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Abstract:

Although paracetamol is known to have a damaging effect, this pharmaceutical is widely applied to pregnant and lactating women.
Despite substantial progress in our understanding of its hepatotoxicity, some mechanisms, particularly of its embryonal and develop-
mental toxicity, are still unknown. Thus, cell culture assays that investigate its toxicity are of particular interest. We assessed the ef-
fects of acute paracetamol treatment on cell viability (LDH assay, MTT assay), glutathione content (GSH assay), metabolic status
(albumin and urea assays) and telomerase activity using rat embryonic liver cells (RLC-18 cells).

Incubation with low (6 mmol/l) and high (15 mmol/l) concentrations of toxin for 24 h leads to 20% and 50% cytotoxicity, respec-
tively. Paracetamol exerted its toxicity in a similar pathway (depletion of GSH stores) as in adult liver cells, producing damage at the
cellular level. Interestingly, paracetamol treatment significantly enhanced telomerase activity. Mechanisms involved in
paracetamol-induced inhibition of cell senescence should be further elucidated. Telomerase activity in RLC-18 cells offers unique
opportunities for examining basic biologic mechanisms. Our findings should encourage further studies to investigate a link between
telomerase activity and toxicity, implying a role of impaired telomerase activity in human pathology.
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the first reports on its overdose in pregnancy were
published [2, 9]. Since paracetamol crosses the human
placenta [8], the fetus is also at risk for toxicity from
the parent compound, particularly after maternal over-
dose. Paracetamol overdose leads to the accumulation
of N-acetyl-p-benzoquinoneimine (NAPQI), which
undergoes conjugation with the natural antioxidant
glutathione (GSH), leading to cell damage and death.
Although oxidation by the fetal liver is ten-fold

Introduction

Excessive use of paracetamol (acetaminophen, APAP)
can damage multiple organs, especially the liver and
kidney. Its developmental toxicity is a medical con-
cern. Moreover, paracetamol has been used routinely
during all stages of pregnancy to reduce high tem-
peratures and for pain relief. Since the early 1980s,

slower compared to adult liver, human fetal micro-
somes and isolated fetal hepatocytes are able to me-
tabolize paracetamol into toxic NAPQI [14].

A detailed analysis of genes in the liver of rats of
different ages after paracetamol administration showed
that some of the age-related differences were due to
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their time course and not their extent, i.e., the stress
responses occurred earlier in young rats compared to
the adults [10].

To date, large variations in toxicity are evident
from many in vitro and in vivo studies in animals due
to different paracetamol concentrations [7, 15, 17,
19]. Despite substantial progress in our understanding
of its hepatotoxicity, some mechanisms, particularly
of its developmental toxicity, still remain unknown.

Presently, using cells from fetal human liver is
ethically problematic and great difficulties in obtaining
such cells are expected. Rat embryonic (E17) liver
(RLC-18) cells have been isolated and characterized
by Takaoka and co-workers [18] who found that the
activities of pyruvate kinase, glucose-6-phosphate
dehydrogenase, hexokinase, gluco-kinase and catalase
correspond to values typical of liver tissues of rat
embryos in the later stage of pregnancy. Interestingly,
the ability of a fetus to metabolize paracetamol after
a maternal overdose begins at 18 weeks gestation and
continues to increase through 23 weeks [9, 14]. Here,
we used the RLC-18 cell line as a model of liver
progenitor cells to examine the effects of paracetamol
treatment during late pregnancy in rats. Different
cellular assays were used to ascertain the effects of
paracetamol on cell viability, metabolic status and
telomerase activity.

Materials and Methods

Materials

Paracetamol, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT), Dimethyl sulfoxide
(DMSO0), GSH, NAC, rat-albumin and collagenase
were purchased from Sigma-Aldrich (Munich, Ger-
many). RPMI Medium, penicillin, streptomycin and
fetal calf serum (FCS) were obtained from Gibco In-
vitrogen (Karlsruhe, Germany), while accutase was
from Biochrom AG (Berlin, Germany). All other
chemicals were of analytical grade and obtained from
reputable sources. Cell culture plates were manufac-
tured by Becton Dickinson GmbH (BD, Germany).

