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Abstract: Carbamazepine and selegiline, although neuroprotective themselves, are presumed to have toxic metabolites. 

The aim of this study was to investigate the possible metabolism-induced toxicity of selegiline and carbamazepine with a 

novel in vit ro method: The drugs were incubated with target cells (neuroblastoma SH-SY5Y) with or without a pre-

incubation with mouse or human hepatocytes. The viability of SH-SY5Y cells was then measured by using total cellular 

ATP as an indicator of the cell viability. For the pre-incubation with hepatocytes two different methods were used: Hepa-

tocytes were grown either in multiwell plates (Model 1) or in filter inserts (Model 2). 

Selegiline itself increased SH-SY5Y viability, but the pre-incubation with both mouse and human hepatocytes made se-

legiline slightly toxic to SH-SY5Y cells. The biotransformation of carbamazepine seemed to be more complex and 

showed variation in different hepatocyte models. In general, human hepatocytes increased carbamazepine toxicity to SH-

SY5Y cells, whereas mouse hepatocytes had no such effect. The methodology used (especially Model 1) could form a ba-

sis in developing a test system for a qualitative detection of metabolism-induced (neuro)toxicity in the early phase of drug 

discovery. In this respect, the present study might be promising for further evaluation by means of a larger number of in-

dependent experiments and different types of compounds.  
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INTRODUCTION  

 Systemically administered drugs are usually extensively 
metabolized in the liver in vi vo. Though the principal pur-
pose of the enzymatic biotransformation is the elimination of 
a drug from the body, hepatic metabolism can sometimes 
produce toxic metabolites. Metabolism is indeed responsible 
for a number of adverse drug effects [1-3]. Therefore, when 
testing drug toxicity in vi tro, not only the effects of the par-
ent compound, but also those of its possible metabolites 
should be considered.  

 Several hepatic in v itro models have been used to study 
xenobiotic metabolism: liver slices, liver spheroids, freshly 
isolated cells in suspension, primary cells in culture, cryo-
preserved hepatocytes, continuous cell lines, liver homogen-
ates, subcellular fractions [4-7], and co-cultures of hepato-
cytes with other non-parenchymal liver-derived or non-liver-
derived cells [8, 9]. Due to their strong resemblance to liver 
in vivo, primary hepatocytes are at present a superior model 
to study drug toxicity and metabolism in vitro. However, the 
drawback of primary hepatocytes is that they lose their 
metabolic activity in culture and are therefore best suited for 
testing acute toxicity.  
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 For studying metabolism-dependent toxicity in v itro, 
several co-culture methods involving a metabolizing system 
with indicator (target) cells have been presented. These in-
clude e.g. microcarrier-attached rat liver cells with BALB/c 
3T3 cells [10], a roller chamber co-culture of chick hepato-
cytes with human fibroblasts [11], and a co-culture of rabbit 
microsomes with human lymphocytes [12]. However, none 
of these methods have been validated and accepted into gen-
eral use, and simplified protocols suitable to high throughput 
screenings are still missing. 

 In the present study we evaluated the metabolism-
induced toxicity of two neuroactive drugs, selegiline and 
carbamazepine, with an in vitro method using a combination 
of hepatocytes and neuroblastoma cells. Carbamazepine is a 
neuroprotective drug used e.g. in the treatment of epilepsy, 
with some additional side effects reported [13, 14]. It is ex-
tensively metabolized in the liver, and the adverse effects are 
believed to be related to the carbamazepine-10,11-epoxide 
metabolite [15]. Selegiline is a MAO-B inhibitor used in the 
treatment of Parkinson’s disease. Selegiline is clinically well 
tolerated with minor adverse effects [16]. However, there are 
doubts about its safety on account of its detrimental metabo-
lites l-metamphetamine and l-amphetamine [17]. Previously 
we showed that selegiline and carbamazepine are toxic to 
mouse primary hepatocytes, but not to neural cells in the 
concentrations and conditions that we used earlier [18]. Ac-
cording to this we suggested that selegiline and carbama- 
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zepine may cause metabolism-dependent toxicity. However, 
in the previous study the drugs were dosed separately on 
different cell cultures, and it was not shown whether hepato-
cytes enhance the toxicity of drugs to target cells.  

 Our aim was now to evolve a combination of hepatocytes 
and neuroblastoma cell cultures in order to study the previ-
ously observed metabolism-dependent toxicity of those two 
neuroactive drugs. For this purpose we employed a method 
with the following characteristics. 1) The test compound was 
first pre-incubated with hepatocytes, i.e. freshly isolated 
mouse or human hepatocytes, or cryopreserved human hepa-
tocytes, and then the conditioned medium was dosed to the 
target neural cells (SH-SY5Y). SH-SY5Y cells were also 
exposed to test compound without hepatocyte pre-
incubation. 2) The viability of SH-SY5Y cells was measured 
by using total cellular ATP level to estimate cell viability. 
For pre-incubation, two different exposure methods were 
used: In Model 1 hepatocytes were grown in multi-well 
plates, and the hepatocyte-conditioned medium was collected 
from the top of the hepatocytes. In Model 2 hepatocytes 
were grown in filter-inserts of multi-well plates and the he-
patocyte-conditioned medium was collected below the filter 
cup. Model 1 is simple and straightforward but requires 
clearing of the hepatocytes from the medium before dosing it 
to the target cells, while Model 2 provides a more three-
dimensional substratum for the hepatocytes to grow, but it is 
more complex and less suitable for automation than Model 1. 

 Neuroblastoma SH-SY5Y cells were used as target cells 
because neural tissues are the target tissues of the neuroac-
tive drugs studied here. Moreover, neural tissues are espe-
cially sensitive to foreign compounds (assuming that they 
pass the blood-brain barrier), and thus need special focus in 
safety evaluations. It should be noted, however, that even if 
showing some properties of neuronal cells, neuroblastoma 
cells are cancer cells and thus do not maintain all the func-
tions of normal neurons. 

