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Simple Summary: The use of cell cultures can be an important alternative for animal experiments.
Therefore, it seems reasonable to use in vitro models to compare the liver metabolism of a drug in
different animal species. Chloramphenicol is an effective broad-spectrum antibiotic used in human
and pets. The toxicity of chloramphenicol is complex and differs among animal species mainly
depending on the biotransformation. The purpose of this study was to assess chloramphenicol
metabolism on its cytotoxicity in primary turkey and rat hepatocyte cultures, also in human hepatoma
(HepG2) cells and nonhepatic, Balb/c 3T3 fibroblasts. To the best of our knowledge, this is the first
report of differences in chloramphenicol metabolism in primary turkey and rat hepatocyte cultures.
The two metabolites of the drug were detected in turkey and rat hepatocyte cultures. The amount of
one metabolite of chloramphenicol was closely related to the cytotoxicity of the drug. The primary
turkey and rat hepatocyte cultures were more sensitive to chloramphenicol than HepG2 cells and
Balb/c 3T3 fibroblasts. The primary hepatocyte cultures represent valuable tools with which to
study the biotransformation of xenobiotics and determine species differences in their metabolism
and toxicity.

Abstract: The purpose of this study was to assess the formation of chloramphenicol metabolites in
primary turkey and rat hepatocyte cultures and human hepatoma (HepG2) cells and nonhepatic,
Balb/c 3T3 fibroblasts. Additionally, the cytotoxicity of the drug was assessed through three
biochemical endpoints: mitochondrial and lysosomal activity and cellular membrane integrity
after 24 and 48 h exposure. The two metabolites of the drug, chloramphenicol glucuronide and
nitroso-chloramphenicol, were detected to the greatest extent in both primary hepatocyte cultures by
liquid chromatography–tandem mass spectrometry. Toxic nitroso-chloramphenicol was the main
metabolite in the primary turkey hepatocyte cultures, but it was not in the primary rat hepatocyte
cultures. The most affected endpoint in turkey and rat hepatocyte cultures was the disintegration
of the cellular membrane, but in the cell lines, mitochondrial and lysosomal activities underwent
the greatest change. The primary hepatocyte cultures represent valuable tools with which to study
the species differences in the biotransformation and toxicity of drugs. To the best of our knowledge,
this is the first report of differences in chloramphenicol metabolism in primary turkey and rat
hepatocyte cultures.

Keywords: primary turkey hepatocytes; primary rat hepatocytes; HepG2 cell line; Balb/c 3T3 cell
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1. Introduction

Chloramphenicol (CAP) is a broad-spectrum antibiotic used in medicine. Its use in food-producing
animals is banned due to the potentially carcinogenic action of CAP residue and the development
of non-dose-related aplastic anemia in humans [1,2]. However, this antibiotic is used illegally in
veterinary practice, and its residues are found in food from animals (milk (0.005–0.5 µg/L), honey
(0.1–75 µg/kg), eggs (0.9 µg/kg), fish and shrimp (0.01–242 µg/kg), meat (0.004–0.01 µg/kg), turkey
breasts (1–8.7 µg/kg), and chicken breasts (range, 0.4–1.2 µg/kg)) [3–5] and the environment (sediments
(0.196 mg/kg), surface water (112 ng/kg)) [6–9]. CAP is rapidly absorbed following oral administration
and distributed throughout the organs and tissues in animals and humans. The use of CAP in humans
can lead to serious hematologic and metabolic toxicity (e.g., “gray baby syndrome” in newborns and
young infants) [1,2]. The drug is metabolized primarily in the liver [10] and its use by patients with liver
cancer may pose a risk of adverse drug reaction [11]. Additionally, the drug shows toxicity to the liver
and reproductive system in animals [2]. The mechanism of CAP’s toxicity is complex and differs from
species to species, depending mainly on how CAP undergoes biotransformation [1,12]. According to
the European Food Safety Authority (EFSA), research on CAP should focus on the potential formation
of reactive (toxic) metabolites of the antibiotic in different animal species, which may result in the
presence of residues in food of animal origin [2]. To our knowledge there is no information about
metabolites of CAP in turkeys. The data on CAP kinetics are scant in avian species, and only one
report is available for the turkey [13].

Metabolomics can provide appraisal of a biological system’s biochemical and physiological
status, e.g., with cell culture analysis [14,15]. Of all omics technologies, metabolomics is thought to
best represent “classical toxicology” [16]. Metabolome analyses not only serve very well to gain us
more information from studies, but they also help to reduce animal testing by refining the methods.
Here, we combined mass-spectrometry metabolomics with an in vitro study.

Nowadays, numerous studies use in vitro experimental models in order to reduce animal
experimentation because in vivo modelling faces consequential ethical, social, law, and economic
challenges. Assuming that toxic effects seen in a whole organism are due to prior failure of basic cellular
functions, cytotoxicity studies offer a good source of information about the potential mechanism of
action [17–21]. However, it is necessary to remember that the results depend on many factors such as
the nature of compound, nature of assay, model used, and time of exposure. Because no single test is
able to gain reliable information about mechanism of cytotoxicity, the best way is to use a battery of
tests that evaluate different endpoints. For this reason, lactate dehydrogenase (LDH) leakage, neutral
red uptake (NRU), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction
assays are the most frequently used. The LDH is a stable cytoplasmic enzyme present in all cells. It is
rapidly released from cells upon damage of the plasma membrane. The MTT assay is based on the
reduction of tetrazolium salt MTT in live cells to dark formazan product inside the cell via mitochondrial
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent dehydrogenase. The amount
of formazan generated is assumed to be directly proportional to the cell number. The neutral red
assay is based on staining living cells by neutral red dye, which readily diffuses through the plasma
membrane and concentrates in lysosomes. The screening of drugs for a particular adverse property
currently is the most applicable use of in vitro tests. Knowledge of metabolism is of great importance
in the area of drug safety because biotransformation can lead either to detoxification or to formation
of more toxic metabolites. Since the liver is the main target organ in systemic toxicity, and since it
plays a major role in the metabolism of many compounds, the liver-derived cell models are among the
most frequently used in the in vitro studies. Therefore, it seems reasonable to use in vitro models to
compare the liver metabolism of a drug in different animal species. Primary cultures of hepatocytes
and liver-derived lines are the models that are used for the evaluation of drugs of which toxicity is
mediated through biotransformation [22,23]. Because of the capacity to maintain a sufficient level
of xenobiotic metabolism, primary cultures of hepatocytes from poultry and mammals were used
in this study. The primary rat hepatocyte cultures are widely used for toxicological and metabolic
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studies and are well standardized [24,25]. The intensive breeding of food production animals and
their diet (with phytoestrogen content and addition of hormones or antibiotics to feed) results in low
viability of isolated hepatocytes. Therefore, the turkeys from which the hepatocytes in this study
were isolated were bred in laboratory-controlled conditions. The difficult standardization and the
scarce availability and difficult logistics of human liver cells prevent their larger-scale use. The human
hepatoma (HepG2) cell line was well characterized for its usefulness for examining the cytotoxicity
of the substances affecting cell metabolism [26–29]. The HepG2 cells were selected as target cells for
evaluating toxicity to human liver cancer and have been extensively used as the test system for the
prediction of toxicity and metabolites in cancer patients [30]. The toxic effect of CAP metabolites was
verified in a metabolically inactive cell model, Balb/3T3 fibroblasts. Balb/c 3T3 is the cell line most
frequently used to screen the general toxicity of chemicals and is recommended by the Organization
for Economic Co-operation and Development (OECD) in a guidance document 129 [31].