Cell culture
The commercially available (ACC 332) rat embryonic
liver (E-17) cell line (RLC-18) was utilized in this
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study. Cells were maintained in RPMI 1640 medium
containing 5% FCS, penicillin and streptomycin at
37°C in a humidified atmosphere containing 5% CO,.
One day after seeding, the cells were treated with
paracetamol for 24 h. Thus, all assays were conducted
48 h after cell seeding. The cells were cultured for
1020 passages on dishes precoated with collagen 1
(BD Biosciences, Germany).

Cytotoxicity assays

Cytotoxicity was assessed by measuring the release of
lactate dehydrogenase from the cells (LDH activity),
based on our previous reports [12, 13].

The MTT assay was used because tetrazolium salts
are cleaved to form a formazan dye only by metaboli-
cally active cells and are especially useful for assaying
the quantification of viable cells. At the end of the in-
cubation period, the medium was aspirated, and the
cells were washed. MTT (0.5 g/l) was dissolved in me-
dium and added to each well for the estimation of mito-
chondrial activity as described previously [11]. The op-
tical density of each well was measured using an auto-
matic microplate reader (Tecan, Switzerland) with
a 630 nm reference wavelength and a 570 nm test
wavelength. The results were expressed as the percent-
age of MTT reduction (cytotoxicity), assuming the ab-
sorbance of control wells as 0%.

Determination of total glutathione (GSH) levels

To check whether the toxic pathway in embryonic
cells is similar to that in adult liver cells, we deter-
mined the total GSH content in cell homogenates us-
ing a GSH assay according to a previously reported
method [11]. The GSH assay utilizes a carefully opti-
mized enzymatic recycling method that uses GSH re-
ductase for the quantification of GSH. The procedure
was a minor modification of that previously employed
in our laboratories. The absorbance measurements
were performed at 412 nm by a Tecan microplate
reader (Switzerland). Both reduced (GSH) and oxi-
dized (GSSGQG) states of GSH were measured, and the
assay reflects total GSH.

Determination of metabolic activity

The rate of albumin secretion was measured in me-
dium supernatant of hepatocytes using our previously
described enzyme-linked immunosorbent (ELISA)
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assay [12, 13]. Urea concentration was assayed by the
enzymatic urease method (Sigma-Aldrich, Munich,
Germany).

Determination of telomerase activity

Telomerase activity was evaluated using the
Telomerase ELISA Assay Kit TeloTAGGG (Roche
Applied Science, Mannheim, Germany Cat. No.
11854666910). This photometric enzyme immunoas-
say utilizes the Telomeric Repeat Amplification Pro-
tocol (TRAP), as we previously reported [12]. The
ELISA technique uses a biotinylated primer to immo-
bilize the TRAP reaction products within a strepta-
vidin-coated microplate and a specific DIG-labeled
probe for detection. Following the addition of
paracetamol to plated embryonic liver cells, cells
were lysed and their telomerase activities were deter-
mined according to the manufacturer’s instructions.
The absorbance at 450 nm was determined. To con-
firm product specificity, a negative control was per-
formed by heat inactivation of telomerase at 85°C for
10 min.

RT-PCR analysis of proto-oncogene markers

Two days after seeding, RNA was isolated from cells
using the RNeasy-Kit (Qiagen). cDNA was transcribed
from RNA with MLV transcriptase (Promega), random
primers and dNTP mix. Real-time PCR was per-
formed with 5 pg cDNA prepared from two independ-
ent isolations. TagMan gene expression assays (fluo-
rescently labeled, Applied Biosystems) were used with
the following cDNA-specific primers and probes: c-fos
(Rn02396759 m1), c-myc (Rn00561507 m1) and Bcl-2
(Rn99999125 m1). The TagMan gene expression as-
say for eukaryotic 18S DNA was used as a reference
(endogenous control).

