
Abstract. cis-4-Hydroxy-L-proline (CHP) is being clinically
evaluated as an anticancer drug. Since this compound targets
the production of L-proline-rich proteins and critical L-proline
residues, its impact on long-term cultures of human hepato-
cytes and toxicity in rats was studied to investigate possible
effects on hepatic function, previously reported in rat hepato-
cytes. In the HEPAC2 human hepatocyte culture system,
concentrations of CHP below 3.2 mg/ml had no significant
effects on the release of lactate dehydrogenase (LDH),
albumin, and  urea. In rats, continuous administration of
three different doses of CHP were tested for 28 days and
resulted in signs of liver damage, as indicated by elevations
of alanine aminotransferase (ALAT) and aspartate
aminotransferase (ASAT) at a dose of 903 mg/kg,
corresponding to a plasma concentration of approximately
200 μg/ml. Data from a clinical study of CHP in bladder and
prostate cancer patients showed no adverse effects of
administration of 8 g CHP/day, 4 days/week for 3 weeks in
liver parameters ALAT, ASAT, γ-glutamyltransferase (γ-GT)
and alkaline phosphatase (AP). In conclusion, the HEPAC2

human hepatocyte culture system correlates well with clinical
results of a Phase II study of CHP, whereas a previous rat
hepatocyte culture system predicted the compound would
have toxic effects. The HEPAC2 system therefore constitutes
a valuable tool for the preclinical screening of the

hepatotoxicity of chemotherapeutic and other drugs, thereby
reducing the need for experimental animals.

Introduction

Toxicology studies in animals are required by regulatory
authorities worldwide to provide assurance that the clinical
testing of pharmaceutical drug candidates can be conducted
safely. Safety concerns resulting from animal studies account
for over 20% of retractions from drug development, while a
retrospective study of animal tests compared to clinical
experiences with 150 drugs revealed that only 43% of human
toxicities had been correctly predicted (1). The number of
compounds falsely rejected based on toxicity in animal
models is unknown. Although hepatotoxicity is a frequent
concern with all medications, chemotherapeutic agents are
more commonly implicated in liver damage than most other
drug classes (2). Cytotoxic therapy directed to rapidly
growing cancer cells can easily impact hepatocytes, even
though hepatocytes divide more slowly. Antineoplastic agents
exerting hepatotoxic effects include common drugs, such as
methotrexate, gemcitabine and taxanes, and newer drugs
such as gefitinib and bortezomib, among others (3).

CHP has been characterized as an inhibitor of the collagen
synthesis of fibroblasts. It is preferentially incorporated into
L-proline-rich proteins, such as collagens, preventing the
correct hydroxylation of the L-proline residues and the
assembly of the triple helix. Most of the misfolded chains are
degraded intracellularly. Therefore, CHP exerts antifibrotic
effects and has additionally been shown to inhibit the
proliferation of selected normal cell types as well as malignant
cells. Pancreatic cancer and other tumor cells are damaged in
response to treatment with CHP via induction of endoplasmatic
reticulum stress and other mechanisms (9,10). Following
in vitro studies and a pilot clinical trial, CHP is currently
under clinical development. Since CHP is incorporated into
all proteins, critical L-proline residues may be modified in
non-collagenous proteins and disturb cell functions leading to
toxic side effects, for example in liver tissue, which is highly
active in protein synthesis.

In vitro models can be considered highly advantageous in
toxicology, not only due to the reduced necessity for animal
use, but also because they allow for the use of human cell lines
or tissues, thus creating results that are of increased relevance
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to toxicity and disease in humans (11,12). In addition, an
appropriate in vitro model saves time when evaluating new
drug candidates and allows for the development of safer drugs.
Primary hepatocyte cultures have been the predominant tool
for in vitro cell culture hepatotoxicologic assessment (13).
Hepatocytes have been shown to express most of the functions
of the intact liver, and are therefore particularly suitable for
biotransformation studies of xenobiotics (14).

Lee et al cultured isolated rat primary hepatocytes between
two layers of collagen in a sandwich configuration that
reinstates the cellular polarity necessary for long-term function
in vitro (15). In this system, maintenance of hepatocyte
function, as measured by the secretion of albumin, was shown
to be dependent on both the sandwich gel configuration and
the continued presence of L-proline in the culture media.
CHP inhibited the response of sandwiched rat hepatocytes to
L-proline in a dose-dependent and reversible manner. The
addition of CHP to these cultures established for seven days
also resulted in the inhibition of hepatocyte function.