The objective of this research was to investigate CAP metabolite formation in different cell cultures.
In addition, the effects of biotransformation of CAP on its cytotoxicity were assayed. The concentration
range of the drug was chosen according to its plasma (5–15 µg/mL in most animal species) and residue
levels in animal products and the environment [1–8]. The study was performed on primary turkey
and rat hepatocyte cultures, human hepatoma (HepG2) cells, and nonhepatic Balb/c 3T3 fibroblasts.
Hepatocytes were used to mimic optimal metabolism in healthy turkey and rat organisms and to
indicate differences between these species. The human hepatoma cells can serve as an indicator of the
metabolism and cytotoxic potential of CAP in cancer cells, and fibroblasts represent nonmetabolizing
cells. To the best of our knowledge, it is the first report on the differences in metabolic activity between
the primary culture of hepatocytes from poultry and mammals as well as cancer cells following
exposure to CAP.

2. Materials and Methods

2.1. Chemicals and Reagents

Analytical standards of chloramphenicol (CAP, CAS 56-75-7), 2-isopropanol, acetic acid, deuterated
internal standard (CAP-d5), dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), bovine calf
serum (BCS), bovine serum albumin, 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide
(MTT), neutral red dye, Triton X-100, trypsin-EDTA, collagenase type IV, insulin, hydrocortisone,
and antibiotic solutions (penicillin and streptomycin) were purchased from Sigma-Aldrich, Poznań,
Poland. Chloramphenicol glucuronide (CAP-G, CAS 39751-33-2) was obtained from Toronto Research
Chemicals (Toronto, ON, Canada). All other chemicals were sourced from commercial suppliers and
were of the highest available purity.

2.2. Compound Preparation and Exposure

CAP was dissolved in DMSO, of which the final concentration was 0.1% in the tested serum- and
antibiotic-free medium. The same final concentrations of the solvent and 1% Triton X-100 solution were
used as negative and positive controls, respectively. CAP was tested in eight concentrations ranging
from 1.56 to 200 µg/mL, and each concentration was tested in six replicates in three independent
experiments. The cytotoxicity was assessed after 24 and 48 h exposure and incubation, which passed
without the medium being changed.

2.3. Cellular Models

2.3.1. The Primary Turkey Hepatocyte Cultures

Animals

The hepatocyte isolation procedure was carried out according to bioethical principles and
with the permission of the Local Ethical Commission at the University of Life Sciences in Lublin,
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Poland (16/2016). Ten meat turkeys from a highly selected line (British United Turkeys Big 6) were
purchased as fourteen-day-old poults from a commercial grow-out farm (Indykpol, Frednowy, Poland).
Briefly, the turkey poults were housed in standard laboratory conditions on wood shavings in a pen
with humidity of 50%–60% and an initial light regime of 15 h per day. After 14 d, the light regime
was reduced to 10 h. The temperature within the pen was 24 ◦C in the first week and slowly reduced
to 20 ◦C by week 6. An infrared heater set at 34 ◦C was installed to heat the resting area. All birds
were fed a commercial antibiotic-free pellet diet (Agropol, Motycz, Poland) using a phase feeding
regimen consisting of starter feed (DKA starter) for weeks 1 to 6 then grower feed (DKA grower) from
weeks 7 to 10. Feed and water were provided ad libitum.

Turkey Hepatocytes Isolation and Culture Conditions

Turkey hepatocytes were isolated from birds of 4.0–6.0 kg body weight and 8–10 weeks old with
a two-step collagenase perfusion technique under laboratory conditions [32]. After the turkey was
anesthetized with sodium pentobarbital (10 mg/kg) (Exagon vet (Richter Pharma AG, Austria)) and
anticoagulated with sodium heparin (1750 U/kg) (Heparinum (Polfa, Warsaw, Poland)), the liver was
perfused with prewarmed calcium-free liver perfusion medium via the portal vein, then the inferior
vena cava was cut to remove the buffer liquid from the liver. At first, perfusion was maintained
at 20 to 30 mL per minute with 500–700 mL of calcium free liver perfusion medium until the liver
became blanched. In the next step, 200 mL of digestion buffer with 0.05 mg/mL of collagenase type
IV and 0.06 mg/L calcium chloride in calcium-free liver perfusion medium was used until the liver
became soft. After the perfusion, cells were dispersed in Willam’s E medium (Gibco, Thermo Scientific,
Waltham, MA, USA) with 2 mg/mL bovine serum albumin, 100 IU/mL penicillin, and 100 µg/mL
streptomycin. The cells were filtered through sterilized gauze of 150 and 75 µm pore sizes to eliminate
cell aggregate, centrifuged at 40× g for 5 min, and washed three times with the medium previously
described. Then, 4 × 106 cells/well were seeded into 96-well culture plates coated with collagen I
(Corning BioCoat, Corning Inc., Tewksbury, MA, USA) and incubated in William’s E medium with
20% FBS, 1 nM hydrocortisone, 100 IU/mL penicillin, 100 µg/mL streptomycin, and 1 mg/mL bovine
insulin in a humidified atmosphere with 5% CO2 at 37 ◦C. Following a 4 h incubation, the cells were
washed with prewarmed phosphate-buffered saline (PBS). Next, the cells were incubated in William’s
E medium with 1% FBS, 1 nM hydrocortisone, 1 mg/mL bovine insulin, and solutions of CAP.

2.3.2. Rat Hepatocyte Isolation and Primary Hepatocyte Culture Conditions

The procedure of hepatocyte isolation was carried out according to the bioethical principles and
with the permission of the Local Ethical Commission at the University of Life Sciences in Lublin, Poland
(11/2015) and was described in our previous articles [24,25]. The cells were seeded on 96-well plates
coated with collagen I (Corning BioCoat) at the density of 5 × 105 cells/well in 100 µL of medium and
were incubated until attached. After 4–5 h, the medium was replaced with fresh medium containing
CAP solutions.

