary human hepatocytes.

To confirm the above findings, a functional study was conducted using probe drugs for
CYP1A1l, CYP2B6, and CYP3A4, i.e. caffeine, S-mephenytoin, and midazolam, respectively.
The results of caffeine and midazolam were consistent with the findings of mMRNA levels in
that expression of CYP1A1, but not of CYP3A4, was enhanced in DMSO-treated Huh7 cells
by treatment with inducers (Figure 4C). Finally, S-nirvanol, a CYP2B6-mediated metabolite
of S-mephenytoin, was undetectable in the media before and after CITCO treatment of either
growing or differentiated Huh7 cells (data not shown).

Intrinsic metabolic activities of DMSO-treated Huh7 cells

To compare the enhanced intrinsic metabolic activities of the enzymes in the DMSO-treated
Huh?7 cells with those in primary human hepatocytes, we obtained intrinsic clearance
parameters of two representative metabolic pathways, i.e. CYP3A4 and UGT1A4, by
examining concentration dependent metabolite production rates. Concentrations of 1-
hydroxymidazolam and lamotrigine glucuronide were measured in the culture media, and
approximate Michaelis—Menten constants were estimated from the metabolite production
profile (Figure 5). Relevant Ky, and Vipax for CYP3A4 and UGT1A4 reactions were 26.4 uM
and 1560 fmol min~1 per 106 cells for CYP3A4; 109 uM and 108 fmol min~1 per 10° cells for
UGT1A4 reactions. Intrinsic clearance values (= Vimax/Km) Were then calculated (Table 3).
Also included in Table 3 are metabolite production rates reported for primary human
hepatocytes expressed in pmol min~1 per million cells, for midazolam and diclofenac. In
general, the intrinsic metabolic activities of the enzymes were much lower in DMSO-treated
Huh7 cells when compared with those in primary human hepatocytes.

Discussion

The use of primary human hepatocyte, although the closest to the liver physiologically, is
limited by their scarce availability, inherent donor-based variability, and inconsistent
differentiation state. On the other hand, low expression levels of drug-metabolizing enzymes
in the more accessible, stable hepatoma cell lines limit their use in drug metabolism studies.
However, we recently reported that DMSO treatment of the widely used Huh7 hepatoma cells
induces expression of four differentiation markers (Sainz & Chisari 2006). Therefore, we
characterized the baseline functions of drug-metabolizing enzymes in the widely used Huh7
hepatoma cell line, as well as parallel DMSO-treated Huh7 cells. Consistent with previous
reports, we found that the baseline MRNA expression levels of all CYP and UGT genes
investigated (except for CYP1AL) were extremely low in growing Huh7 cells (Phillips et al.
2005; Olsavsky et al. 2007). Importantly, however, we show that DMSO treatment of the cells
significantly enhances xenobiotic metabolism and the inducibility of some major drug-
metabolizing enzymes by known enzyme inducers. Not only does this validate that DMSO
significantly increases the state of Huh7 cell differentiation both at the level of gene expression
and function, but also it indicates that DMSO-treated Huh7 cells might serve as an improved
in vitro hepatocyte model for a wide range of studies in which hepatocyte physiology is of
relevance (for example, hepatitis C virus—host cell interactions, hepatocyte
differentiationspecific gene expression and drug—drug interaction studies). Notably, however,
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it was clear that CYP and UGT expression was still higher (approximately tenfold or more) in
the primary human hepatocytes leaving primary human hepatocytes as the ‘gold standard’ for
drug metabolism studies.

The one exception to the general low baseline gene expression pattern observed for the CYP
and UGT genes in growing Huh7 cells was CYP1AL, for which we found relatively high
expression level in the absence of DMSO treatment. Not only was basal expression of CYP1A1
relatively high in growing Huh7 cells as compared with the low expression of other CYP
enzymes, but also CYP1A1 expression was not influenced by DMSO treatment in Huh7 cells,
as were the other CYP enzymes which showed significant increases in their expression in
DMSO-treated Huh7 cell cultures (Figure 1). These findings suggest that expression of
CYP1ALl is not governed by the differentiation state of the hepatocytes. Consistent with this
idea, a previous report did note that after isolation hepatocytes maintained CYP1AL expression
in contrast to expression of other major CYP enzyme, such as CYP3A4, which were rapidly
lost (Bowen et al. 2000).