Primary hepatocytes are an important model system for the
analysis and study of liver-specific processes and functions.
However, interspecies differences in all aspects of hepatocyte
function exist and have been recognized and investigated for
more than 30 years (11). Therefore, primary human hepato-
cytes should be the system of choice for the evaluation of liver-
specific functions in humans (16,17). Since human hepatocytes
are only available in limited numbers, the development of
culture systems that allow the cultivation of differentiated
and functional hepatocytes is of great importance. HEPAC2

constitutes a standardized and validated long-term, serum-free
human hepatocyte culture system in which hepatocyte morph-
ology and function can be maintained for several weeks (18).
In the present study, CHP was tested in the HEPAC2 system
and the results were compared with a preclinical toxicity study
in rats and a clinical study in patients with urogenital tumors.

Materials and methods

Biochemical and immunological assays. LDH activities and
urea were detected with a lactate dehydrogenase assay
(Abbott, Wiesbaden, Germany; 7D69-20) and urea detection
kit (7D75-20/-30) using Abbott's Architect® c8000 system
following the manufacturer's protocols. Albumin release into
the culture medium was detected by a sandwich ELISA for
human albumin using antibodies and a reference serum from
Bethyl (Natutec, Frankfurt, Germany). Affinity purified goat
anti-human albumin (Bethyl A80-129A) was used as coating
antibody, and goat anti-human albumin horseradish peroxidase
conjugate (Bethyl A80-129P) for detection. Human reference
serum (Bethyl RS10-110) served as a standard. The ELISA
was performed at room temperature. CHP was quantitated in
plasma and urine using a sensitive liquid-chromatography/
mass spectroscopy method.

Isolation and culture of human hepatocytes. Liver samples
were obtained from three donors in accordance with an
ethical survey of the ethics commission of the Aerztekammer
Mecklenburg-Vorpommern. All donors were males (age range
40-74 years) with diagnoses of pulmonary disease, anoxia,
adenocarcinoma and hepatocellular carcinoma, respectively.

Human hepatocytes were isolated from resections by three-
step collagenase perfusion (19,20). The viability of cells was
determined by the trypan blue exclusion test. Only hepatocyte
preparations with >70% viability were used in the experiments
described below. Cells were plated onto collagen-coated 6-well
plates at a density of 106 cells/well using MEM (Minimal
Essential Medium containing 500 ng/ml insulin and 500 μg/ml
gentamycin) and cultured under tissue culture conditions. The
medium was changed after 3-12 h to Human Hepatocyte
Maintenance Medium (11) containing 10 ng/ml HGF and
20 ng/ml EGF. Thereafter, the medium was changed daily.
Harvested culture medium was stored in aliquots at 4˚C and
subsequently assayed for cellular vitality (LDH release) and
hepatocellular function (release of urea and albumin). LDH-,
urea- and albumin-release served as quality control parameters
to ensure the vitality and functionality of the hepatocytes (18).
For the evaluation of the toxicity of CHP, human hepatocytes
were isolated, incubated for four days in tissue culture and
then supplemented with CHP (0.32-32,000 μg/ml) or vehicle
for control purposes for 24 h. Following exposure, the medium
was replaced by CHP-free culture medium and the hepatocytes
were cultured for a further 72 h prior to the assessment of the
biochemical parameters.

Preclinical animal toxicity testing of CHP. Assessment of
hepatotoxicity was performed as part of a repeated dose oral
toxicity study of CHP in rats (28-day study). Three groups of
rats were treated with the drug in graduated doses: 285 mg/kg
(n=6), 507 mg/kg (n=6) and 903 mg/kg (n=12). One group was
treated with the vehicle (n=12). The following investigations
were performed: body weight development, food consumption,
laboratory diagnostics (hematology, clinical chemistry and
urinalysis) and determination of organ weights at the end of the
test period. Pathological and histopathological investigations
were conducted as well.

