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1. Introduction
The incorporation of anticoccidial drugs in feed for the 
prevention or prophylaxis of coccidiosis is a common 
practice in the modern poultry industry. The use of 
anticoccidial drugs in broiler chickens ranges from 70% 
to 98% in the United States, compared to 91% in Western 
Europe. Anticoccidial drugs are also widely used in other 
major poultry production regions across the world [1].

Monensin (MON) is a monovalent carboxylic polyether 
ionophore antibiotic produced by fungi belonging to 
the species Streptomyces cinnamonensis [2]. MON, the 
molecular formula of which is C36H62O11, is considered a 
sodium ionophore as its affinity for the sodium ion (Na+) 
is considerably higher compared to other ions [3,4]. MON 
is used as a feed additive for the control of coccidiosis in 
quails, chickens, turkeys, and goats; to improve growth 
and feed efficiency in beef cattle; and to minimize body 
condition losses, increase milk protein, and reduce milk 
fat in dairy cattle. In addition, controlled-release capsules 
are available for the prevention of subclinical ketosis in 
dairy cattle [5]. Although MON is considered a safe drug 
when used at therapeutic doses, it is toxic when overdosed. 
Owing to its narrow therapeutic index, MON is likened to 
a two-edged knife. Its effects on metal ions form the basis 
of its toxic/harmful effects on animals [6]. MON facilitates 
Na+ ion influx into the cell in both hosts and parasites. An 

increased intracellular Na+ ion concentration stimulates 
Na+/Ca++ exchange, leading to an increased intracellular 
concentration of extracellular Ca++ ions [7]. Excessively 
increased Na+ and Ca++ ions cause cytotoxicity through pH 
change, calcium overload, catecholamine release and lipid 
peroxidation in the cell [8].

Previous studies have shown that MON causes damage 
to tissues and organs, in particular to the heart and skeletal 
muscles, by changing the biochemical, hematological 
and lipid peroxidation parameters [9–12]. To date, no in 
vivo study has been conducted on the effects of MON on 
apoptosis and genotoxicity. Furthermore, in vitro studies 
are limited to several types of cancer cells, and there is no 
study on the effects of MON on primary hepatocytes [13–
18]. In this study, we aimed to investigate the in vivo and 
in vitro apoptotic effects of MON, which is widely used in 
the poultry industry, on the chick liver.

2. Materials and methods 
2.1. Reagents and chemicals 
Monensin sodium, penicillin, streptomycin, fetal bovine 
serum, L-glutamine, Dulbecco’s modified eagle  medium 
(DMEM), ethylene diamine tetra-acetic acid  (EDTA), 
Tris-base, milk powder, LMA, HMA, NaCl, NaOH, 
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid 
(HEPES), and ethidium bromide were purchased from 

Abstract: In this study, monensin (MON) was investigated for its apoptotic and genotoxic effects on chick liver tissue and cytotoxic and 
apoptotic effects on chick primary hepatocytes isolated from perfused liver tissue. Western blotting and real-time PCR (qPCR) were 
used to determine the apoptotic effect on primary hepatocytes and liver tissue, and the comet assay was used to determine the genotoxic 
effect on liver tissue. MON decreased cell viability in primary hepatocytes with increasing concentrations. When administered at 
concentrations of 1 and 10 µM, MON increased the levels of apoptotic p53, caspase-3, and caspase-9, and downregulated the expression 
of the antiapoptotic survivin, Bcl-xl, and Bcl-2 genes (p < 0.05). Furthermore, 100 and 125 ppm of MON increased caspase-3, caspase-9, 
and p53 protein levels, and downregulated Bcl-2 expression (p < 0.05). Bcl-xl gene expression was downregulated only in the group that 
received 125 ppm of MON (p < 0.05). Changes observed in the expression of the survivin gene were insignificant in both groups (p > 
0.05). Moreover, 100 and 125 ppm of MON caused comet formation, which is a marker of genotoxicity, in the liver (p < 0.05). Our results 
indicate that MON induced apoptosis in both primary hepatocytes and liver tissue, and also caused genotoxicity in the liver tissue.

Key words: Monensin, apoptosis, chick, hepatocyte, liver 

Received: 08.12.2021              Accepted/Published Online: 22.04.2022              Final Version: 13.06.2022

Research Article

This work is licensed under a Creative Commons Attribution 4.0 International License.