2.3.3. Cell Lines and Culture Conditions

HepG2 cell line was purchased from the American Type Culture Collection (ATCC HB-8065)
and cultured in Eagle’s Minimum Essential Medium (EMEM) (ATCC). Balb/c 3T3 clone A31 cell line
(donated by the Department of Swine Diseases of the National Veterinary Research Institute in Puławy,
Poland) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (ATCC). The culture conditions
were described in our previous articles [24,25].

2.4. Determination of CAP and Its Metabolized Products by HPLC-MS/MS

Following 24 and 48 h incubation, the medium from the cultures was collected for evaluation of
biotransformation of the drug. CAP, CAP-G, and nitroso-chloramphenicol (NO-CAP) were determined
using liquid chromatography–tandem mass spectrometry (HPLC-MS/MS). The HPLC-MS/MS system
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consisted of an ABSciex Exion LC HPLC system connected to ABSciex API 5500 Qtrap mass spectrometer
(AB Sciex, Concord, ON, Canada). The Analyst 1.6.3 software controlled the HPLC-MS/MS system,
and Multiquant 3.2 was used to process the data. The MS system was operated in the electrospray
negative ionization mode with a capillary voltage of 4.5 kV. The multiplier was set at 1900 V.
The desolvation temperature was set at 500 ◦C, collision gas (N2)—high; nebuliser gas (N2)—36 psi; gas
1 (air)—35 psi; gas 2 (air)—35 psi; curtain gas (N2)—36 psi. The chromatography was performed on a
Kinetex C8 column (Kinetex, C8 75 × 2.1 mm, 2.6 micron particle diameter) (Phenomenex International,
Torrance, CA, USA) connected to a C8 precolumn (4 mm × 2 mm × 4 m). Identification of CAP and
CAP-G in medium was performed by comparing the mass spectra from standards with the mass spectra
from analyzed samples, but identification of NO-CAP was based on molecular ions and characteristic
ions in analyzed samples. A method previously described was employed with some modifications [3].
The culture medium (50 µL) was diluted with 1950 µL of 0.5% isopropanol in 0.1% acetic acid, added to
a vial with 50 µL of internal standard solution (CAP-d5), and injected into a chromatography column
(Kinetex, C8 75 × 2.1 mm, 2.6 micron particle diameter) (Phenomenex International, Torrance, CA,
USA). The mobile phase used consisted of 0.5% isopropanol in 0.1% acetic acid (A) and 5% isopropanol
in ethanol (B) and it was pumped through in the gradient mode. The mobile phase composition (A:B,
v:v) was started at 85:15 from 0 to 2.5 min, then was 55:45 at 3.0 min, and was held at 85:15 from 4.2 min
to 10.0 min for re-equilibration. The column was operated at 40 ◦C at a flow rate of 0.4 mL/min.

Mass spectrometry analysis was performed using electrospray (ESI, negative ionization) in the
multiple reaction monitoring (MRM) mode. For each analyte, two fragmentation reactions were
monitored, whereas one was monitored for internal standards (CAP m/z = 321.0→ 152.0; 321.0→
194.0, CAP-G m/z = 496.3→ 152.0; 496.3→ 321.0, NO-CAP m/z = 304.8→ 269.0; and 304.8→ 194.0,
internal standard CAP-d5 m/z = 326.0→157.0). The limit of quantification (LOQ) for all analytes was
0.1 ng/mL.

Standard calibration curves were prepared by injecting standard solutions of CAP for determination
of CAP and standard solutions of CAP glucuronide for determination CAP-G and NO-CAP at seven
concentration levels in the 0.1–200 µg/mL range. The ratios of peak areas of standards and the
internal standard were plotted versus concentration expressed as ng/mL. The equations and regression
coefficients were calculated for the curves and were used to calculate the concentration of analytes.
Such calibration curves were prepared for each series of samples. The concentrations of analytes were
calculated as the differences between tested samples and the control sample containing CAP.

The procedure was validated according to the (Guidance Document) SANTE/11945/2015 [33].
The validation parameters linearity, repeatability, reproducibility, average recovery, selectivity, limit of
detection (LOD), and limit of quantification (LOQ) were evaluated.

2.5. Cytotoxicity Assessment

2.5.1. LDH Assay

The method is based on the assessment of cell membrane damage by measuring the optical
density of LDH released into the cellular medium [34]. The assay was performed using a commercially
available cytotoxicity detection kit (LDH) (Roche Diagnostics, Warsaw, Poland) according to the
manufacturer’s protocol.

2.5.2. MTT Assay

The method is based on reduction of MTT by succinate dehydrogenase to the purple formazan
product inside living cells [35]. The amount of formazan generated was proven to be directly
proportional to the cell density. The description of the test procedure was given in a previous
article [24].
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2.5.3. NRU Assay

The method is based on staining living cells with neutral red, which readily diffuses through the
plasma membrane and accumulates in lysosomes [36]. The description of the test procedure was also
given in a previous article [25].

2.6. Statistical Analysis

The study was performed in three independent experiments. The obtained results are presented
as mean values ± SD (standard deviation). Statistical analysis was performed using GraphPad Prism
5 software (GraphPad, San Diego, CA, USA). The differences between the two means derived from
the HPLC-MS/MS analysis were tested using Student’s t-test. Assessment of the cytotoxicity data
used a non-parametric ANOVA test with Dunn’s post-hoc multiple comparison test to determine
significance relative to the negative control. The cytotoxicity concentration (CC20) necessary for 20%
inhibition of cell viability by the drug was calculated by GraphPad Prism 5.0 and expressed as mean ±
SEM (standard error of mean). Statistical comparisons among CC20 values were performed by the
analysis of variance (ANOVA) followed by the Tukey test, and differences were considered statistically
significant at p ≤ 0.05. Pearson’s linear correlation coefficient (R) was used to assess relationships
between the variables.

3. Results

3.1. Primary Turkey and Rat Hepatocyte Cultures

3.1.1. Concentrations of CAP and Its Metabolites in the Cell Medium

Exposure of the study cell cultures to CAP resulted in a dose-dependent increase of the
concentration of the drug in medium (Figure 1a,b). CAP was metabolized efficiently by the primary
turkey and rat hepatocyte cultures, and the percentage of the drug metabolized by turkey and rat
hepatocytes increased with the time of exposure (Figure 1a,b). CAP metabolites were lower in
turkey hepatocyte cultures than in rat hepatocyte cultures (Figure 1a,b), and the concentrations of
unmetabolized CAP in turkey hepatocyte cultures were higher than in rat hepatocyte cultures at both
time points (Figure 1a,b). A decrease of the concentration of the drug in medium at 48 h after turkey
and rat hepatocyte cultures began to be exposed was noted from the concentration at the 24 h interval
(Figure 1a,b).

Figure 1. Efficiency of chloramphenicol (CAP) biotransformation and its concentrations (µg/mL) in
medium with turkey and rat primary hepatocyte cultures after 24 h (a) and 48 h (b) exposure to CAP.
The values are expressed as means ± SD (n = 3). The differences (* p ≤ 0.05) between means were
analyzed using Student’s t-test: turkey vs. rat at 24 h (a) and turkey vs. rat at 48 h (b).