Clinical Phase II study of CHP in patients with urogenital
tumors. This study was performed by R. Eckert (Molecular and
Clinical Research, Lebach, Germany). The patients received
CHP orally four days/week for 3 weeks at 8 g/day. Tumor
entities included renal pelvis cancer (n=2), superficial bladder
cancer (n=4), advanced bladder cancer (n=11) and advanced
prostate cancer (n=13). In this open label clinical Phase II
study to evaluate safety and efficacy of CHP in urogenital
cancer patients, the following parameters for liver enzymes
were measured: ALAT, ASAT, γ-GT, AP, total plasma protein
and bilirubin at different time points during the study: i) prior
to the start of treatment, ii) day 1 - start of treatment, iii) day
8 - 7 days after the first administration of CHP, iv) day 15 - 14
days after the first administration of CHP, v) day 22 - 21
days after the first administration of CHP, vi) day 30 - 29
days after the first administration of CHP and 7 days after the
last dose of CHP, vii) day 60 - 59 days after the first admin-
istration of CHP and ~5 weeks after the last dose, viii) day 90
or longer after the first administration of CHP and ~9 weeks
after the last dose.

Statistics. Analysis of variance was performed using the
Dunnett's test, comparing group means against one reference
group, and the Student's t-test.
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Results

Effects of CHP on long-term cultures of human hepatocytes. In
order to compare the effect of CHP on LDH-release, the human
hepatocyte cultures of the three different donors were exposed
to increasing concentrations of the drug for 24 h following
the preculturing of hepatocytes for 3 days. LDH activities in
the absence of CHP on days 4-5 were set equal to 100%. LDH
activities detected in the presence of CHP were then calcu-
lated relative to those in untreated control cells (Fig. 1A).
Statistical analysis revealed that CHP in concentrations of
0.32-32,000 μg/ml did not alter LDH release. For the compar-
ison of albumin production in all donors, concentrations
measured in the absence of CHP on days 4-5 were set equal
to 100%. Albumin release in CHP-treated hepatocytes was
then calculated relative to that found in untreated controls
(Fig. 1B). CHP at concentrations between 0.32 and 320 μg/ml
had no effect on the release of albumin in culture medium.
High concentrations of CHP (3,200 and 32,000 μg/ml) led to
a significant reduction in hepatocellular albumin production
(p<0.05). For the comparison of urea release in all donors, urea
production in the absence of CHP at days 4-5 was set equal
to 100%. Urea release in CHP-treated hepatocytes was then
calculated relative to that found in untreated controls. CHP at
concentrations of 0.32-320 μg/ml had no effect on the release
of urea in culture medium (Fig. 1C). High concentrations of
CHP (3,200 and 32,000 μg/ml) led to a significant reduction
in hepatocellular urea production (p<0.05 and <0.001, respec-
tively).

Preclinical toxicology testing in rats. The following relevant
changes were observed in the parameters analyzed in the
repeated dose oral toxicity study of CHP in rats (28-day
study): for ALAT and ASAT, significant increases in the mean
values were seen on day 29 in comparison to the vehicle group
after administration of 903 mg/kg test substance (Fig. 2).
Albumin was increased in animals that received 507 mg/kg
CHP, and blood urea nitrogen was increased in animals that
received 903 mg/kg CHP. For AP, a reduction in the mean
values was seen on day 29 in comparison to the vehicle group
after administration of 903 mg/kg b.w. of test substance.
However, the value was within the physiological range based
on reference data of the species and strain (data not shown).
Pathological inspection revealed a pale appearance of the liver
due to drug-induced anemia in the highest dose level applied.
Apart from this finding, no other abnormalities were observed.

Clinical application of CHP in patients with urogenital cancer.
Results of the preparative in vitro and animal models were
compared to one final human study regarding the alteration
of liver enzymes during human exposition. In an open label
clinical Phase II study to evaluate the safety and efficacy of
CHP in urogenital cancer patients, the following parameters
for liver enzymes were documented: liver parameters ALAT,
ASAT and γ-GT were not elevated in this group of urogenital
cancer patients under treatment with CHP (8 g/day, 4 days/
week for 3 weeks; Fig. 3). AP was reduced during the course
of treatment, possibly due to reduced release from bone
metastases in advanced prostate cancer patients. Total plasma
protein and bilirubin exhibited no significant changes under
therapy with CHP (data not shown).