https://orcid.org/0000-0002-9382-9605
https://orcid.org/0000-0002-5594-3984


TEKELİ and KANBUR / Turk J Vet Anim Sci

526

Sigma (USA). Magnesium chloride was supplied from 
Carlo Erba Reagents (Spain). Hank’s balanced salt 
solution (HBSS) was purchased from Santa Cruz (USA). 
Collagenase II, protease  and  phosphatase inhibitor 
cocktail, RIPA buffer, SuperSignal West Pico PLUS 
chemiluminescent substrate, and Pierce BCA Protein 
Assay Kit were purchased from Thermo Scientific (USA). 
Ethanol, dimethyl sulfoxide (DMSO) and Triton X-100 
were supplied from Merck (Germany). RNAzol was 
supplied from the Molecular Research Centre (USA). 
EvoScript Universal cDNA Master and LightCycler 
480 Probes Master Kit were purchased from Roche 
(Switzerland). Polyvinylidene fluoride (PDVF) membrane 
was purchased from Bio-Rad (USA). p53, anticaspase-3, 
and anticaspase-9 were purchased from Abcam (USA). 
Antirabbit and antibeta actin antibody were supplied from 
Cell Signaling (USA). All other chemicals and reagents 
were analytical grade.
2.2. Animals
In this study, one-day-old Leghorn layer chicks were used. 
All chicks were commercially obtained at one day of age. 
The chicks were provided with ad libitum commercial 
chicken feed and water for 60 days, and were randomly 
assigned to 3 groups with 15 animals in each group. 
In addition, five animals that received drug-free and 
additive-free feed were divided for in vitro study. MON is 
used for the prevention of coccidiosis chickens reared for 
laying up to a maximum of 16 weeks of age. Therefore, the 
application period was determined as 60 days in order to 
demonstrate the toxicity of MON in less than 16 weeks. 
The minimum and maximum doses accepted as safe by the 
European Food Safety Authority [19] were administered 
to the trial groups. While the control group received 
drug- and additive-free feed, the other two groups were 
administered with 100 ppm of MON (Coxidin 200, 
Huvepharma) and 125 ppm of MON in feed for 60 days. 
At the end of the trial period, the animals were sacrificed 
and their liver tissue was extracted. Liver tissue samples 
were freshly studied on the day of extraction for the comet 
assay. On the other hand, liver tissue samples transferred 
to cryotubes were shock-frozen in a nitrogen tank at –196 
ºC, and stored at –80 ºC until being used for Western 
blot and real-time PCR analyses. The in vivo study was 
carried out in accordance with the directive of the Animal 
Experiments Ethics Committee of Erciyes University 
(Approval Date and No: 16.11.2016 and 16/138).
2.3. Chick hepatocyte isolation and primary cell culture 
The two-stage collagenase perfusion technique, first 
developed by Berry and Friend [20] and later modified 
by Seglen [21], was used for the isolation of chicken 
hepatocytes. Preoperatively, the abdominal and breast 
feathers of the chickens (60–65 days old) were shaved and 
a 10% povidone-iodine solution was used for asepsis. After 

the abdominal cavity of the chicken, anesthetized by the 
inhalation of 2.5% sevoflurane (Abbvie, 4456), was opened, 
a 26G IV catheter was inserted into the portal vein. Firstly, 
perfusion buffer-I (at 37 °C and a 10 mL/min flow rate), 
containing 0.9 mM MgCl2, 0.5 mM EDTA and 25 mM 
HEPES and HBSS (without Ca+2 and Mg+2), and secondly, 
perfusion buffer-II (at 37 °C and a 25 mL/min flow rate), 
containing 1000 U collagenase II, was infused into the 
portal vein. The caudal vena cava was cut with a scalpel 
to allow the perfusion buffer out of the vein. Perfusion 
continued until the color of the liver turned pale. Primary 
hepatocytes were isolated in a laminar flow cabinet 
(SafeFast Elite), from the liver, which was extracted under 
sterile conditions postperfusion. A Cedex-XS (Innovatis) 
device was used for hepatocyte cell counts. Primary 
hepatocytes were cultured in DMEM supplemented 
with penicillin (100 IU/mL), 10% fetal bovine serum, 
streptomycin (100 mg/mL), and L-glutamine (2 mM) in 
an incubator (New Brunswick Galaxy 170R) containing a 
moisturised atmosphere of 5% CO2 at 37 °C.
2.4. MTS cytotoxicity test
The MTS assay was used to determine cell viability and 
cytotoxicity. Primary hepatocytes were planted in a 96-
well cell culture plate at an intensity of 1 × 104 cells /well 
and incubated at 37 °C for 24 h. Afterwards, the cells were 
applied with different concentrations (1, 2, 4, 5, 10, 20, 
and 40 µM) of MON at 37 °C for 24 h. MTS reagent was 
added to each well and incubated for 1 h. At the end of 
the incubation period, the optical density of the formazan 
crystals was measured on a microplate reader (BioTek 
Synergy H1) at a wavelength of 490 nm. The viability of the 
untreated control cells was accepted as 100%. The viability 
of the cells in the other groups was expressed as percentage 
(%) compared to the control cells.
2.5. Gene expression analysis
Primary hepatocytes were planted into six-well plates at 
an intensity of 2 × 106 cells /well and incubated at 37 °C 
for 24 h. Hepatocytes treated with 1 and 10 µM of MON 
were incubated at 37 °C for 24 h, then the cells were 
harvested with a scraper for RNA isolation. RNAzol was 
used for RNA isolation from the hepatocytes and liver 
tissue, EvoScript Universal cDNA Master was used for 
cDNA synthesis, and a LightCycler 480 Probes Master Kit 
was used for real-time polymerase chain reaction (qPCR) 
analysis. Roche’s LightCycler Nano was used to determine 
the expression of the antiapoptotic survivin, Bcl-xl, and 
Bcl-2 and genes. CT values were measured and calculated 
using the 2-ΔΔCT formula. Values were normalized with 
beta-actin. The genes are shown in Table 1.
2.6. Western blot analysis
Western blot analysis was performed as described by 
Towbin et al. [22]. Primary hepatocytes, planted into 
six-well cell culture plates (2 × 106 cells per well), were 
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incubated for 24 h. Hepatocytes treated with 1 and 10 µM 
of MON were harvested with a scraper for protein isolation 
after 24 h of incubation. While RIPA buffer supplemented 
with phosphatase and protease inhibitor cocktail was used 
for protein isolation from the hepatocytes and liver tissue, 
a Pierce BCA Protein Assay Kit was used for quantitation. 
Proteins were mixed with the loading buffer (40 µg), boiled 
at 95 °C for 5 min, subjected to 5%–10% SDS-PAGE, and 
transferred onto a PVDF membrane (Bio-Rad, USA). The 
membranes were blocked with 5% milk powder in TBST 
buffer at RT for 1 h and were incubated overnight at +4 °C 
on a shaker with primary antibodies, including antibeta 
actin (1:500; Cell Signaling), anticaspase-3 (1:1000; 
Abcam), anticaspase-9 (1:1000; Abcam), and anti-p53 
(1:1000; Abcam). After the membranes were incubated 
with secondary antirabbit antibody (1:5000; Cell Signaling) 
in the dark for 2 h, the bands were visualized using the 
Super Signal West Pico Plus chemiluminescence imaging 
reagent on the Bio-Rad ChemiDoc Imaging System. The 
intensity of each band was measured densitometrically 
with the ImageJ software and changes were calculated in 
comparison to the control and MON after normalization 
with β-actin.
2.7. Alkaline comet assay
The alkaline comet assay developed by Tice et al. [23] was 
used to determine the genotoxic effect of MON on liver 
tissue. Fresh liver tissue was minced with cold mincing 
buffer (20 mM EDTA, 10% DMSO, and HBSS, pH 7.5) to 
obtain a single-cell suspension. Samples were centrifuged 
at 1000 g for 15 min and then resuspended in cold mincing 
buffer. The cell suspension mixed with 0.5% LMA was 
embedded onto microscope slides previously precoated 
with a layer of 1.6% HMA. Slides were immersed in 
cold alkaline lysis solution for 1 h (10 mM Tris-base, 
1% Triton X-100, 100 mM EDTA, 2.5 M NaCl, and 10% 
DMSO, pH: 10). The slides were placed inside a horizontal 
electrophoretic tank in cold electrophoresis buffer (200 
mM EDTA, and 10 N NaOH, pH: 13) for 20 min to ensure 
DNA unwinding, and then electrophoresed at 25 V and 
300 mA for 20 min. Next, the slides were immersed in 
neutralization buffer (400 mM Trizma pH 7.5) 3 times 
for 5 min, then dehydrated with ice-cold methanol and 
dried at room temperature. Subsequently, the slides were 