Statistical analysis

The data are represented as the mean values SD of
3—-6 independent experiments in each category. The
results of the MTT, LDH, urea, albumin, GSH and te-
lomerase assays were analyzed for variance using
one-way ANOVA (SigmaStat software package, Jan-
del Corp., San Rafael, CA); p < 0.05 was considered
to be statistically significant.

Results

The effect of paracetamol on cell viability

The high viability of rat embryonic liver cells main-
tained on collagen culture dishes is presented in Fig-
ure 1. Cultures of RLC-18 cells were treated with
5-30 mM paracetamol for 24 h in order to investigate
sensitivity to paracetamol overdose. Interestingly,
concentrations of paracetamol below 6 mmol/l and
treatments of less than 24 h were not cytotoxic to
RLC-18 cells (data not shown). Following the expo-
sure to 6 and 15 mmol/l paracetamol for 24 h, cell vi-
ability (mitochondrial function) decreased to 80% and
50% of controls, respectively, as assessed by MTT as-
say (Fig. 1A). Thus, we chose these two concentra-
tions of paracetamol, which caused mild (20%) and
moderate (50%) cell death. Similarly, 24 h treatment
with low (6 mmol/l) and high (15 mmol/l) doses of
paracetamol induced slight to moderate morphologi-
cal cell alteration, respectively, as evidenced by light
microscopy (Fig. 2).

The rate of LDH release revealed a similar number
of viable liver cells upon paracetamol treatment.
Figure 1B shows a correlation between the increase in
LDH activity and the toxin concentration.

In addition, viability of RLC-18 cells was indi-
rectly measured by the GSH assay (Fig. 1C). We ob-
served a drop in the intracellular GSH content with in-
creasing paracetamol concentrations, indicating that
the loss of GSH correlates well with cytotoxicity.

The effect of paracetamol on metabolic activity

The effect of paracetamol on liver-specific functions
expressed in terms of urea synthesis and albumin pro-
duction is presented in Figure 3. The addition of low
doses of toxin showed a minor effect on the metabolic
activity of RLC-18 cells.

Interestingly, the high concentration of paraceta-
mol (15 mmol/l) had a greater effect on albumin (Fig.
3A) than urea values (Fig. 3B). Despite moderate tox-
icity after exposure to high dose of toxin, liver pro-
genitors synthesized significantly higher amounts of
urea in comparison with albumin production, showing
that albumin levels correlated well with cell viability.
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Fig. 1. Effect of paracetamol on RLC-18 cell viability as assessed by
MTT reduction (A), lactate dehydrogenase (LDH) release (B) and
glutathione (GSH) levels (C) in RLC-18 cells. The cells were seeded
into collagen-coated plates and grown overnight. The following day,
paracetamol (6 mmol/l and 15 mmol/l) was added for the next 24 h.
In the MTT assay (A), cytotoxicity was designated as 0% in control
wells without any treatment with paracetamol (cell viability was set to
a maximum of 100%). In the GSH assay (C) the concentration of total
GSH in untreated controls was set to 100%. The rate of LDH release
(B) correlated well with the decrease in cell viability as indirectly
measured by mitochondrial function (A). Bars represent the means
+ SD of 4-6 independent experiments with evaluations performed in
triplicate (* p <0.05 vs. the untreated control, determined by one-way
ANOVA)
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Fig. 2. Phase contrast images of RLC-18 cells cultured in collagen-
coated plates without (A) and upon treatment with 6 mmol/I (B) and
15 mmol/l paracetamol (C). Representative pictures from four sepa-
rate experiments are shown (original magnification x 100)