Discussion

The extracellular matrix, composed of collagens, proteogly-
cans, glycoproteins, elastin and other components, plays a key
role in tumor angiogenesis, proliferation and dissemination.
Collagens constitute a class of L-proline-rich proteins, and
therefore analogs of L-proline such as CHP that affect
collagens inhibit the growth of tumor cells in tissue culture and
in vivo (5,7,8). The incorporation of this amino acid analog
into procollagen blocks the normal post-translational hydrox-
ylation of L-proline residues, which are essential for the
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Figure 1. Determinations of LDH, albumin and urea release in cultures of
human hepatocytes. Following isolation, cells were cultured for three days
and the tissue culture medium from the last 24 h of incubation was used to
measure the control values of all parameters (set to 100%). For the next 24 h,
hepatocytes were exposed to the indicated concentrations of CHP and, after
three days of a second culture period, function parameters were measured
again and compared to respective controls. Data are presented as mean ± SD
(n=3). All differences for CHP=32,000 μg/ml are significant, as are those of
albumin and 3,200 μg/ml CHP.
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stabilization of the triple helical configuration. The resulting
non-helical collagen is ultimately degraded intracellularly
rather than being deposited in the extracellular matrix (4). In
addition, the cell death of tumor cells was found to be induced
by endoplasmatic reticulum stress and cellular vacuolization
(9,10). Since incorporation of CHP may affect the function of
non-collagenous proteins as well, hepatotoxicity has been a
major concern during preclinical testing of this anticancer drug.

Lee et al cultured isolated rat primary hepatocytes
between two layers of collagen in a sandwich configuration
that reinstates the cellular polarity necessary for long-term
function in vitro (15). Maintenance of hepatocyte function, as
measured by the secretion of albumin, was shown to be
dependent on both the sandwich gel configuration and on the
continued presence of L-proline in the culture media. CHP
inhibited the response of sandwiched hepatocytes to L-proline
in a dose-dependent and reversible manner. The addition of
CHP to cultures established for seven days also resulted in an
inhibition of hepatocyte function (15). Previously, insulin
combined with epidermal growth factor (EGF) was
demonstrated to markedly induce hepatocyte proliferation
in L-proline-rich media (21). CHP strongly inhibited DNA
synthesis without affecting protein production in the cells
and without showing any cytotoxicity. These observations
indicate that L-proline is essential for the induction of hepato-
cyte proliferation in culture, possibly through its effect on the
synthesis of intracellular collagen. Provided that these
findings are valid for human hepatocytes, CHP is expected to
have adverse effects on liver function. Currently, preclinical
analyses of new drugs require oral toxicity studies in rodents
and non-rodents to evaluate the toxic characteristics of the
drugs. Studies with rodents have to be designed according to
OECD guidelines 407 (Repeated Dose 28-day Oral Toxicity
Study in Rodents) and 408 (Repeated Dose 90-day Oral
Toxicity Study in Rodents). Up to 60 animals are mandatory
for each study. Often, the results obtained with these animal
studies are not in line with data obtained from human studies
(22).
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Figure 3. Course of liver function parameters ALAT, ASAT, γ-GT and AP in
a group of 30 patients with urogenital tumors treated with CHP in a Phase II
study (mean ± SD). Description of the time points can be found under
Materials and methods. Time point 1 represents the pre-dosing values, and
washout of CHP is observed starting from time point 6.