 Besides of all, an intriguing goal was here to evaluate 
whether metabolism-induced toxicity of drugs can be quali-
tatively detected with the method described here, and 
whether further development of this method would be rea-
sonable.  

MATERIALS AND METHODS 

Materials 

 Minimum essential medium (MEM) with Earle’s salts, 
nutrient mixture Ham’s F-12K, HepatoZyme-SFM, Dul-
becco’s MEM/F12, foetal bovine serum, antibiotic-
antimycotic solution, L-glutamine and non-essential amino 
acid solution were obtained from Gibco (Paisley, UK). Hu-
man neuroblastoma cell line SH-SY5Y and human hepa-
toblastoma cell line HepG2 were from ATCC (Rockville, 
VA/USA). Clonetics  cryopreserved hepatocytes (one do-
nor) (Cryo1D) were from Cambrex Bio Science Walk-
ersville, Inc. (Walkersville, MD). Cryopreserved human he-

patocytes, 10-donor pooled, (Cryo10D) and In Vitro-
GRO HT Medium for thawing were from In V itro Tech-
nologies GmbH (Leipzig, Germany). Cryopreserved hepato-
cytes were metabolically active as verified by the manufac-
turer. Selegiline hydrochloride was a generous gift from 
Orion Pharma (Espoo, Finland). Carbamazepine was from 

Sigma Chemicals Co. (St. Louis, MO/USA). Cell culture 
plastics and 0.4 m polycarbonate membrane tissue culture 
inserts were from Nunc (Roskilde, Denmark). Dulbecco’s 
phosphate-buffered saline (D-PBS) and Hank’s balanced salt 
solution (HBSS) were prepared in our own laboratory. ATP 
Kit SL was from BioThema (Haninge, Sweden). TRIzol 
Reagent was from Invitrogen Life Technologies (Paisley, 
UK). The primers were from Oligomer (Helsinki, Finland). 
High-Capacity cDNA Archive Kit and SYBR

®
Green PCR 

Master Mix were from Applied Biosystems (Foster City, 
CA/USA). 

Cell Cultures 

Cell Lines 

 The SH-SY5Y and HepG2 cells were grown under stan-
dard culture conditions in an incubator containing a humidi-
fied atmosphere with 5 % CO2 at 37ºC. The medium used for 
SH-SY5Y cells was MEM with Earle’s salts and Ham’s F-
12K (1:1) supplemented with 2 mM L-glutamine, 1 % non-
essential amino acids and 10 % foetal bovine serum. For the 
experiments, SH-SY5Y cells were seeded into 96-well plates 
at a density of 40 000 cells/well and grown for 24 hours prior 
to drug exposure. HepG2 cells were grown in MEM supple-
mented with 1 mM sodium pyruvate, 2 mM L-glutamine, 
and 10 % FBS. 

Mouse Hepatocytes 

 The isolation of hepatocytes was based on previous stud-
ies [18-20] with some modifications. Mouse (adult NMRI) 
liver tissue was obtained from other researchers in connec-
tion with other studies having the ethical acceptance of the 
Faculty of Medicine, University of Tampere. The mice were 
killed by decapitation. Immediately after that the liver was 
removed and placed in ice-cold D-PBS (without Ca

2+
 and 

Mg
2+

) on Petri dish. It was gently crushed with a plastic 
knife. The connective tissue was removed. The suspension 
was then transferred to baker glass and washed three times 
by decanting with ice-cold D-PBS. To remove Ca

2+
, the sus-

pension was washed another three times with ice-cold D-
PBS containing 0.5 mM EGTA. The last washing buffer was 
carefully removed by suction and replaced by enzyme solu-
tion containing 0.05 % collagenase, 0.1 % hyaluronidase and 
5 mM CaCl2 in HBSS (15 ml/liver). The suspension was 
poured into 50 ml Erlenmeyer flasks, 15 ml cell suspen-
sion/flask. The tissue suspensions were incubated for 45 
minutes in a rotating water bath (37ºC, 85 oscillations/min). 
The suspension was filtered through six-fold gauze and 
washed gently 3-5 times by centrifugation (50g 5 min) with 
DMEM/F12 supplemented with 15 mM HEPES and 1 % 
antibiotic-antimycotic at room temperature to remove cell 
debris and contaminating cells. The cell pellet was loosened 
swirling gently the centrifuge tube. Pipetting was avoided. 
The cell suspension was transferred to Erlenmayer glass and 
allowed to recover for 30 min in DMEM/F12 supplemented 
with 15 mM HEPES, 1 % antibiotic-antimycotic and 10 % 
FBS in the incubator. During the recovery, the glass was 
carefully agitated to prevent the attachment of the cells. Af-
ter recovery, the cells were washed once with serum-free 
DMEM/F12 and suspended in HepatoZyme medium sup-
plemented with 2 mM L-glutamine. Cell viability was as-
sessed with trypan blue staining and was >80 %. For each 



Metabolism-Induced Toxicity of Selegiline The Open Toxicology Journal, 2008, Volume 2    63 

cell preparation, hepatocytes from the livers of 3-4 mice 
were pooled together. 

Human Freshly Isolated Hepatocytes 

 Human (75 years old female donor) liver sample (1 cm
3
) 

was obtained from Tampere University Hospital in a liver 
resection. The sample was taken from the “surplus” healthy 
tissue with the permission of the ethical committee of 
Pirkanmaa Hospital District. The tissue sample was placed in 
ice-cold D-PBS buffer with 1 % antibiotics, and transported 
to the laboratory, where the hepatocyte isolation was per-
formed within 30 minutes after removal of the tissue sample. 
The hepatocytes were isolated from the tissue samples as 
explained above for mice livers, and finally suspended in 
HepatoZyme medium supplemented with 2 mM L-glutamine 
for the experiments. Cell viability was assessed with trypan 
blue staining and was >80 %. 