stained with 20 g/mL of ethidium bromide, visualized 
under a fluorescent microscope (Leica-microsystems), 
and quantified using the Comet image analysis software 
(Comet Assay IV, Perspective Instruments). Randomly 
selected 100 cells per sample were analyzed to determine 
DNA damage.
2.8. Statistical analysis
The IBM SPSS Statistics 21 package program was used 
for the statistical evaluation of data. Data were expressed 
as mean ± standard deviation. While MTS and comet 
assay data were analyzed by one-way ANOVA, Tamhane’s 
and Tukey’s tests were used to determine the differences 
between the groups. Western blot and qPCR data were 
evaluated by the one-sample t-test. p < 0.05 were regarded 
as statistically significant.

3. Results
3.1. In vitro results
3.1.1. Effect of MON on cell viability 
Treatment with 2 μM and higher concentrations (4, 5, 
10, 20, and 40 μM) of MON significantly decreased the 
viability of primary hepatocytes, when compared to the 
control group (p < 0.05). On the other hand, treatment 
with 1 μM of MON also decreased cell viability, but this 
change was statistically insignificant (p > 0.05) (Figure 1).
3.1.2. Effect of MON on apoptotic proteins 
While the group treated with 1 μM of MON showed 
significantly increased (p < 0.05) caspase-3 (36 kDa), 
caspase-9 (19 kDa), and p53 levels (3.35-, 2.16-, and 2.98-
fold, respectively) compared to the control group, the 
increase in the caspase-3 (18 kDa) and caspase-9 (46 kDa) 
levels (1.06- and 1.16-fold, respectively) was statistically 
insignificant (p > 0.05). On the other hand, in the group 
treated with 10 μM of MON, caspase-3 (18 kDa and 36 
kDa), caspase-9 (19 kDa and 46 kDa), and p53 levels were 
determined to have significantly increased (2.10-, 1.68-, 
3.22-, 2.41-, and 1.88-fold, respectively), in comparison to 
the control group (p < 0.05) (Figure 2).
3.1.3. Effect of MON on antiapoptotic genes 
When compared to the control group, the expression of 
the survivin, Bcl-xl, and Bcl-2 genes was found to have 
been downregulated in the groups treated with 1 μM of 

Table 1. Probe catalogue number and sequences of primers used for real-time PCR analysis.

Gene Right primer Left primer Probe catalogue no

Survivin ggtggagacgaggtagacca aaaatggcggcctatgct 04688040001
Beta-actin acgagcgcagcaatatcat gctctgactgaccgcgtta 04688996001
Bcl-xl gagctgcgtggtggatgt aagtgaccccatggttgtgt 04688066001
Bcl-2 actatctcgcggttgtcgtag cttcccctcggaaaccat 04685059001



TEKELİ and KANBUR / Turk J Vet Anim Sci

528

MON (0.29-, 0.36-, and 0.27-fold, respectively) and 10 
μM of MON (0.30-, 0.45-, and 0.37-fold, respectively) (p 
< 0.05) (Figure 3).
3.2. In vivo results
3.2.1. Effect of MON on apoptotic proteins 
Compared to the control group, the group treated with 100 
ppm of MON displayed significantly increased caspase-3 
(18 kDa and 36 kDa), caspase-9 (19 kDa and 46 kDa), 