The effect of paracetamol on telomerase activity

Given that hepatocyte proliferation is a common fea-
ture of liver injury, this ability may require adequate
telomere length and telomerase activity. Thus, we de-
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Fig. 3. The effect of paracetamol on the metabolic activity of RLC-18
cells. (A) Albumin production and (B) urea secretion were measured
one day after the treatment of embryonic liver cells with 6 and
15 mmol/l paracetamol. The means of three independent experi-
ments + standard deviation are shown. One way analysis of variance
(ANOVA) detected a statistically significant difference between the
treatment groups (* p < 0.05 vs. untreated control)

termined whether telomerase activity is modulated by
paracetamol overdose. Telomerase activity was de-
tected in RLC-18 cells (at passages 10-20) and had
similar values as the positive control (Fig. 4A). Our
results unexpectedly showed that paracetamol treat-
ment lead to strong telomerase activation. Paracetamol
significantly altered telomerase activity of RLC-18
cells, even at a sub-toxic dose that caused slight cyto-
toxicity.

The effect of paracetamol on proto-oncogene
markers

Acute hepatotoxicity induced by excessive doses of
paracetamol may involve alteration of proto-oncogenes

that regulate cell cycle progression or apoptosis. On
the other hand, induction of telomerase activation
might be a hallmark of cancer. Thus, we measured
whether some proto-oncogenes are associated with
the hepatotoxic response of liver progenitor cells to
high doses of paracetamol used in this study. RT-PCR
results (Fig. 4B) revealed the upregulation (RQ > 1)
of c-fos, c-myc and bcl-2 genes (RQ = 27**Y) upon
addition of paracetamol to cultured RLC-18 cells.
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Fig. 4. (A) Effect of paracetamol treatment on telomerase activity of
RLC-18 cells. Telomerase activity of embryonic liver cells measured
one day after treatment with 6-15 mmol/l paracetamol. Unexpect-
edly, paracetamol significantly increased telomerase activity com-
pared to the control. The values are the means of three separate
experiments + standard deviation (* p <0.05 vs. untreated control, as
revealed by the ANOVA test). (B) RT-PCR analysis of c-fos, c-myc
and Bcl-2 gene expression in rat embryonic liver cells upon
administration of paracetamol (6 and 15 mmol/l) for 24 h. RQ =
2(=34e) RQ < 1 — downregulation; RQ > 1 — upregulation. Values in
untreated controls are considered as 1. All other values are calcu-
lated relative to this. The mean + SD (n = 2) are shown from
experiments performed in triplicate. The paired Student's t-test was
used to assess the significance of differences between observed
data (* p < 0.05 vs. control)
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Discussion

The effects of acute paracetamol treatment on cell
proliferation (telomerase activity), GSH content, cell
viability (MTT test, LDH activity) and ultrastructural
alterations were investigated in a rat embryonic he-
patic cell line (RLC-18 cells). Cells were exposed to
low (6 mmol/l) and high (15 mmol/l) concentrations
of paracetamol for 24 h. Under these conditions, cell
death amounted to 20% and 50%, respectively, and
slight to moderate morphological alterations were ob-
served by light microscopy. Cytotoxicity, caused by
24 h exposure of RLC-18 to 15 mmol/l paracetamol,
caused a 2-fold decrease in cell viability, intracellular
GSH and albumin levels. Albumin production is one
of the main functions of the liver. Most recently, we
demonstrated that the synthesis of albumin in RLC-18
cells cultured on collagen was low compared to other
liver embryonic and fetal cells [12]. These cells
showed gene expression of albumin in a time-
dependent manner, paralleling the hepatic differentia-
tion process. Interestingly, the reduced capacity of al-
bumin production of embryonic liver cells correlated
well with the reduction of cell viability and GSH lev-
els, especially at a concentration of 15 mmol/l
paracetamol. Furthermore, our findings confirmed the
role of GSH in cell survival. Thus, GSH reduction in
paracetamol-treated progenitor cells could be ex-
plained, in part, as a consequence of mitochondrial
damage, similarly as in adults [7].