Two metabolites of CAP, NO-CAP, and CAP–G, were detected in turkey and rat hepatocyte
cultures (Figure 2a,b).
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Figure 2. Concentrations of nitroso-chloramphenicol (NO-CAP) (a) and chloramphenicol glucuronide
(CAP-G) (b) (µg/mL) in medium with primary turkey and rat hepatocyte cultures after 24 and 48 h
exposure to CAP.

The concentrations of both CAP metabolites in turkey and rat hepatocyte cultures in medium
increased in a dose-dependent manner (Figure 2a,b). In the case of the primary turkey hepatocyte
cultures, NO-CAP was the main metabolite of CAP, and its amount gradually decreased towards
the end of 48 h exposure (Figure 2a). The concentrations of NO-CAP were ten times higher than
those of CAP-G in the medium (Figure 2a,b). On the other hand, concentrations of CAP-G in turkey
hepatocyte cultures were thirty times lower than in the rat counterparts (Figure 2b); CAP-G was the
main metabolite of CAP in the mammalian hepatocyte cultures (Figure 2b). The concentrations of this
metabolite were four times higher than that of NO-CAP in the medium (Figure 2a,b). The concentrations
of both CAP metabolites in rat hepatocyte cultures in medium also increased in a time-dependent
manner (Figure 2a,b). Examples of chromatograms for CAP and its two metabolites are shown
in Supplementary Figure S1. MS2 spectra of CAP (a), CAP-G (b), and NO-CAP (c) are shown in
Supplementary Figures S2–S4, respectively.

3.1.2. Cytotoxicity

Three commonly used cytotoxicity assays were performed that measured relevant biochemical
endpoints, membrane integrity (LDH assay) as well as mitochondrial (MTT assay) and lysosomal
(NRU assay) activity, after 24 h and 48 h exposure (Supplementary Figure S5). The primary turkey and
rat hepatocyte cultures were the most sensitive to CAP action. Advanced membrane disintegration
of turkey and rat hepatocytes was observed at a concentration of 50 µg/mL of CAP after 24 and 48 h
exposure (Figure 3a,b). These effects above 20 % to an extent, were observed at 100 µg/mL of the drug
(Figure 3a,b).
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Figure 3. Effects of 24 h (a) and 48 h (b) incubation of primary turkey and rat hepatocyte cultures
with CAP on disintegration of the cellular membrane determined by the lactate dehydrogenase (LDH)
assay (mean ± SD) (n = 3). Statistical significance was evaluated by ANOVA and Dunn’s post-hoc test
(* p ≤ 0.05).

The minimal cytotoxicity concentration (CC20) values for CAP on primary turkey and rat
hepatocyte cultures were only calculated for the LDH assay (Table 1). The turkey hepatocyte culture
value was lower than that of rat hepatocyte cultures measured after 24 h. However, after 48 h,
the reverse was true (Table 1).

Table 1. Mean cytotoxicity concentration (CC20; ± SEM; µg/mL) for CAP in primary turkey (PTH) and
rat (PRH) hepatocyte cultures (n = 3) evaluated by LDH, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), and neutral red uptake (NRU) assays at 24 and 48 h of incubation.

LDH MTT NRU

24 h 48 h 24 h 48 h 24 h 48 h

PTH 67.0 ± 3.4 a 54.1 ± 2.4 a ne ne ne ne
PRH 81.3 ± 3.6 b 47.5 ± 1.9 b ne ne ne ne

The different letters (a, b) within columns indicate significant differences (p ≤ 0.05) between the cell cultures at the
corresponding time of exposure. Ne—no effect (CC20) over 200 µg/mL (the highest concentration tested).

3.1.3. Correlation of the Quantity of NO-CAP and CAP-G in Medium with LDH Release, MTT
Reduction, and NR Uptake in the Primary Hepatocytes

Analysis was made of whether the LDH release, MTT reduction, and NR uptake in primary
turkey and rat hepatocyte cultures correlated with the concentrations of NO-CAP in culture medium.
Our results indicate a strong, positive correlation (Pearson’s r = 0.99 (turkey) and r = 0.96 (rat)) between
concentrations of the metabolite and LDH release from turkey and rat hepatocyte cultures. A negative
correlation in MTT reduction and NR uptake was observed (Figure 4). A similar correlation was
observed between concentrations of CAP-G and LDH, MTT, and NRU assays from turkey and rat
hepatocytes cultures (Supplementary Figure S7).
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Figure 4. Relationship between percent of LDH released, MTT reduction, NR uptake, and concentrations
of NO-CAP (µg/mL) determined in medium from primary turkey (a–c) and rat (d–f) hepatocyte cultures
after exposure to CAP for 48 h.

3.2. Human Hepatoma (HepG2) Cell and Balb/c 3T3 Fibroblast Cultures

3.2.1. Concentrations of CAP and Its Metabolites in the Cell Medium

Exposure of HepG2 cells and Balb/c 3T3 fibroblasts to CAP resulted in a dose-dependent increase
of the concentration of the drug in medium (Figure 5a,b).
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Figure 5. Efficiency of CAP biotransformation and its concentrations (µg/mL) in medium with
HepG2 cells and Balb/c 3T3 fibroblasts after 24 h (a) and 48 h (b) exposure to the drug. The values are
expressed as means ± SD (n = 3). The differences (* p ≤ 0.05) between means were analyzed using
Student’s t-test: HepG2 vs. Balb/c 3T3 at 24 h (a) and HepG2 vs. Balb/c 3T3 at 48 h (b).

CAP was poorly metabolized by HepG2 cells (Figure 5a,b). The percentage of the drug metabolized
by these cells only increasing slightly with the time of exposure (Figure 5a,b), and only trace amounts
of CAP-G (<LOQ) were found in the culture medium. The concentrations of the drug in Balb/c
3T3 fibroblast cultures were higher than that in HepG2 cell cultures at both time points (Figure 5a,b).
The drug was not metabolized by Balb/c 3T3 fibroblasts (Figure 5a,b). Exposure of the fibroblasts
to CAP did not result in change of the concentration of the drug in medium, in contrast to the clear
change after HepG2 cell culture exposure (Figure 5a,b). No metabolites were found in the culture
medium of Balb/c 3T3 fibroblasts (>LOQ (0.1 ng/mL)). Examples of chromatograms for CAP and its
two metabolites are shown in Supplementary Figure S1.

3.2.2. Cytotoxicity

The effects of 24 and 48 h exposure to growing concentrations of CAP on membrane integrity
(LDH assay), mitochondrial activity (MTT assay), and lysosomal activity (NRU assay) are shown
in Supplementary Figure S6. The drug significantly inhibited cellular metabolism and lysosomal
activity of HepG2 cells and Balb/c 3T3 fibroblasts at a concentration of 200 µg/mL (Figure 6a,b).
After 48 h exposition, the mitochondrial and lysosomal activity of the cells decreased to below 20% at a
concentration 200 µg/mL of CAP (Figure 6a,b).