Of interest, although CYP1A1 and CYP1A2 are both on chromosome 15, have overlapping
substrate specificity over various carcinogens and environmental toxicants (Ma & Lu 2007),
and are regulated similarly by AhR ligands and inflammatory mediators (Morgan 2001; Ma &
Lu 2007), expression of CYP1A2 was enhanced by 20-fold by DMSO treatment of Huh7 cells
(Figure 1). Hence, despite the high similarity of these two genes, expression of CYP1AL and
CYP1A2 is clearly differentially regulated, with CYP1A2 expression being governed by liver
differentiation similar to most CYP genes whereas CYP1ALl is not. In agreement with this
hypothesis, CYP1AZ2 is primarily expressed in hepatic tissues whereas CYP1AL expression is
found in extra-hepatic tissues (Martignoni et al. 2006).

Just as basal expression levels of drug-metabolizing enzymes are important in determining a
baseline potential to metabolize xenobiotics, expression of ligand-activated transcription
factors, such as PXR, CAR, and AhR (Pascussi et al. 2008), is important in mediating up-
regulation of drug-metabolizing enzymes. These transcription factors, upon binding of their
ligands (for example, drugs), regulate distinct but overlapping sets of target genes, including
the CYPs and UGTs, which may lead to unwarranted drug—drug interaction. Although DMSO
tended to up-regulate expression of PXR and CAR, the mRNA levels detected in DMSO-
treated Huh7 cells remained lower than those detected in the primary human hepatocyte
controls (except for AhR). Accordingly, rifampin and CITCO (ligands of PXR and CAR,
respectively) caused only a marginal or no induction in target gene expression (Figure 4).
However, in agreement with our findings that the expression level of AhR in Huh7 cells was
comparable with the level in primary hepatocytes, 3-MC, a ligand of AhR, led to a significant
induction of its target gene (that is, CYP1AL) expression (Figure 4). This result suggests the
potential use of Huh7 cells as a model for AhR-mediated drug metabolism induction studies.

Interestingly, comparing the magnitude of changes in mMRNA levels of specific drug-
metabolizing enzymes (Figure 1) with the increase in activity of the relevant pathways (Figure
2), we found that the increases in enzyme activity detected in DMSO-treated Huh7 cells far
exceeded the magnitude of mMRNA increase of specific enzymes. For example, a 155-fold
increase in CYP3A4 mRNA level led to a greater than 500-fold increase in hydroxymidazolam
production in DMSO-treated Huh7 cells when compared with the growing Huh7 control cells
(Figures 1 and 2). This finding appears inconsistent with previous reports that showed when
human hepatocytes were treated with an enzyme inducer, e.g. rifampin, the increase in
CYP3A4 mRNA levels exceeded the increase in CYP3A4 activity (for example, 25-fold
increase in MRNA level versus a four-fold increase in enzyme activity) (Gomez-Lechon et al.
2007). This may be due to the relatively short incubation time used for the enzyme inducer as
compared with DMSO in this study, i.e. 48-72 h versus over 20 days. In other words,
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considering that the half-lives of human CYP enzymes range from 39 to 51 h (Venkatakrishnan
et al. 2007), the typical incubation time of 72 h for human hepatocytes may be too short for
the proteins to reach steady-state expression levels. Alternatively, DMSO treatment may
modulate expression levels of other hepatocyte-specific factors, such as microRNAs, which
act in the CYP3A4 pathway and potentiate the activity of the enzyme (Takagi et al. 2008).

Of note, there was a prominent lag time in the glucuronide metabolite production in DMSO-
treated Huh7 cells (Figures 2C and 2D). This unusual metabolism kinetics may be due to low
expression levels of glucuronide transporters on the endoplasmic reticulum or plasma
membrane of the cells. UGT enzymes, located on the membranes of endoplasmic reticulum,
have their active sites exposed to the lumen of the endoplasmic reticulum (Radominska-Pandya
et al. 2005). Thus, it has often been speculated that glucuronide conjugate metabolites, once
produced by UGT, are transported to cytosol by yet unidentified active transporters for
excretion (Csala et al. 2004; Radominska-Pandya et al. 2005). On the other hand, the transport
of glucuronide conjugates from cytosol to the bile or blood is mediated by transporters on
hepatocyte cell membrane, e.g. multidrug resistance associated proteins (Deeley et al. 2006).
In DMSO-treated Huh7 cells, it appears plausible to speculate that the expression levels of the
glucuronide transporters on endoplasmic reticulum or plasma membranes are lower as
compared with the rate of metabolite production, leading to the lag time in metabolite
appearance in the media.