To date, there has been no information about the
difference in sensitivity towards paracetamol-induced
cytotoxicity concerning embryonic to mature ages. In-
terestingly, we found that rat embryonic liver cells
were more resistant to this toxin in comparison to pri-
mary rat hepatocyte cultures (data not shown). This
finding is supported by the observation that other
groups [15, 17] showed that mature rat hepatocytes
responded to lower concentrations of paracetamol
(0—10 mmol/l) in comparison with those used in the
present study. Generally, the treatment line for
paracetamol intervention is about 1 mM at 4 h post
dose. Comparison of gene expression revealed that
part of the protective response against paracetamol
started earlier in young rats than in adults [10]. Rats
are relatively immune to paracetamol since they con-
vert most of the compound to the sulfate and the glu-
curonide metabolites [3]. This observed resistance
might be partially due to the loss of CYP2EI, the pri-
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mary metabolic enzyme for acetaminophen. Interest-
ingly, we also found a pronounced downregulation of
CYP2E1 gene levels in primary rat hepatocytes [13].

Mitochondria play an important role in cell death
induced by many drugs, including hepatotoxicity
from the overdose of paracetamol. BAX may be an
early determinant of paracetamol-mediated hepato-
toxicity, and BCL-2 overexpression unexpectedly en-
hances its hepatotoxicity [1]. The anti-apoptotic onco-
gene bcl-XL and the pro-apoptotic oncogene p53 are
two key regulators of cell cycle progression and/or
apoptosis, subsequent to DNA damage in vitro and in
vivo, and can be altered by paracetamol. Further,
paracetamol has been shown to increase c-jun and
c-fos mRNA levels [6]. Thus, we tested the effect of
paracetamol treatment on gene expression of proto-
oncogenes in RLC-18 cells. Our findings showed that
c-fos, c-myc and Bcl-2 gene expressions were upregu-
lated, as assessed by RT-PCR. Upregulation of c-myc
could lead to enhanced proliferation. Thereby, it is
likely that the toxic effect of paracetamol on rat liver
progenitors involves multiple mechanisms, including
oxidative stress, upregulation of telomerases and al-
teration of pro-oncogenes.

Although the reason why telomerase is activated
during the process of normal liver regeneration is still
unclear, the telomere dysfunction is associated with
defects in liver regeneration, and it accelerates the de-
velopment of liver cirrhosis in response to chronic
liver injury [16]. The upregulation of the telomerase
activity in regenerating hepatocytes may, therefore,
play an important role in the maintenance of liver
functions. Therefore, in the context of liver regenera-
tion, telomerase activation might be a cellular mecha-
nism to confer an extended lifespan to replicating he-
patocytes and hepatic progenitor cells [20]. On the
other hand, high levels of telomerase activity are
a hallmark of cancer [5], including hepatocellular car-
cinoma. Although telomerase activation seems to be
associated with cancer progression, telomerase is not
an oncogene, and controlled telomerase activation
with a small molecule activator should not impose
a cancer risk; this makes telomerase modulation an at-
tractive approach for the treatment of chronic and de-
generative diseases [4]. Under the conditions used in
the present study, telomerase activation induced by
paracetamol overdose may serve as a protective func-
tion by avoiding cellular senescence through the pre-
vention of telomere shortening.
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In conclusion, the obtained results demonstrated
a moderate toxic effect of paracetamol on rat embry-
onic liver cells. We are currently investigating
whether this model is sensitive enough to be used for
evaluating toxicity of other hepatotoxins using
a mainly proteomic approach. Despite the differences
in species, our data imply an important role of im-
paired telomerase activity in human pathology. The
inhibition of telomere shortening in RLC-18 cells by
paracetamol overdose in vitro may improve the func-
tional recovery of cells in a way that is important for
potential cell therapy. Further investigation is needed
to show the role of many other factors (stress resis-
tance, pro-oncogenes, etc.) that have the potential to
enhance telomerase activity and to connect it to devel-
opmental toxicity. Finally, future research should in-
vestigate the effects of other drugs on telomerase ac-
tivity and cellular senescence.
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