Figure 6. Effects of 48 h incubation of HepG2 cells and Balb/c3T3 fibroblasts with CAP on mitochondrial
(a) and lysosomal (b) activity determined by the MTT and NRU assays, respectively. Results were
calculated as percent of solvent control (mean ± SD) (n = 3). Statistical significance was evaluated by
ANOVA and Dunn’s post-hoc tests (* p ≤ 0.05).
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The minimal cytotoxic concentration (CC20) values of CAP on HepG2 cells and Balb/c
3T3 fibroblasts were only calculated for the MTT and NRU assays after 48 h exposure. Based on CC20

values, no statistically significant differences (p ≤ 0.05) between tested cell lines were observed (Table 2).

Table 2. Mean CC20 (±SEM) (µg/mL) for CAP evaluated by LDH, MTT, and NRU assays at 24 and 48 h
of incubation of HepG2 cells and Balb/c 3T3 fibroblast cultures (n = 3).

LDH MTT NRU

24 h 48 h 24 h 48 h 24 h 48 h

HepG2 ne ne ne 169 ± 13.0 a ne 152 ± 4.3 a

Balb/c3T3 ne ne ne 182 ± 13.5 a ne 168± 13.0 a

The different letters (a, b) within columns indicate significant differences (p ≤ 0.05) between the cell cultures at the
corresponding time of exposure. ne—no effect (CC20) over 200 µg/mL (the highest concentration tested).

4. Discussion

Involvement of CAP in the etiology of some diseases in humans was demonstrated using a variety
of cell cultures [37–39]. We found that the action of the drug was dependent on the cell cultures
used. The differences in the sensitivity to CAP and the mechanism of action are connected with the
nitroreduction capability of individual cell types and may be critical in determining the toxicity of
the drug [10,39,40]. The most important metabolite implicated in the toxicological action of CAP is
NO-CAP [10]. The main product formed by glucuronidation of the drug in human and animal livers is
CAP-G, which is biologically inactive [41]. These two metabolites were detected in primary turkey and
rat hepatocyte cultures in this study, and trace amounts of CAP-G (<LOQ (0.1 ng/mL) were present
under analysis in HepG2 cells.

The metabolomic profile varied between the primary turkey and rat hepatocyte cultures in respect
to the quality and quantity of CAP metabolites formed. This is very interesting because CAP metabolism
in primary turkey hepatocyte cultures has never been studied. The in vivo studies with poultry indicate
that CAP metabolism differs from that of rats in the formation and excretion of glucuronide and
reduction of the nitro group [2,42]. We found that the concentrations of the nontoxic metabolite, CAP-G,
in turkey hepatocyte cultures were lower than those in equivalent rat hepatocyte cultures. The main
route of CAP metabolism in rat hepatocytes was glucuronidation leading to formation of CAP-G.
The turkey has a low liver glucuronosyltransferase level [43], and glucuronide formation as a pathway
for biotransformation of CAP seems to be insignificant in comparison to the rat. It is noteworthy that
the main metabolite in turkey hepatocyte cultures was toxic NO-CAP. The toxic effect of this metabolite
reduced the ability of hepatocytes to metabolize the drug. Therefore, the metabolism of CAP in turkey
hepatocyte cultures was slower compared to rat hepatocyte cultures. The concentrations of NO-CAP
in turkey and rat hepatocyte cultures had a strong, positive correlation with cytotoxicity of the drug
associated with damage to the cellular membrane of these cells. The high NO-CAP level caused
cellular membrane damage in the primary hepatocyte cultures [44], and this mechanism of the drug’s
action was also reported in primary human osteoblasts (IC20 = 60–80 µg/mL) [37]. The cytotoxicity
of CAP with regard to cellular membrane disintegration was examined on protozoan Tetrahymena
pyriformis. The results suggested that the drug with its hydrophobic-free form has the ability to
partition the lipid bilayer of the cell membrane, and the membrane damage thus caused leads to
cytotoxic effects [45]. Additionally, the concentrations of NO-CAP in turkey and rat hepatocyte cultures
had a negative correlation with cytotoxicity of the drug associated with reduction mitochondrial and
lysosomal activity. The impairment of mitochondrial energetics by inhibition of mitochondrial protein
synthesis in primary human osteoblasts was observed [36]. This confirmed that NO-CAP formed in
the liver is an important metabolite implicated in the toxicological action of CAP [10]. An increase
in the concentration of the toxic metabolite has strongly affected the correlation between CAP-G and
cytotoxicity. We found that the concentrations of the nontoxic metabolite, CAP-G, in turkey and rat
hepatocyte cultures correlated with cytotoxicity of CAP. No erroneous conclusions can be made based
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on this correlation. It should be noted that, at the same time, an increase in the concentrations of the
toxic (NO-CAP) and nontoxic metabolite (CAP-G) was observed in turkey and rat hepatocyte cultures.
Based on research, NO-CAP toxicity is proven, and lack CAP-G toxicity is also proven [10,46]. It should
also be noted that the potential mechanism of NO-CAP action is the generation of nitrogen radicals,
which are especially toxic to cells. It is possible that CAP metabolism has overall detrimental effects on
liver cells. The contribution of other CAP liver metabolites (i.e., CAP-sulphate, CAP base, CAP-alcohol,
CAP-aldehyde, CAP-oxamylchloride, and CAP-oxamic acid) that were not detected by HPLC-MS/MS
(< LOQ (0.1 ng/mL)) cannot be excluded when considering the toxicity of the drug [10,46].

We found that human hepatoma (HepG2) cells and Balb/c 3T3 fibroblasts were less susceptible to
the cytotoxic effect of CAP than the primary turkey or rat hepatocyte cultures. Only trace amounts
of nontoxic CAP-G were detected in the HepG2 cell cultures. This result may confirm the kinetics of
the drug in patients with liver cancer [11]. No metabolites were found in the Balb/c 3T3 fibroblast
cultures. Low or completely lacking activity of the enzymes needed for the conversion of the drug
to more active or toxic metabolites may partly explain this observation. The HepG2 cells show only
10% of the P450-dependent mono-oxygenase activity of freshly isolated human adult hepatocytes [47].
Westerink and Schoonen (2007) showed that HepG2 cells have low levels of cytochromes (CYPs)
but normal levels of phase II enzymes with the exception of UDP-glucuronosyltransferases [48].
Likewise, the V79 cells were less sensitive to CAP cytotoxicity than the primary rat and human
hepatocyte cultures [40]. A variety of data is available in the literature concerning the inhibitory effects
of CAP on various enzymes leading to decreases in mitochondrial activity [37,49]. The effect of the
drug on mitochondrial activity was also shown in the studies performed on MD63 and HeLa cells [37]
and RL-34 cells [49]. We found that incubation of HepG2 cells and Balb/c 3T3 fibroblasts with CAP led
to inhibited mitochondrial and lysosomal activity in these cells. There were no differences in the toxic
action of CAP between the studied cell lines.

