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A B S T R A C T

Mequindox (MEQ) is a synthetic antibacterial agent. Recent studies showed that MEQ and its primary meta-
bolites exhibit strong genotoxicity to mammalian cells, and MEQ induced carcinogenicity in mice. These findings
suggest that chronic exposure to MEQ could lead to an increased risk of cancer later in life. In the present study,
four groups of Wistar rats (55 rats/sex/group) were fed with diets containing MEQ (0, 25, 55, and 110mg/kg)
for 2 years. The results showed that the hematological system, liver, kidneys, and adrenal glands, as well as the
developmental and reproductive systems, were the main targets for MEQ. Liver toxicity mediated by MEQ was
associated with apoptosis and the nuclear factor κB (NF-κB) signaling pathway. In addition, MEQ increased the
incidence of tumors in rats. Phosphorylated histone H2AX (γ-H2AX) is identified as a biomarker of cellular
response to DNA double-strand breaks (DSB). Our data demonstrated that γ-H2AX expression was significantly
increased in tumors. Thus, high levels of DSB might be responsible for carcinogenesis in rats, and further in-
vestigation is absolutely required to clarify the exact molecular mechanisms for carcinogenicity caused by MEQ
in vivo.

1. Introduction

Quinoxaline, a nitrogen heterocyclic compound, has been used in
advanced drug discovery stages as an antitumor agent, HIV-1 reverse
transcriptase inhibitor, plant growth regulator, fungicide, insecticide,
herbicide, fluorescent probe, and dye intermediate (https://www.ncbi.
nlm.nih.gov/pubmed/?term=Mfuh%20AM%5bAuthor%5d&cauthor=
true&cauthor_uid=26087764.Mfuh and Larionov, 2015; Marzaro et al.,
2007; He et al., 2012; Khier et al., 2010; Messenger and Rundegren,
2004). Quinoxaline-di-N-oxides (QdNOs), acting as inhibitors of DNA
synthesis, have a wide range of biological properties (Carta et al., 2005;
Cheng et al., 2015; Huang et al., 2015; Vicente et al., 2009; Liu et al.,
2017a, 2018c). Owing to strong antimicrobial activity and ability to

ameliorate intestinal microflora and improve protein utilization in vivo,
five QdNOs of carbadox (CBX), olaquindox (OLA), quinocetone (QCT),
cyadox (CYA), and mequindox (MEQ) have been used as growth pro-
moters in livestock and poultry farming (Liu et al., 2016; Liu et al.,
2017a, b, c).

MEQ, a relatively new compound in QdNOs, was developed by the
Lanzhou Institute of Animal Husbandry and Veterinary Drugs at the
Chinese Academy of Agricultural Sciences (Ding et al., 2012; Ihsan
et al., 2011; Ihsan et al., 2013a; Liu et al., 2017c, d). It was widely used
in food-producing animals in China due to its strong inhibitory effect
against Treponeme, Pasteurella, Escherichia coli, Staphylococcus aureus,
and Salmonella sp. (Ding et al., 2012; Ihsan et al., 2011; Ihsan et al.,
2013a; Liu et al., 2017c, d). However, the use of MEQ has raised serious
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concerns about the health effects. Previous studies suggested that MEQ
caused an adverse effect on pigs and chickens during clinical use (Chun,
2005; Hongxia et al., 2005; Ihsan et al., 2010). Chronic exposure to
MEQ induced toxicity to the adrenal (Huang et al., 2009), endocrine,
and reproductive systems in Wistar rats (Ihsan et al., 2011). In the
chronic 180-day administration of MEQ (55, 110, and 275mg/kg),
MEQ invoked oxidative stress in the liver and kidney of rats (Huang
et al., 2009, 2010b). After exposure to MEQ (275mg/kg) for 90 days, a
reduction in body weight, and obvious histological changes in liver and
adrenal gland, were observed (Ihsan et al., 2010). Some recent studies
also suggested that MEQ invoked genotoxicity and carcinogenicity (Liu
et al., 2018a) and induced toxicity to liver, testis, and kidney in mice
(Liu et al., 2017b, c, d; Liu et al., 2018b).

High prediction of genotoxicity for carcinogenicity has been well
documented in extensive reviews (Brambilla and Martelli, 2007;
Brambilla and Martelli, 2009; Brambilla et al., 2010; Liu et al., 2017e).
The use of compounds with confirmed genotoxicity was banned in
humans, except for some special drugs (ICH S2B. 2012; Liu et al.,
2017e). Some studies suggested that QdNOs has numerous degrees of
genetic toxicity. For example, CBX (WHO, 1991a) and OLA (WHO,
1991b) exhibited an obvious genotoxicity in bacterial and mammalian
cells (Ihsan et al., 2013a, b; Chen et al., 2009; Hao et al., 2006). QCT
increased micronuclei formation in human hepatocyte L02 and HepG2
cells (Dai et al., 2015; Jin et al., 2009) and invoked DNA fragmentation
and reactive oxygen species (ROS) generation in human lymphocytes
(Yang et al., 2013). Some studies reported that MEQ increased micro-
nucleus formation in mice and caused chromosomal aberrations in
V79 cells (Liu et al., 2016). N1-desoxymequindox (N1-MEQ) and bide-
soxy-mequindox (B-MEQ) (Fig. 1), two primary metabolites of MEQ,
exhibited genotoxicity in a set of genotoxicity tests (Liu et al., 2016).
Compared with CBX, a higher mutagenicity of MEQ to mammalian cells
was found in vitro and in vivo tests (Ihsan et al., 2013a). CBX and bi-
desoxy-carbadox (B-CBX) (Fig. 1) were proved to be carcinogens (Ihsan
et al., 2013a, b; WHO, 1991a, b; Liu et al., 2016), and therefore, CBX
was prohibited for use in food-producing animals by the Health De-
partment of Canada and Commission of the European Community (Liu
et al., 2017a; Wu et al., 2007). A recent study showed that MEQ in-
duced genotoxicity and carcinogenicity in mice (Liu et al., 2018a).