and p53 levels (1.79-, 1.45-, 2.12-, 2.22-, and 2.63-fold, 
respectively) (p < 0.05). In the group given 125 ppm of 
MON, when compared to the control group, the caspase-3 
(36 kDa), caspase-9 (19 kDa), and p53 levels (2.07-, 7.58-
, and 3.92-fold, respectively) were determined to have 
significantly increased (p < 0.05), whilst the increase in the 
caspase-3 (18 kDa) and caspase-9 (46 kDa) levels (1.14- 
and 1.25-fold respectively) was statistically insignificant (p 
> 0.05). (Figure 4).
3.2.2. Effect of MON on antiapoptotic genes
In comparison to the control group, the expression of the 
Bcl-2 gene was downregulated in the groups that received 
100 ppm (0.50-fold) and 125 ppm (0.39-fold) of MON (p 
< 0.05). The expression of Bcl-xl was found to have been 
downregulated (0.30-fold) in only the group that received 
125 ppm of MON (p < 0.05). While the expression of the 
survivin gene was downregulated (0.87-fold) in the group 
that received 100 ppm of MON and upregulated (1.75-
fold) in the group that received 125 ppm of MON, when 
compared to the control group, these alterations were 
statistically insignificant (p > 0.05) (Figure 5).
3.2.3. Effect of MON on genotoxicity
Compared to the control group, there was a significant 
decrease in the comet head intensity, and a significant 
increase in the comet tail intensity in the groups that received 
100 ppm and 125 ppm of MON (p < 0.05) (Figure 6).

Figure 1. MTS assay to measure cell viability and cytotoxicity 
of hepatocytes. The values were stated as the mean ± standard 
deviation (n = 12). Differences according to control were 
considered statistically significant when *p < 0.05.

 1 

Figure 2. Protein levels of caspase-3, caspase-9, and p53 in hepatocytes were measured by Western blotting analysis. β-Actin 
was used as a loading control. The values were stated as the mean ± standard deviation (n = 3). Differences according to control 
were considered statistically significant when *p < 0.05.
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Figure 3. The gene expression levels of Bcl-2, Bcl-xl, and survivin in hepatocytes were measured by real-time PCR (qPCR) 
analysis. β-Actin was used as a housekeeping gene. The values were stated as the mean ± standard deviation (n = 3). 
Differences according to control were considered statistically significant when *p < 0.05.

 1 

Figure 4. Protein levels of caspase-3, caspase-9, and p53 in liver tissue were measured by Western blotting analysis. β-Actin 
was used as a loading control. The values were stated as the mean ± standard deviation (n = 3). Differences according to 
control were considered statistically significant when *p < 0.05.
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4. Discussion
MON is frequently used for the prevention and treatment 
of coccidiosis, which is an important problem in poultry 
breeding [5]. Although MON is considered a safe drug 
when administered in therapeutic doses, it is toxic in case 

of overdose [6, 24–26]. MON increases intracellular Ca++ 
concentration, leading to intracellular ROS production 
and Ca++ dependent apoptosis [7, 27–29]. While it has been 
reported that the main target organs for MON are the heart 
and skeletal muscles, there are studies that have proven the 
toxic effects of the drug on the liver. These studies have 
shown that MON causes a dose-dependent reduction in 
hepatic weight in chickens together with biochemical and 
histopathological changes in the liver [8–12, 30]. 

In the in vitro part of the study, the cytotoxic effect of 1 
and 10 μM of MON on primary hepatocytes was evaluated. 
Although there is no previous study investigating the 
effects of MON on primary hepatocytes, there are several 
studies on the effects of MON on cell proliferation and 
death in different types of cancer cells. In these studies, it 
has been shown that increasing concentrations of MON 
decrease cell viability over time [13–18]. Similarly, our 
study has shown that MON decreases cell viability with 
increasing concentrations.

One  and 10 μM of MON induced apoptosis by causing 
an increase in caspase-3, caspase-9, and p53 levels and a 
downregulation in Bcl-2, Bcl-xl, and survivin expressions 
in hepatocytes. Although the underlying mechanism 
of apoptosis varies, our data showed that apoptosis was 

 1 

Figure 5. The gene expression levels of Bcl-2, Bcl-xl, and survivin in hepatocytes were measured by real-time PCR (qPCR) 
analysis. β-Actin was used as a housekeeping gene. The values were stated as the mean ± standard deviation (n = 3). 
Differences according to control were considered statistically significant when *p < 0.05.

 1 
Figure 6. The alkaline comet assay was used to determine the 
genotoxic effect of MON on liver tissue. The values were stated as 
the mean ± standard deviation. Differences according to control 
were considered statistically significant when *p < 0.05.
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induced via the mitochondrial pathway. It is known that 
p53 shows antioxidant activity under low oxidative stress 
conditions, and causes cell death by exhibiting prooxidative 
activity under high oxidative stress conditions [31]. In 
addition, MON is reported to cause lipid peroxidation by 
increasing intracellular calcium levels [32]. Accordingly, 
in the present study, the increase in hepatocyte p53 levels 
was attributed to MON-induced oxidative stress. It has 
been reported that Bcl-2 and Bcl-xl bind to proapoptotic 
proteins and prevent loss in the mitochondrial membrane 
potential, cytochrome c release, and thus, apoptosis [33]. 
In our study, it is suggested that increased p53 levels 
cause the release of proapoptotic proteins by suppressing 
antiapoptotic Bcl-2, Bcl-xl and survivin, and thus increase 
the permeability of the outer mitochondrial membrane. 
Cytochrome c is released from the mitochondria 
into the cytosol due to the loss of the mitochondrial 
membrane potential and triggers apoptosome formation, 
which activates caspase-9.  Caspase-9 activates effector 
procaspases, including procaspase-3, and thereby, initiates 
the process of apoptosis. In addition, decreased levels of 
survivin, which is a caspase inhibitor, can increase the 
levels of caspase-3 and -9 by avoiding inhibition [34, 35]. 
In the light of this information, in the present study, it 
was assumed that the downregulation of Bcl-xl, and Bcl-2 
expression activated caspase-3 and caspase-9, and likewise, 
increased p53 levels increased caspase-3 and caspase-9 
levels by downregulating the expression of survivin and 
preventing the inhibition of caspases. Although there is 
no previous study investigating the effects of MON on 
chicken hepatocytes, researches have been conducted on 
cancer cell lines. In these studies, it was determined that, 
in cells treated with different concentrations of MON, the 
level of the antiapoptotic protein Bcl-2 decreased, whilst 
the levels of the apoptotic proteins caspase-3 and caspase-9 
increased [14–18]. In a previous study on the toxic effects 
of salinomycin, another ionophore antibiotic, it was 
reported that while the expression of apoptotic caspase-3 
and caspase-9 was upregulated, that of antiapoptotic BCL-
2 was downregulated in primary chicken cardiomyocytes 
[36]. Similar data was obtained in the present study.