Human Cryopreserved Hepatocytes  

 Human cryopreserved hepatocytes were thawed accord-
ing to the manufacturers’ instructions and allowed to recover 
for 2.5 hours. Then, the cells were washed twice (5 min 50g) 
to remove cell debris, and suspended in HepatoZyme media 
supplemented with 2 mM L-glutamine for the experiments. 
The viabilities were assessed after the recovery period and 
were >80%. 

The Effect of Hepatic Biotransformation on Drug Toxic-
ity 

 To investigate the effect of hepatic biotransformation on 
the drug toxicity, the drugs were first dosed to the hepato-
cytes and then the pre-incubated (hepatocyte-conditioned) 
drug exposure medium was collected and dosed to the SH-
SY5Y cells. Two different exposure methods were used: In 
Model 1 (Fig. 1A), the hepatocytes were seeded into 24-well 
plates at a density of 100 000 cells/well in 0.5 ml of Hepa-
toZyme medium containing 2 mM L-glutamine, and allowed 
to settle for 90 min in an incubator containing a humidified 
atmosphere with 5 % CO2 at 37ºC. The drug solutions were 
prepared in HepatoZyme medium containing 2 mM L-
glutamine, and were added to the hepatocytes in 0.5 ml vol-
ume per well to obtain a total volume of 1 ml and the final 
concentrations 0, 4.5 and 45 M for selegiline and 0, 0.1 and 
1 mM for carbamazepine. Selegiline was dissolved in the 
medium, and carbamazepine in DMSO. The final concentra-
tion of DMSO in the wells was 0.5 %. The control wells 
were incubated with equal volumes of drug solvents to avoid 
changes that could be due to the solvent. After 3-hour incu-
bation, the medium was harvested and cleared from cells by 
centrifugation (16 000 g 5 min), and 100 l aliquots of the 
cell-free supernatant were transferred to SH-SY5Y cells 
grown in 96-well plates. The exposure time was 24 hours, 
after which SH-SY5Y viability was measured.  

 In Model 2 (Fig. 1B), primary hepatocytes were seeded 
into polycarbonate filter inserts at the density of 150 000 
cells/filter insert in 0.5 ml of HepatoZyme medium contain-
ing 2 mM L-glutamine. The filter inserts were placed into 
24-well plates containing 0.5 ml culture medium. After 90 
min, the medium of the filter insert was replaced with 0.5 ml 
exposure medium. The drug solutions were as explained 
above. After 3-hour incubation, 100 l aliquots were col-
lected under the filter inserts and transferred into the SH-

SY5Y grown in 96-well plates. The exposure time was 24 
hours, after which SH-SY5Y viability was measured.  

 To study the effects of the parent drugs themselves on 
SH-SY5Y cells, i.e. in a direct exposure, SH-SY5Y cells 
were exposed to the same drug solutions as explained above 
but without pre-incubation with hepatocytes. For Model 1, 
SY-SY5Y cells were exposed to the exposure medium as 
such. For Model 2, the exposure medium was dosed into the 
filter cups, and three hours later the exposure medium was 
collected under the filter cups and dosed on SH-SY5Y cells. 
The exposure time for SH-SY5Y cells was always 24 hours.  
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Fig. (1). The drug exposure models presented schematically. In 

Model 1 the test compound is dosed on the hepatocytes grown in 

24-well plates and exposed for 3 hours (A, a). The “conditioned 

medium” is harvested from the top of the hepatocytes and dosed on 

target SH-SY5Y cells grown in 96-well plates (A, b). The viability 

of SH-SY5Y is determined after 24-hour exposure. 

In Model 2 the test compound is dosed on the hepatocytes grown in 

polycarbonate filter cups and exposed for 3 hours (B, a) The “con-

ditioned medium” is harvested under the filter cup and dosed on 

SH-SY5Y cells grown in 96-well plates (B, b). The viability of SH-
SY5Y cells is determined after 24-hour exposure. 
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 The effect of HepatoZyme medium itself on SH-SY5Y 
cells was tested by running experiments where the drug tox-
icity was tested parallelly using MEM and HepatoZyme me-
dium, but it was found to be negligible. Moreover, within 
each experiment the effect of the drug solutions on the vi-
ability of hepatocytes was also tested after the 3-hour drug 
exposure. 

ATP Measurement 

 The cell viabilities were determined by luminescence-
based ATP measurement (ATP Kit SL, BioThema). ATP 
measurement is an index of mitochondrial function and en-
ergy metabolism, and thus ATP content is proportional to 
cell viability. After the drug exposure, 5 l 10 % TCA was 
added to 96-well plates/well and 50 l to 24-well plates/well. 
After the application of TCA, the plates were agitated and 
frozen in –75 °C overnight. The next day the plates were 
thawed and agitated. 25 l of cell suspension was transferred 
to black 96-well plate (Black Cliniplate). 100 l ATP moni-
toring reagent (containing a mixture of luciferase and D-
luciferin) and Tris acetate buffer (1:5) were added to each 
well, followed by immediate measurement of luminesence 
with Luminoscan luminometer (Labsystems, Turku, Fin-
land). Cell viability in treated wells was expressed as a per-
centage of absorbance of control wells.  

CYP1A2 and CYP3A4 Gene Expression in Hepatocyte 
Cultures 

 To get an idea of the metabolic capacity of the hepato-
cyte cultures, the gene expression levels of two cytochrome 
P450 enzymes, CYP1A2 and CYP3A4 (representing phase I 
enzyme activity) were studied and compared to that of 
HepG2 cells, which are known for their low metabolic activ-
ity [21]. CYP expression levels were measured by quantita-
tive real time PCR and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression. 