Figure 2. Liver function parameters measured on day 29 in the plasma samples of rats, treated for 28 days continuously with the indicated doses of CHP
(mean ± SD). ALAT, ASAT and urea nitrogen were significantly elevated in response to the highest dose of CHP (903 mg/kg). Albumin was significantly
elevated at a dose of 507 mg/kg CHP compared to untreated control animals.
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The aim of the present study was to investigate the effects
of CHP on isolated human hepatocytes and to compare these
data with results from preclinical animal testing and liver
function parameters obtained in a Phase II clinical study in
urogenital cancer patients. HEPAC2 is a validated serum-free
long-term culture system for human hepatocytes developed
by PRIMACYT (Schwerin, Germany) (18). During the process
of establishment, several different parameters were used to
evaluate hepatocellular integrity and hepatocellular function.
To initially assess cellular vitality, several different parameters
were included: releases of LDH, ALAT, ASAT and micro-
scopic control. While ALAT activity was detectable in the
culture medium within the first 6 days only, and was thereafter
lost, ASAT and LDH release correlated and were detectable for
several weeks. Therefore, in addition to microscopic control,
LDH release was selected to monitor the viability of the cells.
Albumin and urea are both synthesized and secreted by hepato-
cytes. Albumin can be used as a marker for the anabolic
processes of hepatocytes and urea nitrogen as a marker for
catabolism. Using the HEPAC2 system, significant adverse
effects of CHP on human hepatocytes from three donors as
assessed by LDH and urea were detected at concentrations
exceeding 3,200 μg/ml. This level of CHP surpasses the
clinical peak plasma concentration more than 10-fold; these
data therefore predict the absence of CHP hepatoxicity in
clinically relevant concentrations. The findings of Lee et al,
describing an inhibitory effect of 120 μg/ml CHP on albumin
production in isolated rat hepatocytes, could not be confirmed
using these isolated human hepatocytes with the HEPAC2

system (15).
In preclinical tests using rats, CHP was administered in

doses of up to 903 mg/kg corresponding to plasma concen-
trations of up to 270 μg/ml CHP (285 mg/kg to 60 μg/ml,
and 507 mg/kg to 180 μg/ml CHP). Concentrations of ALAT
and ASAT were significantly elevated at the highest dose of
CHP and albumin was increased at 507 mg/kg, whereas urea
tended to be increased at the highest dosage (not significant).
In conclusion, preclinical testing in a rat model predicted an
increased release of liver enzymes from hepatocytes near the
clinical peak plasma concentrations of CHP, pointing to
possible adverse effects of this drug on liver function.

Clinical results for CHP were gathered in an open label
Phase II study in 28 urogenital cancer patients, including local
and advanced bladder cancer, prostate cancer and two cases
of renal pelvic cancer. CHP was administered 4 days a week
for 3 weeks (8 g/day). Peak plasma concentrations of CHP
measured in a Phase I study using similar doses were approx-
imately 200 μg/ml. ALAT, ASAT, γ-GT and AP were
determined in plasma samples gathered at regular intervals for
90 days. Elevations of ALAT and ASAT in the circulation
correlated with the extent and severity of cellular liver damage.
However, the differential diagnosis of liver disease requires
the determination of γ-GT and AP in addition to ASAT, which
is not specific to the liver. Levels of AP rise if there is a bile
duct obstruction, intrahepatic cholestasis or infiltrative diseases
of the liver. γ-GT is reasonably specific to the liver and is a
sensitive marker that may be elevated with even minor
subclinical levels of liver function. Data from the clinical
observations of the CHP study indicate that no liver parameters
were adversely affected, ASAT, ALAT, γ-GT and AP were

not significantly different from pre-dosing values, and were
within the normal reference range. In conclusion, the clinical
data observed in this 28-patient group do not reveal signs of
hepatoxicity for CHP.

Comparison of preclinical testing using HEPAC2 or rats
with the clinical results indicates that HEPAC2 predicts the
absence of toxicity correctly, whereas the experimental animals
and the literature would have suggested the possibility of
limited hepatotoxicity in humans (15,21). Given the stability of
the culture system regarding the maintenance of hepatocyte
specific function and cytochrome P450 expression, HEPAC2

may also become an alternative to animal experiments for the
assessment of the long-term effects of drugs and other chem-
icals. HEPAC2 allows differentiated human hepatocytes to be
cultured for 28 days or longer. This should provide a tool for
the analysis of acute or repeated dose effects that chemicals
may exert on human hepatocytes. If other human cells could
be maintained in a comparable fashion, it might be possible
to reduce the number of animal studies required for the
evaluation of the repeated dose effects of drugs.

The possibility exists that the HEPAC2 system could be
used as a fast test system after new compounds have been
synthesized to initially check for cellular toxicity; if any liver
toxicity results then the development process can be reverted
back to the compound design stage. This would reduce the
numbers of animals needed in future studies, and make the
entire process more cost-efficient. Furthermore, using the
HEPAC2 method to culture human hepatocytes could act as
an early indicator, similar to a dose finding study.
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