Coxidin 200 microGranulate consists of 25% 
monensin sodium, 15%–20% perlite and 55%–60% 
wheat bran [19]. Perlite, an amorphous alumina-silicate, 
is commercially available as HARBORLITE. Perlite is 
used as a filler agent in Coxidin formulation1. Limited 
data indicate that the LD50 (oral intake) of perlite in 
rats is greater than 10 g/kg. No toxic effects associated 
1 Agnew KEM, Benikos CP, Hewitt WA, Key EJ, Lloyd JM (2018). Monensin water dispersible granules by wet granulation. U.S. Patent No. 10,117,849. 
Washington, DC: U.S. Patent and Trademark Office [online]. Website https://patents.justia.com/patent/10117849/ [accessed 18.02.2022].
2 CRL Feed Additives Authorisation (2005). Evaluation Report of the Community Reference Laboratory Feed Additives Authorisation on the Method(s) 
of Analysis for Coxidin® (Dossier No. FAD-2005-0003) [online]. Website https://joint-research-centre.ec.europa.eu/publications/fad-2005-0003_en/ 
[accessed 18.02.2022].

with perlite have been reported in animals [37]. Wheat 
bran is a source of insoluble fiber [38]. Wheat bran is 
used as a diluent agent in Coxidin formulation2. It was 
reported that wheat bran supplementation could increase 
nutrient digestibility in broilers [39]. Therefore, although 
a commercial product of MON was used for the in vivo 
experiments, additional ingredients could be ignored to 
evaluate effects on MON. In the in vivo part of the study, 
both doses of MON were ascertained to have triggered 
apoptosis by increasing apoptotic protein levels and 
downregulating the expression of antiapoptotic genes. It 
is known that MON induces oxidative stress by increasing 
the intracellular calcium concentration, and p53 causes 
cell death by exhibiting prooxidative activity under severe 
oxidative damage conditions [31, 32]. In addition, it is 
suggested that oxidative stress-induced DNA damage, 
which may occur upon exposure to MON, activates p53, 
which increases the permeability of the mitochondrial 
membrane, eventually facilitating the release of 
cytochrome c from the mitochondria into the cytosol by 
binding to antiapoptotic Bcl-xl, and Bcl-2. Cytochrome c 
triggers apoptosome formation, which activates caspase-9. 
Caspase-9 activates effector procaspases, including 
procaspase 3, and triggers the apoptosis process [34, 40]. 
In the present study, the increase observed in p53 levels 
with the administration of both MON concentrations 
could be a result of oxidative DNA damage induced 
by MON. Furthermore, it is estimated that increased 
p53 levels cause a downregulation in Bcl-xl, and Bcl-2 
expression and an increase in caspase-3 and caspase-9 
levels, thus inducing apoptosis via the mitochondrial 
pathway. Although there is no previous study on the 
apoptotic effects of MON in chickens, this subject has 
been investigated in mice. Park et al. [15] observed that 
MON increased p53 levels and decreased Bcl-2 levels in 
mice with experimentally induced tumors. Similar data 
was obtained in the present study.

Intracellular ROS, produced mostly in the 
mitochondria, can target structures, which are susceptible 
to oxidative damage, such as the DNA [41, 42]. Although 
DNA is a stable and well-preserved molecule, ROS can 
interact with it and cause various damages such as the 
modification of DNA bases, DNA-protein crosslinking, 
single and double DNA breaks, and damage to the DNA 
repair system [43]. DNA damage impairs respiratory 
chain functions by disrupting the RNA transcription of 
proteins involved in the electron transport chain, and also 
further increases ROS production, resulting in the loss of 
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the mitochondrial membrane potential and impaired ATP 
synthesis. All these events result in apoptosis mediated by 
the mitochondrial pathway [41]. Based on the results of 
the comet assay, it is suggested that both 100 and 125 ppm 
of MON cause DNA damage in the liver by either directly 
reacting with DNA or possibly inducing free radical 
generation. The previous studies on the DNA-damaging 
effects of MON are limited. There is evidence that MON 
or similar drugs induce DNA damage in other species. 
In a study, it was reported that MON could induce DNA 
damage in earthworm coelomocytes (Eisenia fetida) by 
causing comet formation [44]. In addition, another study 
it was shown that MON induces DNA fragmentation in 
rat testis tissue [45]. In another study, it was observed 
that salinomycin, another ionophore antibiotic, caused 
DNA damage in chicken lymphocytes by increasing the 
tail length of the comet [46]. Our study is in line with the 
results of previous studies.