 First, total RNA was extracted from the hepatocytes us-
ing TRIzol reagent for homogenization, followed by chloro-
form-isopropylalcohol-treatment. RNA was quantified by 
measuring the optical density of samples at a wavelength of 
260 nm. RNA was converted to cDNA using the High-
Capacity cDNA Archive Kit (Applied Biosystems) accord-
ing to manufacturer’s instructions. The reverse transcription 
reaction was performed for 10 min at 25ºC and for 120 min 
at 37ºC (Gene Amp PCR System 2400, Perkin Elmer).  

 The pairs of primers were designed using Primer Express 
2.0 software (Applied Biosystems). The nucleotides were as 
follows (the GenBank accession numbers are given in the 
parenthesis): 

1.  Mouse GAPDH (XM_132897) 
forward primer 5´ -CATGGCCTTCCGTGTTCCTA-3´, 
reverse primer 5´- GCGGCACGTCAGATCCA-3´ 

2.  Mouse CYP1A2 (NM_009993) 
forward primer 5´-CAAAGACAATGGCGGTCTCA 
reverse primer 5´-CCAAAGATGTCATTGACAATG 
TTG 

3.  Mouse CYP3A4 (AB033414) 
forward primer 5´-TGGCCAGAGCCTGAAGAATT-3´ 

reverse primer 5´- GATCAATGCTGCCCTTGTTCTC-
3´ 

4.  Human GAPDH (BC013310) 
forward primer 5´- ATGGAAATCCCATCACCATCT 
T-3´ 
reverse primer 5´- CGCCCCACTTGATTTTGG-3´ 

5.  Human CYP1A2 (NM_000761) 
forward primer 5´-GCCCGGCCCACAATTAA-3´ 
reverse primer 5´-GCTAATGGGTGCAGGGTTTC-3´ 

6.  Human CYP3A4 (NM_017460) 
forward primer 5´- GCTGTGCAGGGCAGGAAA-3´ 
reverse primer 5´- TTTCAGCTCTGTGTTGCTCTTT 
G-3´ 

 Real-time PCR was performed using an ABI PRISM 
7700 Sequence Detection System and SYBR

®
 Green PCR 

master mix (Applied Biosystems) according to manufac-
torer’s instructions. The amplification program consisted of 
an initial denaturation step at 95ºC for 10 min. This was fol-
lowed by cycles of 15 s at 95ºC and 1 min at 60ºC. The cycle 
number was 45. In each experiment, water was used as a 
negative control for contamination. Standards were per-
formed in duplicates and the samples in triplicates. The re-
sults were calculated using a standard curve method (Ap-
plied Biosystems, User Bulletin #2, 2001). 

Statistics 

 Comparisons between drug treatments and corresponding 
controls were made by using one-way ANOVA with 
Tukey’s post test (GraphPad Prism 3.0). Comparisons be-
tween different drug exposures (direct or via hepatocytes) at 
each concentration were made by Student’s t-test (SigmaPlot 
7.0). The numbers of independent experiments, N, are indi-
cated in the figure legends. Due to the limited availability of 
freshly isolated human hepatocytes, they were used in one 
experimental set-up only, i.e. in carbamazepine exposure 
using Model 1. 

RESULTS  

Metabolism-Dependent Toxicity of Selegiline 

 Selegiline itself (direct exposure) increased the ATP level 
of SH-SY5Y cells by ~18 % compared to corresponding 
control (w/o selegiline) (Fig. 2A). When Model 2 was used 
and selegiline was dosed through empty filter cup, this in-
crease was not statistically significant (Fig. 2B). After pre-
incubation with mouse and human Cryo1D and Cryo10D 
hepatocytes, 45 M selegiline decreased SH-SY5Y viability 
(compared to corresponding control) up to 26.6±5.7%, 
7.7±4.5, and 14.5±3.8%, respectively, in Model 1 (Fig. 2A). 
In Model 2, after pre-incubation with mouse hepatocytes, 4.5 

M selegiline caused a 43.2±24.3% reduction in SH-SY5Y 
viability, whereas pre-incubation with human Cryo1D and 
Cryo10D hepatocytes had no significant effect (Fig. 2B). 
Since the data in the figures are given as a relation to corre-
sponding control, which is set to 100 %, the impact caused 
by different drug exposure systems cannot be directly com-
pared. To overcome this problem we summarized the per-
cent changes in the total cellular ATP content of SH-SY5Y 
cells between direct drug exposure and hepatocyte-condi- 
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tioned drug exposure at each concentration level (in both 
models) in Table 1.  

Metabolism-Dependent Toxicity of Carbamazepine 

 Carbamazepine itself was toxic to SH-SY5Ycells. The 
highest concentration 1 mM decreased SH-SY5Y viability 

by 52.3±3.8% when dosed on the cells directly (Fig. 3A), 
and by 44.8±2.3% when dosed through empty filter cup (Fig. 
3B). When 1 mM carbamazepine was first pre-incubated 
with human freshly isolated, Cryo1D and Cryo10D hepato-
cytes according to Model 1, its toxicity increased causing 
86.7±0.9, 69.2±3.7 and 73.8±3.9% reductions in SH-SY5Y 
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Fig. (2). The effect of selegiline (24 h exposure) on the viability (ATP content) of SH-SY5Y cells as dosed directly or after its pre-incubation 

with different hepatocyte cultures. The bars (means±SEM) in A present the results obtained by using Model 1, and in B those obtained by 

using Model 2. The statistically significant differences between treated cells and corresponding controls are indicated as *P<0.05 and 

**P<0.01. Significant differences between direct drug exposure and exposure with hepatocyte-conditioned drug are indicated as # P<0.05, ## 
P<0.01 and ### P<0.001.  
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Fig. (3). The effect of carbamazepine (24 h exposure) on the viability (ATP content) of SH-SY5Y cells as dosed directly or after its pre-

incubation with different hepatocyte cultures. The bars (means±SEM) in A present the results obtained by using Model 1, and in B those ob-

tained by using Model 2. The statistically significant differences between treated cells and corresponding controls are indicated as *P<0.05, 