5. Conclusions

The obtained data indicate that the primary turkey and rat hepatocyte cultures intensively
metabolized CAP, which was the opposite of human hepatoma (HepG2) cells. The use in the study of
the primary hepatocyte cultures made it potentially possible to determine species differences in CAP
biotransformation that are closely related to its cytotoxicity. The primary turkey hepatocyte cultures
slowly metabolized the drug to toxic NO-CAP, of which the concentration decreased depending
on the incubation time, in contrast to rat hepatocyte cultures. The primary hepatocyte cultures
represent valuable tools with which to study the biotransformation of xenobiotics and determine
species differences in their metabolism and toxicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/1/30/s1,
Figure S1: Examples of chromatograms for CAP and its two metabolites: CAP-G and NO-CAP after exposure of
primary turkey and rat hepatocyte cultures and HepG2 and Balb/c 3T3 cells to CAP at the concentration level of
100 µg/mL after 48 h; Figure S2: MS2 spectra of CAP; Figure S3: MS2 spectra of CAP-G; Figure S4: MS2 spectra
of NO-CAP; Figure S5: Effects of CAP on the viability of turkey and rat primary hepatocytes determined by
the LDH (a,d), MTT (b,d), and NRU (c,f) assays. Results were calculated as % of control (mean ± SD) (n = 3).
Statistical significance was evaluated by ANOVA and Dunn’s post-hoc test (* p ≤ 0.05; *** p ≤ 0.001); Figure S6.
Effects of CAP on the viability of HepG2 and Balb/c 3T3 cells determined by the LDH (a,d), MTT (b,d), and NRU
(c,f) assays. Results were calculated as % of control (mean ± SD) (n = 3). Statistical significance was evaluated by
ANOVA and Dunn’s post-hoc test (* p ≤ 0.05; *** p ≤ 0.001); Figure S7: Relationship between percent of LDH
released, MTT reduction, NR uptake, and concentrations of CAP-G (µg/mL) determined in medium from primary
turkey (a,b,c) and rat (d,e,f) hepatocyte cultures after exposure to CAP for 48 h.
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4. Śniegocki, T.; Gbylik-Sikorska, M.; Posyniak, A. Transfer of chloramphenicol from milk to commercial dairy
products – experimental proof. Food Control 2015, 57, 411–418. [CrossRef]

5. Rønning, H.T.; Einarsen, K.; Asp, T.N. Determination of chloramphenicol residue in meat, seafood, egg,
honey, milk, plasma and urine with liquid chromatography-tandem mass spectrometry, and the validation
of the method based on 2002/657/EC. J. Chromatogr. A 2006, 1118, 226–233. [CrossRef] [PubMed]

6. Aresta, A.; Bianchi, D.; Calvano, C.D.; Zambonin, C.G. Solid phase microextraction-liquid chromatography
(SPME-LC) determination of chloramphenicol in urine and environmental water samples. J. Pharm.
Biomed. Anal. 2010, 53, 440–444. [CrossRef]

7. Choi, K.; Kim, Y.; Jung, J.; Kim, M.H.; Kim, Ch.S.; Kim, N.H.; Park, J. Occurrences and ecological risks of
roxithromycin, trimethoprim, and chloramphenicol in the Han River, Korea. Environ. Toxicol. Chem. 2008, 27,
711–719. [CrossRef]

8. Hanekamp, J.C.; Bast, A. Antibiotics exposure and health risks: Chloramphenicol. Environ. Toxicol. Pharmacol.
2015, 39, 213–220. [CrossRef]

9. Berendsen, B.; Stolker, L.; de Jong, J.; Nielen, M.; Tserendorj, E.; Sodnomdarjaa, R. Evidence of natural
occurrence of the banned antibiotic chloramphenicol in herbs and grass. Anal. BioAnal. Chem. 2010, 397,
1955–1963. [CrossRef]

10. Holt, D.E.; Bajoria, R. The role of nitro-reduction and nitric oxide in the toxicity of chloramphenicol.
Hum. Exp. Toxicol. 1999, 18, 111–118. [CrossRef]

11. Büdingen, F.V. Relevance of liver failure for anti-infective agents: From pharmacokinetic alterations to
dosage adjustments. Ther. Adv. Infect. Dis. 2014, 2, 17–42. [CrossRef]

12. Isildar, M.; Abou-Khalil, W.H.; Jimenez, J.J.; Abou-Khalil, S.; Yunis, A.A. Aerobic nitroreduction of
dehydrochloramphenicol by bone marrow. Toxicol. Appl. Pharmacol. 1988, 94, 305–310. [CrossRef]

13. Switała, M.; Hrynyk, R.; Smutkiewicz, A.; Jaworski, K.; Pawlowski, P.; Okoniewski, P.; Grabowski, T.;
Debowy, J. Pharmacokinetics of florfenicol, thiamphenicol, and chloramphenicol in turkeys. J. Vet.
Pharmacol. Ther. 2007, 30, 145–150. [CrossRef] [PubMed]

14. Van den Hof, W.F.P.M.; Van Summeren, A.; Lommen, A.; Coonen, M.L.; Brauers, K.; van Herwijnen, M.;
Wodzig, W.K.; Kleinjans, J.C. Integrative cross-omics analysis in primary mouse hepatocytes unravels
mechanisms of cyclosporin A-induced hepatotoxicity. Toxicology 2014, 324, 18–26. [CrossRef] [PubMed]

15. Vermeersch, K.A.; Wang, L.; Mezencev, R.; McDonald, J.F.; Styczynski, M.P. OVCAR-3 spheroid-derived cells
display distinct metabolic profiles. PLoS ONE 2015, 10, e0118262. [CrossRef]

16. Bouhifd, M.; Hartung, T.; Hogberg, H.T.; Kleensang, A.; Zhao, L. Review: Toxicometabolomics. J. Appl. Toxicol.
2013, 33, 1365–1383. [CrossRef]

17. Gerets, H.H.J.; Hanon, E.; Cornet, M.; Dhalluin, S.; Depelchin, O.; Canning, M.; Atienzar, F.A. Selection of
cytotoxicity markers for the screening of new chemical entities in a pharmaceutical context: A preliminary
study using a multiplexing approach. Toxicol. Vitr. 2009, 23, 319–332. [CrossRef]