5. Conclusion
MON, which has indications for use in various animal 
species and is described as a double-edged blade, is 
considered a safe drug at therapeutic doses. However, in 
this study, liver damage characterized by apoptosis and 
genetic damage was observed even upon the administration 
of therapeutic doses. Therefore, it is important to use 
MON in combination with other anticoccidial drugs (e.g., 
nicarbazin) at low doses and for limited time periods to 
ensure the protection of animal and consumer health. 

Although it is considered that the hepatotoxic effects 
of MON may be caused by free radicals, further more 
detailed studies are required for the demonstration of the 
highly complex and multifactorial toxic effect mechanisms 
of this drug.

Conflict of interest 
The authors declare that there are no conflicts of interest. 

Acknowledgment
This work was supported by the Research Fund of Erciyes 
University (Project Number: TDK-2016-7044).

Abbreviations
Bcl-2, B-cell lymphoma-2; Bcl-xl, B-cell lymphoma-
extra large; DMEM, Dulbecco’s modified eagle medium; 
DMSO, Dimethyl sulfoxide; DNA, Deoxyribonucleic 
acid; EDTA, Ethylene diamine tetra-acetic acid; EFSA, 
European Food Safety Authority; HBSS, Hank’s balanced 
salt solution; HEPES, N-2-hydroxyethylpiperazine-
N′-2-ethanesulfonic acid; HMA, High melting point 
agarose; LMA, Low melting point agarose; MON, 
Monensin; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium; NaCl, Sodium chloride; NaOH, Sodium 
hydroxide; p53, Tumor suppressor protein; PDVF, 
Polyvinylidene fluoride; qPCR, Quantitative polymerase 
chain reaction; RIPA, Radio-immunoprecipitation assay; 
RNA, Ribonucleic acid.

References

1. Chapman HD, Barta JR, Blake D, Gruber A, Jenkins M et al. A 
selective review of advances in coccidiosis research. Advances 
in Parasitology 2013; 83: 93-171. doi: 10.1016/B978-0-12-
407705-8.00002-1

2. Butaye P, Devriese LA, Haesebrouck F. Antimicrobial growth 
promoters used in animal feed: effects of less well known 
antibiotics on gram-positive bacteria. Clinical Microbiology 
Reviews 2003; 16 (2): 175-188. doi: 10.1128/cmr.16.2.175-
188.2003

3. Chapman HD, Jeffers TK, Williams RB. Forty years of 
monensin for the control of coccidiosis in poultry. Poultry 
Science 2010; 89 (9): 1788-1801. doi: 10.3382/ps.2010-00931

4. Meral İ. Monensinin Hücresel Mekanizması. Yüzüncü Yıl 
Üniversitesi Veteriner Fakültesi Dergisi 1996; 7 (1): 102-105 
(in Turkish).

5. Dowling PM. Miscellaneous antimicrobials: ionophores, 
nitrofurans, nitroimidazoles, rifamycins, and others. In: Giguère 
S, Prescott JF, Dowling PM (editor). Antimicrobial Therapy in 
Veterinary Medicine. 5th ed. New Jersey USA: Wiley-Blackwell; 
2013. pp. 315-332. doi: 10.1002/9781118675014.ch19 

6. Kaya S. Protozoonları Etkileyen İlaçlar. In: Kaya S (editor). 
Veteriner Farmakoloji. 5th ed. Ankara, Turkey: Medisan; 2013. 
pp. 527-553 (in Turkish). 

7. Kant V, Singh P, Verma PK, Bais I, Parmar MS et al. Anticoccidial 
drugs used in the poultry: an overview. Science International 
(Lahore) 2013; 1: 261-265. doi: 10.17311/sciintl.2013.261.265 

8. Novilla MN. Ionophores. In: Gupta RC (editor). Veterinary 
Toxicology Basic and Clinical Principles. 2nd ed. San Diego, 
USA: Elsevier; 2012. pp. 1281-1299. doi: 10.1016/B978-0-12-
385926-6.00089-2 

9. Silva LF, Barbosa EFG, Novaes EPF, Borges JRJ, Lima EMM 
et al. Clinical and pathological changes in sheep during a 
monensin toxicity outbreak in Brasilia, Brazil. Asian Journal of 
Animal and Veterinary Advances 2016; 11: 73-78. doi: 10.3923/
ajava.2016.73.78

10. Yarsan E. Effects on enzyme values and histopathologic 
findings with vitamin E and/or selenium on monensin toxicosis 
in broiler chickens. Turkish Journal of Veterinary and Animal 
Sciences 1998; 22: 53-63. 

https://doi.org/10.1128/cmr.16.2.175-188.2003
https://doi.org/10.1128/cmr.16.2.175-188.2003
https://doi.org/10.3382/ps.2010-00931
https://doi.org/10.1002/9781118675014.ch19
https://doi.org/10.17311/sciintl.2013.261.265
https://doi.org/10.1016/B978-0-12-385926-6.00089-2
https://doi.org/10.1016/B978-0-12-385926-6.00089-2
https://doi.org/10.3923/ajava.2016.73.78
https://doi.org/10.3923/ajava.2016.73.78


TEKELİ and KANBUR / Turk J Vet Anim Sci

533

11. Horovitz CT, Avidar Y, Bogin E, Shlosberg A, Shkap I et al. 
Enzyme profile in blood and tissues of chickens fed various 
levels of monensin. Zentralbl Veterinarmed A 1988; 35: 473-
480. 