**P<0.01 and ***P<0.001. Significant differences between direct drug exposure and exposure with hepatocyte-conditioned drug are indi-
cated as # P<0.05 and ### P<0.001. 
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Table 1. The Changes [Decrease (-) or Increase (+)] in Total Cellular ATP Contents of SH-SY5Y Cells Caused by Hepatocyte-

Conditioned Exposure Medium, Compared to Direct Drug Exposure. The Values are Percentages, means±SEM 

MODEL 1 MODEL 2  

 Selegiline M 

         4.5 45 

 Carbamazepine mM 

        0.1 1 

 Selegiline M 

         4.5 45 

 Carbamazepine mM 

          0.1 1 

Mouse hepatocytes -23.0±4.5 -34.6±2.8 +4.9.±2.7 +11.6±5.4 -48.5±4.7 -32.4±6.0 +13.8±6.3 +13.3±3.7 

Human Cryo1D
1
 -2.0±5.7 -19.7±2.8 -10.5±2.6 -20.0±4.9 -3.8±5.1 -7.0±7.0 +5.8±5.3 -20.0±2.4 

Human Cryo10D
2
 -14.6±4.5 -24.6±2.6 +3.9±2.6 -41.3±2.8 -12.3±4.9 -4.2±8.1 +6.27±6.2 -3.7±3.3 

Human hepatocytes
3
 - - -16.3±2.4 -70.0±1.6 - - - - 

1Cryopreserved human hepatocytes, 1 donor. 
2Cryopreserved human hepatocytes, 10-donor pooled cell suspension. 
3Freshly isolated human hepatocytes. 

 

viability, respectively (Fig. 3A). Pre-incubation with mouse 
hepatocytes did not alter carbamazepine toxicity (Fig. 3A). 
In Model 2, only human Cryo1D hepatocytes increased car-
bamazepine toxicity; the viability of SH-SY5Y decreased by 
56.4±1.4% (Fig. 3B). Freshly isolated human hepatocytes 
were not used in these experiments. 

Hepatocyte Viability 

 Selegiline (4.5 and 45 M) and carbamazepine (0.1 and 1 
mM) had minor effects on the viability of mouse and human 
cryopreserved hepatocytes during the 3-hour exposure  
(Table 2). The only statistically significant effect was the 
17.9±1.7% reduction of mouse hepatocyte viability caused 
by 1 mM carbamazepine. No statistical evaluations were 
possible with freshly isolated human hepatocytes, due to the 
limited number of independent experiments (N=2).  

The Drug-Metabolizing Capacity of Hepatocytes 

 The mRNA expressions of CYP1A2 and CYP3A4 are 
shown in Fig. (4). Human and mouse freshly isolated and 
human cryopreserved hepatocytes showed high expression of 

CYP1A2 and CYP3A4 compared to HepG2 cells, where the 
expression were hardly detectable. Different mouse hepato-
cyte batches gave similarly repeatable results. Among human 
hepatocytes, the hepatocytes isolated in our laboratory 
showed highest CYP activities, followed by the cryopre-
served hepatocytes. 

DISCUSSION 

 Compared to several other liver-based in v itro models, 
such as microsomal preparations, hepatocytes are a superior 
model for studying drug toxicity and metabolism in v itro, 
because they encompass complete metabolic routes, i.e., 
phase I and II activity, as well as intact plasma membrane 
transport of drugs and their metabolites, i.e., phase III activ-
ity [3, 22]. In the present study, the CYP1A2 and CYP3A4 
expressions of the freshly isolated mouse and human hepato-
cyte preparations were several-fold higher compared to me-
tabolically less active HepG2 cells. This suggest a good 
phase I enzyme activity of the freshly isolated cells. Since 
enzyme function does not necessarily correlate with gene 
expression, we have previously verified the functionality of 
similarly isolated mouse hepatocytes by showing the disap-

Table 2. The Effect of Selegiline and Carbamazepine on the Viability of the Hepatocytes Assayed with ATP Measurement. Expo-

sure Time 3 hours. The Results are Given as Percentages of Viable Cells Compared to Controls. Values are MEAN±SEM, 

N. The Significant Differences between Drug Treatments and Corresponding Controls were Tested, *** P<0.001 

 Selegiline M 

  0  4.5  45  

 Carbamazepine mM 

  0  0.1  1  

Mouse hepatocytes 
100.0±3.2 

(N=6) 

95.2±4.0 

(N=6) 

95.7±5.9 

(N=6) 

100.1±2.2 

(N=6) 

99.0±3.3 

(N=6) 

82.1±1.7*** 

(N=6) 

Human Cryo1D
1
 

100.0±3.8 

(N=3) 

101.1±6.7 

(N=3) 

90.1±2.4 

(N=3) 

100.0±1.0 

(N=3) 

102.9±6.3 

(N=3) 

65.3±17.3 

(N=3) 

Human Cryo10D
2
 

100.0±3.2 

(N=3) 

91.3±9.2 

(N=3) 

87.6±25.8 

(N=3) 

100.0±28.1 

(N=3) 

107.5±32.6 

(N=3) 

77.1±5.4 

(N=3) 

Human hepatocytes
3
 

 

- 

 

- 

 

- 

100.0 

(N=2) 

78.8 

(N=2) 

96.6 

(N=2) 

1Cryopreserved human hepatocytes, 1 donor. 
2Cryopreserved human hepatocytes, 10-donor pooled cell suspension. 
3Freshly isolated human hepatocytes. 
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pearance of the parent drug in the exposure media during 24-
hour hepatocyte treatment [18]. Since the availability of hu-
man tissue for generating primary cultures is limited, com-
mercially available cryopreserved human hepatocytes were 
also used in this study. Their use is well supported by the 
fact that they show fair metabolic activity and are well suited 
for short-term studies [4, 23]. In the present study, all the 
cryopreserved hepatocytes expressed CYP1A2 and CYP3A4, 
though not as much as freshly isolated human hepatocytes.  