Consistent with previous claims that choice of probe drug used can be problematic in the
interpretation of drug metabolism studies (Yuan et al. 2002), our results indicated that caffeine
and dextrormethorphan were not ideal probe compounds to characterize activities of CYP1A2
and CYP2D6 enzymes, respectively, in Huh7 cells (Figures 2E and 2F). First, CYP1A2-
mediated production of paraxanthine from caffeine was lower in DMSO-treated Huh7 cells as
compared with the growing cells despite the fact that mMRNA levels of CYP1A2 were increased
by 20-fold by DMSO treatment. Importantly, however, use of a specific CYP1A2 probe
compound (i.e. luciferin-ME) led to a dramatic increase in the CYP1A2-mediated metabolite
formation rate in differentiated Huh7 cells (Figure 2G). The seemingly opposite effect initially
observed in the caffeine metabolism assay could be because, although CYP1AZ2 is the major
CYP enzyme metabolizing caffeine in human livers, multiple CYP enzymes including
CYP3A4 can catalyse caffeine elimination to produce minor metabolites (Tassaneeyakul et al.
1994). Hence, potentially, the DMSO-mediated increase in CYP3A4 expression (155-fold;
Figure 1) may have contributed to caffeine metabolism more significantly than usually occurs
in human liver tissues. Analogously, the disproportionally high CYP1A1 expression in control
and DMSO-treated Huh7 cells may have masked the contribution of increased CYP1A2
expression to caffeine metabolism. Similar speculations can be made regarding the use of
dextrormethorphan as a probe for CYP2D6 because, in addition to CYP2D6, dextromethorphan
also can be metabolized by other CYP enzymes (for example, CYP3A4) to produce different
metabolites (Von Moltke et al. 1998; Yu & Haining 2001). In this case, however, when a
different CYP2D6 probe drug bufuralol was used, the metabolite production rates were similar
between the growing and differentiated Huh7 cells, a finding that still appears inconsistent with
the 14-fold increase in CYP2D6 mRNA levels in the differentiated Huh7 cells (Figure 1). This
is potentially due to (1) other CYP enzymes involved in bufuralol metabolism (Mankowski
1999), (2) inhibitory effects of DMSO on bufuralol metabolism (Yuan etal. 2002), (3) unknown
regulatory mechanisms governing CYP2D6 activity that may be absent in the DMSO-Huh7
cells, or (4) the possibility that Huh7 cells were derived from a poor metabolizer of the CYP2D6
activity. CYP2D6 activities in poor metabolizers have been shown to be less influenced by
regulatory stimulus for the enzyme (Wadelius et al. 1997).

In summary, we characterized baseline expression and function of drug-metabolizing enzymes
in Huh7 cells and demonstrated that DMSO treatment of Huh7 cells induces their capability
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to metabolize drugs. The results indicate that a highly differentiated state can be achieved in
Huh7 cells by DMSO treatment with the expression of liver-specific genes, such as drug-
metabolizing enzymes and liver-enriched transcription factors. Unfortunately, when compared
with primary hepatocytes the activities and expression levels of the most drug-metabolizing
enzymes in DMSO-treated Huh7 cells were still significantly lower, limiting the utility of Huh7
cells for drug metabolism studies per se. Yet, the enhanced expression of drug metabolism
enzymes as well as differential regulation of major drug-metabolizing enzymes and key
transcription factors in DMSO-treated Huh7 cell culture system potentially makes them an
improved in vitro hepatocyte model for a variety of other studies such as: (1) metabolite
profiling of new drug candidates, (2) characterization of potential drug—drug interactions,
especially the ones involving AhR, (3) cytotoxicity testing of bioactivated compounds for both
short term and long term effects (the plated DMSO-treated Huh7 cells are viable for over a
few months), (4) investigation of hepatocyte differentiation process and molecular details of
certain hepatocyte-specific functions, as well as (5) the elucidation of important interaction
between host hepatocyte pathways and hepatotropic pathogens such as hepatitis B or C viruses.
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Figure 1.