12. Wagner DD, Furrow RD, Bradley BD. Subchronic toxicity of 
monensin in broiler chickens. Veterinary Pathology 1983; 20 
(3): 353-359. doi: 10.1177/030098588302000311 

13. Ergin V, Dogan İ, Cumaoğlu A, Yar AS, Arıcıoğlu A et al. The 
effects of monensin and doxorubicin on cell survival and gene 
expressions in MCF-7 cell line. Journal of Experimental and 
Clinical Medicine 2011; 28: 59-63 (in Turkish with an abstract 
in English).  

14. Park WH, Seol JG, Kim ES, Kang WK, Im YH et al. Monensin-
mediated growth inhibition in human lymphoma cells through 
cell cycle arrest and apoptosis. British Journal of Haematology 
2002a; 119(2): 400-407. doi: 10.1046/j.1365-2141.2002.03834.x 

15. Park WH, Lee MS, Park K, Kim ES, Kim BK et al. Monensin-
mediated growth inhibition in acute myelogenous leukemia 
cells via cell cycle arrest and apoptosis. International Journal of 
Cancer 2002b; 101(3): 235-242. doi: 10.1002/ijc.10592

16. Park WH, Kim ES, Kim BK, Lee YY. Monensin-mediated 
growth inhibition in NCI-H929 myeloma cells via cell cycle 
arrest and apoptosis. International Journal of Oncology 2003a; 
23 (1): 197-204. doi: 10.3892/ijo.23.1.197 

17. Park, WH, Kim ES, Jung CW, Kim BK, Lee YY. Monensin-
mediated growth inhibition of SNU-C1 colon cancer cells 
via cell cycle arrest and apoptosis. International Journal of 
Oncology 2003b; 22(2): 377-382. doi: 10.3892/ijo.22.2.377

18. Park WH, Jung CW, Park JO, Kim K, Kim WS, et al. Monensin 
inhibits the growth of renal cell carcinoma cells via cell cycle 
arrest or apoptosis. International Journal of Oncology 2003c; 
22(4): 855-860. doi: 10.3892/ijo.22.4.855

19. EFSA FEEDAP Panel (EFSA Panel on Additives and Products 
used in Animal Feed). Scientific opinion on the safety and 
efficacy of Coxidin® (monensin sodium) as feed additive for 
chickens reared for laying. European Food Safety Authority 
Journal 2011; 9(12): 2442. doi: 10.2903/j.efsa.2011.2442

20. Berry MN, Friend DS. High-yield preparation of isolated rat 
liver parenchymal cells: a biochemical and fine structural 
study. Journal of Cell Biology 1969; 43: 506–520. doi: 10.1083/
jcb.43.3.506 

21. Seglen PO. Preparation of isolated rat liver cells. Methods in Cell 
Biology 1976; 13: 29–83. doi: 10.1016/s0091-679x(08)61797-5 

22. Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: 
procedure and some applications. Proceedings of the National 
Academy of Sciences of the United States of America 1979; 76 
(9): 4350-4354. doi: 10.1073/pnas.76.9.4350 

23. Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A 
et al. Single cell gel/comet assay: guidelines for in vitro and in 
vivo genetic toxicology testing. Environmental and Molecular 
Mutagenesis 2000; 35 (3): 206-221. doi: 10.1002/(sici)1098-
2280(2000)35:3<206::aid-em8>3.0.co;2-j

24. Brito ESA, Andrade TG, Oliveira CHS, Moura VMBD. Outbreak 
of monensin poisoning in cattle due to supplementation error. 
Ciencia Rural 2020; 50 (11): e20190996. doi: 10.1590/0103-
8478cr20190996

25. Gonzalez M, Barkema HW, Keefe GP. Monensin toxicosis in 
a dairy herd. Canadian Veterinary Journal 2005; 46 (10): 910-
912. 

26. Potter EL, VanDuyn RL, Cooley CO. Monensin toxicity in 
cattle. Journal of Animal Science 1984; 58 (6): 1499-1511. doi: 
10.2527/jas1984.5861499x  

27. Kim SH, Kim KY, Yu SN, Park SG, Yu HS et al. Monensin Induces 
PC-3 Prostate Cancer Cell Apoptosis via ROS Production and 
Ca2+ Homeostasis Disruption. Anticancer Research 2016; 36 
(11): 5835-5843. doi: 10.21873/anticanres.11168

28. Ketola K, Vainio P, Fey V, Kallioniemi O, Iljin K. Monensin is 
a potent inducer of oxidative stress and inhibitor of androgen 
signaling leading to apoptosis in prostate cancer cells. 
Molecular Cancer Therapeutics 2010; 9 (12): 3175-3185. doi: 
10.1158/1535-7163.MCT-10-0368 

29. Oehme FW, Pickrell JA. An analysis of the chronic oral toxicity 
of polyether ionophore antibiotics in animals. Veterinary and 
Human Toxicology 1999; 41 (4): 251-257. 

30. Hanrahan LA, Corrier DE, Nagi SA. Monensin toxicosis in 
broiler chickens. Veterinary Pathology 1981; 18 (5): 665-671. 
doi: 10.1177/030098588101800511 

31. Liu D, Xu Y. p53, oxidative stress, and aging. Antioxidants 
& Redox Signaling 2011; 15 (6): 1669-1678. doi: 10.1089/
ars.2010.3644 

32. Mollenhauer HH, Morre DJ, Rowe LD. Alteration of 
intracellular traffic by monensin; mechanism, specificity and 
relationship to toxicity. Biochimica et Biophysica Acta 1990; 
1031: 225–246. doi: 10.1016/0304-4157(90)90008-Z 

33. Kowaltowski AJ, Fiskum G. Redox mechanisms of 
cytoprotection by Bcl-2. Antioxidants & Redox Signaling 2005; 
7 (3-4): 508-514. doi: 10.1089/ars.2005.7.508 