 As it is shown in this and our previous study [18], se-
legiline itself increased SH-SY5Y viability. When selegiline 
exposure medium was pre-conditioned with hepatocytes, it 
became slightly toxic to SH-SY5Y cells, which may reflect a 
metabolism-induced toxicity of selegiline. Although there is 
controversy about the toxic potential of the metabolites of 
selegiline [24], our earlier in vi tro findings with a method 

using mouse hepatocytes as the metabolizing component 
also support the toxic nature of selegiline metabolites [18]. 
Selegiline is known to be metabolized by CYP1A2 and 
CYP3A4 [25]. The changes in selegiline toxicity caused by 
different hepatocyte cultures correlated with the gene expres-
sion data: Mouse hepatocytes, which showed the biggest 
CYP1A2 expression (except for freshly isolated human he-
patocytes, which were not used in this test), increased se-

legiline toxicity to the highest extent. In turn, human 
Cryo1D, where CYP1A2 expression was severalfold smaller 
than in other hepatocytes (except for HepG2), increased se-
legiline toxicity least. 

 Carbamazepine itself, at 1 mM concentration, was toxic 
to SH-SY5Y cells, causing a 45% (Model 1) or 53% (Model 
2) reduction in the cell viability. Pre-incubating carba-
mazepine with human freshly isolated and cryopreserved 
hepatocytes according to Model 1 further increased its toxic-
ity. This was assumed to be due to the formation of metabo-
lites that were more toxic than carbamazepine itself. There is 
also earlier in vi tro evidence that carbamazepine may have 
metabolism-dependent toxicity [12, 18, 26].  

 In freshly isolated human hepatocytes, carbamazepine 
metabolism seemed to be particularly active (compared to 
the other hepatocytes), since exposure to carbamazepine and 
its (possible) metabolites resulted in almost 90% loss of SH-
SY5Y viability. This is consistent with the CYP expression 
data: CYP3A4 expression was severalfold higher in the 
freshly isolated human hepatocytes compared to other hepa-
tocytes studied. Carbamazepine is metabolized by CYP3A4 
both in human [27] and mouse [28] hepatocytes. It is note-
worthy, however, that freshly isolated human hepatocytes 
represented one donor only. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Expression of CYP1A2 and CYP3A4 in hepatocyte cultures. The bars present CYP expressions in relation to respective GAPDH 

expression. The mouse hepatocyte CYP expressions were investigated in three different cell preparations (samples 1-3). Two PCR runs were 
carried out with mouse hepatocyte and HepG2 samples, and one PCR run with human hepatocyte samples.  
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 Unlike human hepatocytes, mouse hepatocytes did not 
alter the toxicity of carbamazepine, possibly due to species-
specific differences in the drug metabolism. The opinion that 
animal models do not reliably predict human metabolism has 
been frequently presented [1, 21, 22, 29]. Moreover, due to 
the polymorphism of cytochrome P450 enzymes, the me-
tabolism of drugs can vary considerably between individuals 
[21, 30]. This can explain the slightly different results ob-
tained with human Cryo1D and Cryo10D hepatocytes. The 

use of hepatocyte pools of several donors contains samples 
of different types of metabolizers, but may, on the other 
hand, mask exceptional metabolic characteristics.  

 Filter inserts are believed to maintain better hepatocyte 
morphology and function than simple monolayers [31]. De-
spite of this, the results obtained by using Model 2 were not 
as clear and uniform as those obtained by using Model 1. In 
Model 2 the variation in the data was somewhat greater lack-
ing statistically significant effects, especially in the case of 
selegiline. Carbamazepine was generally less toxic in Model 
2 than in Model 1. This is somewhat surprising, especially 
since 1.5 times more hepatocytes were used in Model 2. 
Thus greater toxic effects would be expected with Model 2. 
On the other hand the filter material itself might bind drugs 
and their metabolites and thus could interfere with the re-
sults. This could be one explanation to the lack of toxicity of 
selegiline, treated by human cryopreserved hepatocytes using 
Model 2. Moreover, there might be some incompatibility of 
membrane materials with different types of hepatocytes. 

 The plating densities of the hepatocytes were a result of 
several pilot experiments. Our target was to get a confluent 
layer of hepatocytes in the filter inserts in order to maximize 
the contact of drugs with the hepatocytes and to avoid the 
passage of drugs through the filter insert without a contact 
with the hepatocytes. In the pilot studies it was apparent, that 
relatively more hepatocytes were required to obtain a conflu-
ent cell layer in the filter inserts than in the wells. This may 
be due to the uneven surface of the filter insert and/or differ-
ent morphologies of the hepatocytes in the filter inserts and 
the wells.  

 The drug incubation times, 3 hours for hepatocytes and 
24 hours for target SH-SY5Y cells, were chosen for three 
main reasons: 1) In vi vo orally administered drugs pass the 
liver, where they are suspected for liver biotransformation, 
and thereafter distribute and accumulate into target tissues. 
Thus, the target tissue might be enforced to sustain the drugs 
and/or their metabolites for longer periods (and maybe 
higher concentrations) than the liver itself. 2) 24-hour incu-
bation time is generally used to study acute toxicity, and was 
consequently chosen to investigate the drug effects on SH-
SY5Y cells. 3) There is evidence, with compounds other 
than selegiline and carbamazepine, that within three hours, 
human and rat hepatocytes produce the same metabolites that 
are found in vivo [29].  