18. Ivanova, L.; Uhlig, S. A bioassay for the simultaneous measurement of metabolic activity, membrane integrity,
and lysosomal activity in cell cultures. Anal. BioChem. 2008, 379, 16–19. [CrossRef]

http://dx.doi.org/10.2903/j.efsa.2014.3907
http://dx.doi.org/10.3390/molecules24030384
http://www.ncbi.nlm.nih.gov/pubmed/30678224
http://dx.doi.org/10.1016/j.foodcont.2015.04.028
http://dx.doi.org/10.1016/j.chroma.2006.03.099
http://www.ncbi.nlm.nih.gov/pubmed/16631764
http://dx.doi.org/10.1016/j.jpba.2010.05.011
http://dx.doi.org/10.1897/07-143.1
http://dx.doi.org/10.1016/j.etap.2014.11.016
http://dx.doi.org/10.1007/s00216-010-3724-6
http://dx.doi.org/10.1177/096032719901800208
http://dx.doi.org/10.1177/2049936113519089
http://dx.doi.org/10.1016/0041-008X(88)90272-4
http://dx.doi.org/10.1111/j.1365-2885.2007.00827.x
http://www.ncbi.nlm.nih.gov/pubmed/17348900
http://dx.doi.org/10.1016/j.tox.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25047351
http://dx.doi.org/10.1371/journal.pone.0118262
http://dx.doi.org/10.1002/jat.2874
http://dx.doi.org/10.1016/j.tiv.2008.11.012
http://dx.doi.org/10.1016/j.ab.2008.04.035


Animals 2020, 10, 30 14 of 15

19. Pohjala, L.; Tammela, P.; Samanta, S.K.; Yli-Kauhaluoma, J.; Vuorela, P. Assessing the data quality in predictive
toxicology using a panel of cell lines and cytotoxicity assays. Anal. BioChem. 2007, 362, 221–228. [CrossRef]

20. Fotakis, G.; Timbrell, J.A. In vitro cytotoxicity assays: Comparison of LDH, neutral red, MTT and protein
assay in hepatoma cell lines following exposure to cadmium chloride. Toxicol. Lett. 2006, 160, 171–177.
[CrossRef]

21. Weyermann, J.; Lohmann, D.; Zimmer, A. A practical note on the use of cytotoxicity assays. Int. J. Pharm.
2005, 288, 369–376. [CrossRef]

22. Hewitt, N.J.; Lechón, M.J.; Houston, J.B.; Hallifax, D.; Brown, H.S.; Maurel, P.; Kenna, J.G.; Gustavsson, L.;
Lohmann, C.; Skonberg, C.; et al. Primary hepatocytes: Current understanding of the regulation of metabolic
enzymes and transporter proteins, and pharmaceutical practice for the use of hepatocytes in metabolism,
enzyme induction, transporter, clearance, and hepatotoxicity studies. Drug Metab. Rev. 2007, 39, 159–234.
[CrossRef] [PubMed]

23. Shulman, M.; Nahmias, Y. Long-term culture and coculture of primary rat and human hepatocytes.
Methods Mol. Biol. 2013, 945, 287–302. [CrossRef] [PubMed]
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25. Radko, L.; Minta, M.; Jedziniak, P.; Stypuła-Trębas, S. Comparison of albendazole cytotoxicity in terms of
metabolite formation in four model systems. J. Vet. Res. 2017, 61, 313–319. [CrossRef] [PubMed]

26. Donato, M.T.; Lahoz, A.; Castell, J.V.; Gómez-Lechón, M.J. Cell lines: A tool for in vitro drug metabolism
studies. Curr. Drug Metab. 2008, 9, 1–11. [CrossRef] [PubMed]

27. Scheers, E.M.; Ekwall, B.; Dierickx, P.J. In vitro long-term cytotoxicity testing of 27 MEIC chemicals on
HepG2 cells and comparison with acute human toxicity data. Toxicol. Vitr. 2001, 15, 153–161. [CrossRef]

28. Schoonen, W.G.E.J.; de Roos, J.A.D.M.; Westerink, W.M.A.; Débiton, E. Cytotoxic effects of 110 reference
compounds on HepG2 cells and for 60 compounds on HeLa, ECC-1, and CHO cells. II Mechanistic assays
on NAD(P)H, ATP and DNA contents. Toxicol. Vitr. 2005, 19, 491–503. [CrossRef]

29. Schoonen, W.G.E.J.; Westerink, W.M.A.; de Roos, J.A.D.M.; Débiton, E. Cytotoxic effects of 100 reference
compounds on HepG2 and HeLa cells and of 60 compounds on ECC-1 and CHO cells. I Mechanistic assays
on ROS, glutathione depletion, and calcium uptake. Toxicol. Vitr. 2005, 19, 505–516. [CrossRef]

30. Ramirez, T.; Strigun, A.; Verlohner, A.; Huener, H.A.; Peter, E.; Herold, M.; Bordag, N.; Mellert, W.; Walk, T.;
Spitzer, M.; et al. Prediction of liver toxicity and mode of action using metabolomics in vitro in HepG2 cells.
Arch. Toxicol. 2018, 92, 893–906. [CrossRef]

31. OECD. Guidance Document on Using Cytotoxicity Tests to Estimate Starting Doses for Acute Oral Systemic Toxicity
Tests; no. 129. Report No.: ENV/JM/MONO(2010)20; OECD: Paris, France, 2010.

32. Fraslin, J.M.; Touquette, L.; Douaire, M.; Menezo, Y.; Guillemot, J.C.; Mallard, J. Isolation and long-term
maintenance of differentiated adult chicken hepatocytes in primary culture. Vitr. Cell Dev. Biol. 1992, 28,
615–620. [CrossRef]

33. Sante, E. Guidance Document on Analytical Quality Control and Method Validation Procedures for Pesticides
Residues Analysis in Food and Feed. 2015 SANTE/11945/2015. Available online: http://www.eurl-pesticides.
eu/library/docs/allcrl/AqcGuidance_SANTE_2015_11945.pdf (accessed on 19 October 2019).