34. Elmore S. Apoptosis: a review of programmed cell 
death. Toxicologic Pathology 2007; 35 (4): 495-516. doi: 
10.1080/01926230701320337 

35. Cohen GM. Caspases: the executioners of apoptosis. 
Biochemical Journal 1997; 326 (Pt 1): 1-16. doi: 10.1042/
bj3260001 

36. Gao X, Zheng Y, Ruan X, Ji H, Peng L et al. Salinomycin induces 
primary chicken cardiomyocytes death via mitochondria 
mediated apoptosis. Chemico-Biological Interactions 2018; 
282: 45-54. doi: 10.1016/j.cbi.2018.01.009 

37. Maxim LD, Niebo R, McConnell EE. Perlite toxicology and 
epidemiology- a review. Inhalation Toxicology 2014; 26(5): 
259-270. doi: 10.3109/08958378.2014.881940

38. Stevenson L, Phillips F, O’Sullivan K, Walton J. Wheat bran: 
its composition and benefits to health, a European perspective. 
International Journal of Food Sciences and Nutrition 2012; 
63(8): 1001-13. doi: 10.3109/09637486.2012.687366

https://doi.org/10.1177/030098588302000311
https://doi.org/10.1046/j.1365-2141.2002.03834.x
https://doi.org/10.1002/ijc.10592
https://doi.org/10.3892/ijo.23.1.197
https://doi.org/10.3892/ijo.22.2.377
https://doi.org/10.3892/ijo.22.4.855
https://doi.org/10.2903/j.efsa.2011.2442
https://doi.org/10.1083/jcb.43.3.506
https://doi.org/10.1083/jcb.43.3.506
https://doi.org/10.1016/s0091-679x(08)61797-5
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1002/(sici)1098-2280(2000)35:3%3c206::aid-em8%3e3.0.co;2-j
https://doi.org/10.1002/(sici)1098-2280(2000)35:3%3c206::aid-em8%3e3.0.co;2-j
https://doi.org/10.1590/0103-8478cr20190996
https://doi.org/10.1590/0103-8478cr20190996
https://doi.org/10.2527/jas1984.5861499x
https://doi.org/10.2527/jas1984.5861499x
https://doi.org/10.21873/anticanres.11168
https://doi.org/10.1158/1535-7163.MCT-10-0368
https://doi.org/10.1158/1535-7163.MCT-10-0368
https://doi.org/10.1177/030098588101800511
https://doi.org/10.1089/ars.2010.3644
https://doi.org/10.1089/ars.2010.3644
https://doi.org/10.1016/0304-4157(90)90008-Z
https://doi.org/10.1089/ars.2005.7.508
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1042/bj3260001
https://doi.org/10.1042/bj3260001
https://doi.org/10.1016/j.cbi.2018.01.009
https://doi.org/10.3109/08958378.2014.881940


TEKELİ and KANBUR / Turk J Vet Anim Sci

534

39. Shang Q, Wu D, Liu H, Mahfuz S, Piao X. The Impact of Wheat 
Bran on the Morphology and Physiology of the Gastrointestinal 
Tract in Broiler Chickens. Animals (Basel) 2020; 10(10): 1831. 
doi: 10.3390/ani10101831

40. Gao Y, Lei Z, Lu C, Roisen FJ, El-Mallakh RS. Effect of ionic 
stress on apoptosis and the expression of TRPM2 in human 
olfactory neuroepithelial-derived progenitors. The World 
Journal of Biological Psychiatry 2010; 11(8): 972-984. doi: 
10.3109/15622975.2010.507784

41. Dickinson BC, Chang CJ. Chemistry and biology of reactive 
oxygen species in signaling or stress responses. Nature Chemical 
Biology 2011; 7 (8): 504-511. doi: 10.1038/nchembio.607 

42. Orrenius S, Gogvadze V, Zhivotovsky B. Calcium and 
mitochondria in the regulation of cell death. Biochemical and 
Biophysical Research Communications 2015; 460 (1): 72-81. 
doi: 10.1016/j.bbrc.2015.01.137

43. Cakmakoglu B, Cincin ZB, Aydin M. Effect of oxidative stress 
on DNA repairing genes. In: Chen C (editor). Selected Topics 
in DNA Repair. Rijeka, Croatia: IntechOpen; 2011. pp. 49-72. 
doi: 10.5772/21054 

44. Wang Y, Zhang XY, Diao XP, Yang B. Effect of Monensin 
Exposure on DNA Damage in Earthworm (Eisenia fetida). 
Journal of Agro-Environment Science 2011; 30, 849–854 (in 
Chinese with an abstract in English).

45. Singh M, Kalla NR, Sanyal SN. Effect of monensin on the 
enzymes of oxidative stress, thiamine pyrophosphatase and 
DNA integrity in rat testicular cells in vitro. Experimental and 
Toxicologic Pathology 2006; 58 (2-3): 203-208. doi: 10.1016/j.
etp.2006.06.006.

46. AL-Oubaidi BM, Mashaan A. Investigation of DNA Damage 
and Some Biochemical Parameters on Ross Broiler Feeding 
on Guar Meal, Salinomycine and Mycofixe. Biochemical and 
Cellular Archives 2019; 19 (1): 223-228.

https://doi.org/10.3109/15622975.2010.507784
https://doi.org/10.3109/15622975.2010.507784
https://doi.org/10.1038/nchembio.607
https://doi.org/10.1016/j.bbrc.2015.01.137
https://doi.org/10.5772/21054