 Selegiline is quickly and extensively metabolized, and its 
metabolites reach their maximal plasma concentrations 
within a couple of hours after its dosage as shown in previ-
ous clinical studies [32]. Carbamazepine, in turn, is a slow-
clearance drug, but at least carbamazepine-10,11-epoxide is 
produced within 3 hours after exposure in different liver-
derived systems (hepatocytes, microsomes and liver slices) 
[27].  

 A longer incubation time than 3 hours with hepatocytes 
might have resulted in reduced viability of hepatocytes and 
confusion with the possible cytotoxic effects of compounds 
liberated from lysing hepatocytes. During the 3-hour expo-
sure time, 45 M selegiline and 0.1 mM carbamazepine did 
not affect the viability of most of the hepatocytes. Only the 
greatest carbamazepine concentration (1 mM) resulted in an 
18 % decrease in mouse hepatocyte viability. Due to small 
sample size with human freshly isolated hepatocytes (N=2), 
the data obtained cannot exclude the possible hepatotoxic 
effects of selegiline and carbamazepine on human freshly 
isolated hepatocytes themselves and its possible effects on 
the results. A three-hour incubation may be too short to al-
low the generation of some (less than 3%) phase II metabo-
lites [7]. On the other hand, during 3-hour incubation, some 
short-lived metabolites may be lost, since the target cells are 
exposed to conditioned medium instead of the use of a co-
culture system [3]. Further studies are needed to evaluate the 
importance of the time factor. 

 It is to be noted that the concentrations of selegiline and 
carbamazepine where metabolism-induced toxicity was 
found were higher than their therapeutic blood levels. Car-
bamazepine concentrations in this study were 0-240 g/ml, 
while the therapeutic blood level is 1.4-12 g/ml [33]. Se-
legiline concentrations were 0-10 g/ml, the therapeutic 
blood level being 0.009-0.019 g/ml [33]. These relatively 
high drug concentrations were used to ensure that the con-
centrations of metabolites produced would be high enough to 
cause detectable effects on the target cells. Moreover, neuro-
active drugs may accumulate in brain tissue, causing mark-
edly higher concentrations compared to those in blood [34].  

 In conclusion, the method combining metabolically com-
petent hepatocytes and (neural) target cells might be promis-
ing in detecting metabolism-induced (neuro)toxicity of 
drugs. However, the experimental procedure should be stan-
dardized (e.g. in terms of sample sizes, number of hepatocyte 
and target cell wells etc.), tested with different types of test 
compounds, including negative and positive controls, and 
finally validated. After these improvements, the method in-
troduced here will be efficient to predict qualitatively me-
tabolism-induced toxicity of different compounds in the 
early phase of drug development and safety evaluations. 

ACKNOWLEDGEMENTS 

 This study was supported by TEKES, the National Tech-
nology Agency of Finland, Juliana von Wendt Foundation, 
and Competetive research funding of the Pirkanmaa Hospital 
District. We thank Dr. Tarja Toimela, Dr. Susanna Miettinen 
and Dr. Róbert Dohovics for valuable discussions. Maija 
Koskela, Paula Helpiölä, Oili Pääkkönen and Irma Rantamaa 
are thanked for skillful technical assistance.   

REFERENCES 

[1] Li AP. A comprehensive approach for drug safety assessment. 
Chem Biol Interact 2004; 150: 27-33. 

[2]  Pelkonen O, Turpeinen M, Uusitalo J, Rautio A, Raunio H. Predic-
tion of drug metabolism and interactions on the basis of in vitro in-

vestigations. Basic Clin Pharmacol Toxicol 2005; 96: 167-75. 
[3] Coecke S, Ahr H, Blaauboer BJ, et al. Metabolism: A bottleneck in 

In vitro toxicological test development. The report and recommen-
dations of ECVAM Workshop 54. Altern Lab Anim 2006; 34: 49-

84.  



70    The Open Toxicology Journal, 2008, Volume 2 Mannerström et al. 

[4] Li AP, Lu C, Brent JA, et al . Cryopreserved human hepatocytes: 

characterization of drug-metabolizing enzyme activities and appli-
cations in higher throughput screening assays for hepatotoxicity, 

metabolic stability, and drug-drug interaction potential. Chem Biol 
Interact 1999; 121: 17-35. 

[5] Eisenbrand G, Pool-Zobel B, Baker BV, et al. Methods of in vitro 
toxicology. Food Chem Toxicol 2002; 40: 193-236. 

[6] Ringel M, von Mach MA, Santos R, et al. Hepatocytes cultured in 
alginate microspheres: an optimized technique to study enzyme in-

duction. Toxicology 2005; 206: 153-67. 
[7] Gebhardt R, Hengstler JG, Müller D, et al. New hepatocyte in vitro 

systems for drug metabolism: Metabolic capacity and recommen-
dations for application in basic research and drug development, 

standard operation procedures. Drug Metab Rev 2003; 35: 145-213.  
[8] Rogiers V, Vandenberghe Y, Callaerts A, et al. Phase I and Phase 

II xenobiotic biotransformation in cultures and co-cultures of adult 
rat hepatocytes. Biochem Pharmacol 1990; 40: 1701-6. 

[9] Bathia SN, Balis UJ, Yarmush ML, Toner M. Effect of cell-cell 
interactions in preservation of cellular phenotype: cocultivation of 

hepatocytes and nonparenchymal cells. FASEB J 1999; 13: 1883-
900. 

[10] Voss JU, Seibert H. Microcarrier-attached rat hepatocytes as a 
xenobiotic-metabolizing system in cocultures. Cell Biol Toxicol 

1999; 7: 387-99. 
[11] Ericsson A-C, Walum E. Different effects of allyl alcohol on hepa- 

tocytes and fibroblasts demonstrated in roller chamber co-cultures. 
Altern Lab Anim 1988; 15: 208-13. 