Expression of CYP (A) and UGT (B) in growing and DMSO-treated Huh7 cells. Total RNA
was isolated from Huh7 cells or pooled human hepatocytes (PHH, purchased from Celsis).
Specific mMRNA levels were determined by quantitative RT-PCR. The mRNA levels were
normalized to p-actin levels.
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Figure 2.

Effects of DMSO treatment on functional activities of drug-metabolizing enzymes in Huh7
cells. Growing (open circle) or DMSO-treated (closed circle) Huh7 cells were incubated with
various probe drugs (Table 2). The media were sampled at the indicated time points and
metabolic activities of CYP1A2, CYP2C9, CYP2D6, and CYP3A4 were determined by
measuring concentrations of relative metabolites, i.e. paraxanthine or luciferin, 4-
hydroxydiclofenac, dextrorphan, and 1-hydroxymidazolam, respectively. In paraxanthine (F)
or dextrorphan (E) production, additional CYP enzymes other than CYP1A2 or CYP2D6 may
be involved (see text for more detail). Activities of UGT1A4 and UGT2B7 were also
determined by measuring concentrations of lamotrigine N2-glucuronide and morphine 6-
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glucuronide, respectively, in the media. Data presented show the amount of metabolite

produced, expressed in pmol per 108 cells except for luciferin (G) which shows luminescence
unit (the mean of triplicate experiment * standard deviation).
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Figure 3.

Expression levels of hepatic transcription factors in Huh7 cells. Expression levels of
transcription factors (A) and liver-specific genes (B) were compared among Huh7 cells and
pooled human hepatocytes (PHH), by using RT-PCR. The data are fold difference of the gene
expression relative to growing Huh7 cells. PXR: pregnane X receptor, CAR: constitutive
androstane receptor, AhR: aromatic hydrocarbon receptor, RXRa: retinoid X receptor o,
ALAT: al-antitrypsin, HNF4a: hepatocyte nuclear factor 4o, TTR: transthyretin.
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Effects of typical enzyme inducers on mRNA and activity levels of CYPs in growing and

30

40

50 60

Page 16
B. DMSO-treated Huh7 cells
30
. 3-MC
25 —— CITCO
—— Rifampin
20
15
10
5 —
CYP1A1 CYP2B6 CYP3A4
500
—@&— Control
'5 400 —O— Rifampin
So
8 8 300~
=
= g 200
T o
5=
- 100
0 T T T 1
0 10 20 40 50

Time (hour)

DMSO-treated Huh7 cells. Growing (A) and DMSO-treated (B) Huh7 cells were treated with
3-MC (AhR ligand and CYP1ALl inducer, 1 uM), CITCO (CAR ligand and CYP2B6 inducer,

100 nM), rifampin (PXR ligand and CYP3A4 inducer, 10 uM), or vehicle (DMSOQ in final

concentration of 0.1%) for 48 hours. mMRNA levels of CYP1A1, CYP2B6, and CYP3A4 (target
genes of AhR, CAR, and PXR, respectively) were determined by real-time PCR. Fold induction
was calculated by comparing p-actin-normalized mMRNA levels of the relevant genes between
the vehicle-treated and inducer-treated groups. (C) DMSO-treated Huh7 cells were incubated

with 3-MC or rifampin, and the differences in metabolite production were determined.

Production of paraxanthine from caffeine (CYP1A1/2) and that of 1-hydroxymidazolam (1-
OH MDZ) from midazolam (CYP3A4) are shown. Data presented are the mean of triplicate
experiment + standard deviations.
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Concentration dependent metabolite production in DMSO-treated Huh7 cells. DMSO-treated
Huh7 cells were incubated with various concentrations of midazolam (MDZ; A) or lamotrigine
(LMT; B) for 4 and 18 hours, respectively. The media were sampled at the end of incubation,

and concentrations of 1-hydroxymidazolam (1-OH MDZ) and lamotrigine N2-glucuronide

(LMT-G) in the media were determined by LC/MS/MS. Data presented were obtained from a
duplicate experiment. Best-fit curves for Michaelis—Menten equations are also shown.
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Table 1

Primer sequences for quantitative reverse transcriptase-polymerase chain reaction (RT-PCR).