34. Korzeniewski, C.; Calleawert, D.M. An enzyme-release assay for natural cytotoxicity. J. Immunol. Methods
1983, 64, 313–320. [CrossRef]

35. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assay. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

36. Borenfreund, E.; Puerner, J.A. Toxicity determined in vitro by morphological alterations and neutral red
absorption. Toxicol. Lett. 1985, 24, 119–124. [CrossRef]

37. Duewelhenk, N.; Krut, O.; Eysel, P. Influence on mitochondria and cytotoxicity of different antibiotics
administered in high concentrations on primary human osteoblasts and cell lines. Antimicrob. Agents
Chemo.Ther. 2007, 51, 54–63. [CrossRef] [PubMed]

38. Robbana-Barnat, S.; Decloite, F.; Frayssinet, C.; Seigneurin, J.M.; Toucas, L.; Lafarge-Frayssinet, C. Use of
human lymphoblastoid cells to detect the toxic effect of chloramphenicol and metabolites possibly involved
in aplastic anemia in man. Drug Chem. Toxicol. 1997, 20, 239–253. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ab.2006.12.038
http://dx.doi.org/10.1016/j.toxlet.2005.07.001
http://dx.doi.org/10.1016/j.ijpharm.2004.09.018
http://dx.doi.org/10.1080/03602530601093489
http://www.ncbi.nlm.nih.gov/pubmed/17364884
http://dx.doi.org/10.1007/978-1-62703-125-7_17
http://www.ncbi.nlm.nih.gov/pubmed/23097113
http://dx.doi.org/10.1515/jvetres-2016-0073
http://dx.doi.org/10.1515/jvetres-2017-0042
http://www.ncbi.nlm.nih.gov/pubmed/29978089
http://dx.doi.org/10.2174/138920008783331086
http://www.ncbi.nlm.nih.gov/pubmed/18220566
http://dx.doi.org/10.1016/S0887-2333(00)00062-X
http://dx.doi.org/10.1016/j.tiv.2005.01.002
http://dx.doi.org/10.1016/j.tiv.2005.01.003
http://dx.doi.org/10.1007/s00204-017-2079-6
http://dx.doi.org/10.1007/BF02631036
http://www.eurl-pesticides. eu/library/docs/allcrl/AqcGuidance_SANTE_2015_11945.pdf
http://www.eurl-pesticides. eu/library/docs/allcrl/AqcGuidance_SANTE_2015_11945.pdf
http://dx.doi.org/10.1016/0022-1759(83)90438-6
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1016/0378-4274(85)90046-3
http://dx.doi.org/10.1128/AAC.00729-05
http://www.ncbi.nlm.nih.gov/pubmed/17088489
http://dx.doi.org/10.3109/01480549709003880
http://www.ncbi.nlm.nih.gov/pubmed/9292279


Animals 2020, 10, 30 15 of 15

39. Lafarge-Frayssinet, L.; Robbana-Barnat, S.; Fryssinet, C.; Toucas, L.; Decloitre, F. Cytotoxicity and DNA
damaging potency of chloramphenicol and six metabolites: A new evaluation in human lymphocytes and
Raji cells. Mutat. Res. 1994, 320, 207–215. [CrossRef]

40. Martelli, A.; Mattioli, F.; Pastorino, G.; Robbiano, L.; Allavena, A.; Brambilla, G. Genotoxicity testing of
chloramphenicol in rodent and human cells. Mutat. Res. 1991, 260, 65–72. [CrossRef]

41. Chen, M.; LeDuc, B.; Kerr, S.; Howe, D.; Williams, D.A. Identification of human UGT2B7 as the major isoform
involved in the O-glucuronidation of chloramphenicol. Drug Metab. Dispos. 2010, 38, 368–375. [CrossRef]

42. Anadon, A.; Bringas, P.; Martinez-Larranaga, M.R.; Diaz, M.J. Bioavailability pharmacokinetics and residue
of chloramphenicol in the chicken. J. Vet. Pharmacol. Ther. 1994, 17, 52–58. [CrossRef]

43. Denbow, D.M. Gastrointestinal anatomy and physiology. In Sturkie’s Avian Physiology, 6th ed.; Scanes, G.C.,
Ed.; Academic Press: London, UK, 2000; pp. 299–325. [CrossRef]

44. Ascherly, M.; Eyer, P.; Kampffmeyer, H. Formation and disposition of nitrosochloramphenicol in rat liver.
BioChem. Pharmacol. 1985, 35, 3755–3763. [CrossRef]

45. Wu, C.; Clift, P.; Fry, C.H.; Henry, J.A. Membrane action of chloramphenicol measured by protozoan motility
inhibition. Arch. Toxicol. 1996, 70, 850–853. [CrossRef] [PubMed]

46. Yunis, A.A. Chloramphenicol: Relation of structure to activity and toxicity. Annu. Rev. Pharmacol. Toxicol.
1988, 28, 83–100. [CrossRef] [PubMed]

47. Castell, J.V.; Jover, R.; Martinez-Jiménez, C.P.; Gómez-Lechón, M.J. Hepatocyte cell lines: Their use, scope,
and limitations in drug metabolism studies. Expert Opin. Drug Metab. Toxicol. 2006, 2, 183–212. [CrossRef]
[PubMed]

48. Westerink, W.M.; Schoonen, W.G. Phase II enzyme levels in HepG2 cells and cryopreserved primary human
hepatocytes and their induction in HepG2 cells. Toxicol. Vitr. 2007, 21, 1592–1602. [CrossRef]

49. Karbowski, M.; Kurono, C.; Wozniak, M.; Ostrowski, M.; Teranishi, M.; Soji, T.; Wakabayashi, T.
Cycloheximide and 4-OH-TEMPO suppress chloramphenicol-induced apoptosis in RL-34 cells via the
suppression of the formation of megamitochondia. Biochim. Biophys. Acta Mol. Cell Res. 1999, 1449, 25–40.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0165-1218(94)90047-7
http://dx.doi.org/10.1016/0165-1218(91)90081-V
http://dx.doi.org/10.1124/dmd.109.029900
http://dx.doi.org/10.1111/j.1365-2885.1994.tb00522.x
http://dx.doi.org/10.1016/C2012-0-02488-X
http://dx.doi.org/10.1016/0006-2952(85)90242-4
http://dx.doi.org/10.1007/s002040050349
http://www.ncbi.nlm.nih.gov/pubmed/8911644
http://dx.doi.org/10.1146/annurev.pa.28.040188.000503
http://www.ncbi.nlm.nih.gov/pubmed/3289495
http://dx.doi.org/10.1517/17425255.2.2.183
http://www.ncbi.nlm.nih.gov/pubmed/16866607
http://dx.doi.org/10.1016/j.tiv.2007.06.017
http://dx.doi.org/10.1016/S0167-4889(98)00167-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Compound Preparation and Exposure 
	Cellular Models 
	The Primary Turkey Hepatocyte Cultures 
	Rat Hepatocyte Isolation and Primary Hepatocyte Culture Conditions 
	Cell Lines and Culture Conditions 

	Determination of CAP and Its Metabolized Products by HPLC-MS/MS 
	Cytotoxicity Assessment 
	LDH Assay 
	MTT Assay 
	NRU Assay 

	Statistical Analysis 

	Results 
	Primary Turkey and Rat Hepatocyte Cultures 
	Concentrations of CAP and Its Metabolites in the Cell Medium 
	Cytotoxicity 
	Correlation of the Quantity of NO-CAP and CAP-G in Medium with LDH Release, MTT Reduction, and NR Uptake in the Primary Hepatocytes 

	Human Hepatoma (HepG2) Cell and Balb/c 3T3 Fibroblast Cultures 
	Concentrations of CAP and Its Metabolites in the Cell Medium 
	Cytotoxicity 


	Discussion 
	Conclusions 
	References