[12] Tabatabaei AR, Thies RL, Farrell K, Abbott FS. A rapid in v itro 
assay for evaluation of metabolism-dependent cytotoxicity of 

antiepileptic drugs on isolated human lymphocytes. Fundam Appl 
Toxicol 1997; 37: 181-9. 

[13] Ramsay RE, DeToledo J. Tonic-clonic seizures: a systematic re-
view of antiepilepsy drug efficacy and safety. Clin Ther 1997; 19: 

433-46. 
[14] Arroyo S, de la Morena A. Life-threatening adverse events of 

antiepileptic drugs. Epilepsy Res 2001; 47: 155-74. 
[15] Kerr BM, Thummel KE, Wurden CJ, et al . Human liver carba-

mazepine metabolism. Role of CYP3A4 and CYP2C8 in 10,11-
epoxide formation. Biochem Pharmacol 1994; 47: 1969-79. 

[16] Foley P, Gerlach M, Youdim MBH, Riederer P. MAO-B inhibitors: 
multiple roles in the therapy of neurodegenerative disorders? Park-

insonism Relat Disord 2000; 6: 25-47. 
[17] Thobois S, Delamarre-Damier F, Derkinderen P. Treatment of 

motor dysfunction in Parkinson´s disease: an overview. Clin Neu-
rol Neurosurg 2005; 107: 269-81. 

[18] Mannerström M, Toimela T, Ylikomi T, Tähti H. The combined 
use of human neural and liver cell lines and mouse hepatocytes im-

proves the predictability of the neurotoxicity of selected drugs. 
Toxicol Lett 2006; 165: 195-202. 

[19] Fry JR, Jones CA, Wiebkin P, Bellemann P, Bridges JW. The en-
zymic isolation of adult rat hepatocytes in a functional and viable 

state. Anal Biochem 1976; 71: 341-50. 

[20] Bode BP, Kaminski DL, Souba WW, Li AP. Glutamate transport in 

isolated human hepatocytes and transformed liver cells. Hepatology 
1995; 21: 511-20. 

[21] Gómez-Lechón MJ, Donato T, Ponsoda X, Castell J. Human he-
patic cell cultures: In vitro and in vivo drug metabolism. Altern Lab 

Anim 2003; 31: 257-65. 
[22] Xu JJ, Diaz D, O`Brien PJ. Applications of cytotoxicity assays and 

pre-lethal mechanistic assays for assessment of human hepatotoxic-
ity potential. Chem Biol Interact 2004; 150: 115-28. 

[23] Hengstler JG, Utesch D, Steinberg P, et al. Cryopreserved primary 
hepatocytes as a constantly available in vitro model for the evalua-

tion of human and animal drug metabolism and enzyme induction. 
Drug Metab Rev 2000; 32: 81-118. 

[24] Yasar S, Goldberg JP, Goldberg SR. Are metabolites of l-deprenyl 
(selegiline) useful or harmful? Indications from preclinical re-

search. J Neural Transm Suppl 1996; 48: 61-73. 
[25] Taavitsainen P, Anttila M, Nyman L, Karnani H, Salonen JS, Pelk-

onen O. Selegiline metabolism and cytochrome P450 enzymes: In 
vitro study in human liver microsomes. Pharmacol Toxicol 2000; 

86: 215-21. 
[26] Vignati L, Turlizzi E, Monaci S, Grossi P, de Kanter R, Monshou-

ver M. An in v itro approach to detect metabolite toxicity due to 
CYP3A4-dependent bioactivation of xenobiotics. Toxicology 2005; 

216: 154-67. 
[27] Pelkonen O, Myllynen P, Taavitsainen P, et al . Carbamazepine: a 

“blind” assessment of CYP-assocoated metabolism and interactions 
in human liver-derived in v itro systems. Xenobiotica 2001; 31: 

321-43. 
[28] Pirmohamed M, Kitteringham NR, Breckenridge AM, Park BK. 

The effect of enzyme induction on the cytochrome P450-mediated 
bioactivation of carbamazepine by mouse liver microsomes. Bio-

chem Pharmacol 1992; 44: 2307-14. 
[29] Sandker GW, Vos RM, Delbressine LP, Slooff MJ, Meijer DK, 

Groothuis GM. Metabolism of three pharmacologically active 
drugs in isolated human and rat hepatocytes: analysis of interspe-

cies variability and comparison with metabolism in vivo. Xenobi-
otica 1994; 24: 143-55. 

[30] Ingelman-Sundberg M. Polymorphism of cytochrome P450 and 
xenobiotic toxicity. Toxicology 2002; 181-182: 447-52. 

[31] Puviani AC, Ottolenghi C, Tassinari B, Pazzi P, Morsiani E. An 
update on high-yield hepatocyte isolation methods and on the po-

tential clinical use of isolated liver cells. Comp Biochem Physiol A 
Mol Integr Physiol 1998; 121: 99-109. 

[32] Anttila M, Sotaniemi EA, Pelkonen O, Rautio A. Marked effect of 
liver and kidney function on the pharmacokinetics of selegiline. 

Clin Pharmacol Ther 2005; 77: 54-62. 
[33] Winek CL, Wahba WW, Winek Jr CL, Winek Balzer T. Drug and 

chemical blood-level data. Forensic Sci Int 2001; 122: 107-23. 
[34] Tsuneizumi T, Babb SM, Cohen BM. Drug distribution between 

blood and brain as a determinant of antipsychotic drug effects. Biol 
Psychiatry 1992; 32: 817-24.  

 

 

 

 

Received: April 21, 2008 Revised: June 19, 2008 Accepted: July 2, 2008 

 

© Mannerström et al.; Licensee Bentham Open. 
 

This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.5/), which 
permits unrestrictive use, distribution, and reproduction in any medium, provided the original work is properly cited. 

 

 

 