Gene Forward (5’ to 3') Reverse (5’ to 3')

CYP1Al TCC-AGA-GAC-AAC-AGG-TAA-AAC-A AGG-AAG-GGC-AGA-GGA-ATG-TGA-T
CYP1A2 GCT-TCT-ACA-TCC-CCA-AGA-AAT TCC-CAC-TTG-GCC-AGG-ACT

CYP2B6 ATG-GGG-CAC-TGA-AAA-AGA-CTG-A AGA-GGC-GGG-GAC-ACT-GAA-TGA-C
CYP2C8 AGA-TCA-GAA-TTT-TCT-CAC-CC AAC-TTC-GTG-TAA-GAG-CAA-CA
CYP2C9 CAG-ATC-TGC-AAT-AAT-TTT-TCT-C CTT-TCA-ATA-GTA-AAT-TCA-GAT-G
CYP2C19 TTG-AAT-GAA-AAC-ATC-AGG-ATT-G GAG-GGT-TGT-TGA-TGT-CCA-TC
CYP2D6 GGT-GTG-ACC-CAT-ATG-ACA-TC CTC-CCC-GAG-GCA-TGC-ACG

CYP3A4 CCA-AGC-TAT-GCT-CTT-CAC-CG TCA-GGC-TCC-ACT-TAC-GGT-GC
CYP3A5 AGT-GTT-CTT-TCC-TTC-ACT-TTA TTC-AAC-ATC-TTT-CTT-GCA-AGT
UGT1A1l GGC-CTC-TCT-CCT-CTC-ATT-CA GGA-ATT-CTG-AGG-CAA-GGG-TT
UGT1A4 TAC-CCT-CTG-GCC-CTG-TCC-TA GAA-CAG-CCA-CAC-GGA-TGC
UGT1A6 GCA-GAA-GCC-CAG-ACC-CT GGG-CTC-CAA-CAA-ATT-AAC-AA
UGT1A9 GGT-TGT-AGT-CAT-GCC-AGA-GG ACT-CCC-GGT-CCA-GAT-CC

UGT2B7 CTG-GGG-TCA-ATG-GTC-AGT-AA GAA-CCT-TTT-GTG-GGA-TCT-GG

CAR AGT-GCT-TAG-ATG-CTG-GCA-TGA-GGA TGC-TCC-TTA-CTC-AGT-TGC-ACA-GGT
PXR CAA-GCG-GAA-GAA-AAG-TGA-ACG CTG-GTC-CTC-GAT-GGG-CAA-GTC
AhR GGC-CGT-GTC-GAT-GTA-TCA-GTG GTA-CTG-GAT-TGT-ACT-GCA-TCT-GAC
RXRa AAG-GAC-CGG-AAC-GAG-AAT-GA ATC-CTC-TCC-ACC-GGC-ATG-T
B-Actin ATC-CTG-GCC-TCG-CTG-TCC CTC-CTG-CTT-GCT-GAT-CCA-CAT
Albumin CGC-CTG-AGC-CAG-AGA-TTT-C GCC-CTG-TCA-TCA-GCA-CAT-TC

Transthyretin (TTR)
HNF4o,
al-Antitrypsin (A1AT)

CCG-GTG-AAT-CCA-AGT-GTC-CT
ACA-TTC-GGG-CGA-AGA-AGA-TT
TGC-TGC-CCA-GAA-GAC-AGA-TA

GCA-CGG-CCA-CAT-TGA-TG
ACT-TGG-CCC-ACT-CAA-CGA-G
GGC-GGT-ATA-GGC-TGA-AGG
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Table 3

Intrinsic metabolic activities of DMSO-treated Huh7 cells.

Page 20

Differentiated Huh7  Human hepatocytes

References

Midazolam

1-Hydroxymidazolam production rate (pmol min~2 per ~ 0.87 10-28

106 cells)

Intrinsic clearance (ul min~* per 10 cells) 0.00059 0.0015-0.04

Lamotrigine

Intrinsic clearance (ul min~t per 10° cells) 0.00099 0.11 (liver microsome)@

Diclofenac

4-Hydroxydiclofenac production rate (pmol min~! per 0.189 300

108 cells)

Kanebratt and Andersson (2008),
Ledirac et al. (2000),

Hallifax et al. (2005), Li et al.
(1997)

Rowland et al. (2006)

Hewes et al. (2006)

aBased on previous reports indicating that 1 g of liver tissue is equivalent to 40 mg microsomal proteins (Hakooz et al. 2006) and 108 hepatocytes

(Wilson et al. 2003).
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