Based on this information, the general and genetic toxicity studies
indicated that people who have taken MEQ could be at increased risk of
cancer later in life. It was recommended by regulatory agencies that
genotoxicity testing be performed prior to commercialization (VICH,

2000; FDA, 2000a,b,c; ICH, 2012). A long-term carcinogenicity study is
required for the pharmaceuticals that are in continuous clinical use for
at least 6 months, or intermittent in a chronic recurrent condition
(Snyder and Green, 2001). Considering that MEQ is intended for
chronic use and its structural analogues like CBX and OLA are regarded
as carcinogens, the carcinogenicity study of MEQ is immediately
needed. Herein, a combined dietary chronic toxicity and
carcinogenicity study in Wistar rats was performed. Formation of γ-
H2AX in some tumors of rats treated with MEQ was also detected by
immunohistochemistry to provide a complete toxicity spectrum of
MEQ.

2. Materials and methods

2.1. Test material

MEQ (C11H10N2O3, CAS No: 60875-16-3, purity 99.5%) was sup-
plied by the Institute of Veterinary Phamaceuticals, Huazhong
Agricultural University (Wuhan, P.R. China). NF-κB p65 (D14E12) XP®

Rabbit mAb, Cleaved-Caspase-3 (Asp175) antibody and Phospho-
Histone H2A.X (Ser139) (20E3) Rabbit mAb were purchased from Cell
Signaling Technology (U. S. A). All the other chemicals were of ana-
lytical grade.

2.2. Animals and diet preparation

Two hundred twenty female and 220 male specific pathogen-free
Wistar rats (5–6 weeks old, weighing 140–180 g) were procured from
the Center of Laboratory Animals of Hubei Province, Wuhan, P.R.
China. Individual body weights of rats were within±20% of average.
The study was approved by the Ethical Committee of the Faculty of
Veterinary Medicine (Huazhong Agricultural University). Use of ani-
mals was in compliance with the National Institutes of Health (NIH)
publication, “The Development of Science Based Guidelines for
Laboratory Animal Care” (NRC, 2004).

2.3. Experimental design

According to the Organization for Economic Cooperation and
Development (OECD) Guideline 453, US Food and Drug Administration
(FDA) Redbook 2000 (FDA, 2000a, b, c) and Procedures for tox-
icological assessment of food in China, the high dose should cause a
certain toxic effect but not produce death or severe suffering; the low
dose was recommended to be 1 to 3 times the clinical dose with no toxic
effect (GB15193.17, 2003; OECD, 2009). In a previous study, an in-
creased level of potassium (K+) in plasma without growth inhibition
was observed when rats were fed MEQ at 110mg/kg as part of their
diet (Ihsan, 2011). A dose of 55mg/kg as part of the diet was selected
because it is the normal concentration of OLA permitted in food. The
medium dosage of 55mg/kg is within 2–4 times the minimal dose
(25mg/kg). Therefore, dose levels of 25, 55, and 110mg/kg were se-
lected in this study.

The design of this carcinogenicity study is presented in Table 1S.
Rats were randomly assigned to four groups (55 rats/group/sex) based
on their body weight, and each group of rat was fed a basal diet mixed
with 0, 25, 55, or 110mg/kg MEQ for a total period of 104 weeks. Forty
rats (5 rats/group/sex) were euthanized at each time point of 26, 52,
and 78 weeks. The remaining surviving rats were euthanized at 104
weeks.

2.4. Clinical pathology

Each rat was physically examined at least twice daily throughout
the carcinogenicity study. Individual body weight data were obtained
weekly, beginning from experimental diet administration through 13
weeks. Before necropsy at weeks 26, 52, 78, and 104, the fasted weights

Fig. 1. The chemical structures of Carbadox (CBX), Desoxycarbadox (B-CBX),
Mequindox (MEQ), Mequindox-4-monoxide (N1-MEQ) and Desoxymequindox
(B-MEQ).
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were recorded. Individual body weight was calculated as described in
the literature (Liu et al., 2017a).

Potassium ethylenediamine tetra-acetic acid (EDTA) was used as an
anticoagulant in blood for hematology testing. Blood samples were
placed in serum tubes at room temperature for approximately 30min to
obtain serum aliquots. After clotting, blood tubes were centrifuged at
3000 rpm for 10min using the Himac CR 21 G centrifuge (Hitachi,
Tokyo, Japan). The supernatants were decanted and stored at −20 °C
for further serum biochemistry analysis.

2.5. Hematology and serum biochemistry

Hematological measurements and calculations were performed
using the Coulter HmX Hematology Analyzer. The following 12 in-
dicators were evaluated: red blood cell count (RBC), hemoglobin con-
centration (HGB), hematocrit (HCT), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), red cell volume distribution (RDW), plateletcrit
(PCT), blood platelet count (PLT), mean platelet volume (MPV), platelet
distribution width (PDW), and white blood cell count (WBC).

Serum biochemistry was assessed using the Synchron Clinical
System CX4, and parameters included albumin (ALB), alkaline phos-
phatase (ALP), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), blood urea nitrogen (BUN), calcium ion (Ca++),
creatine kinase isoenzyme (CKM), chloride ion (CL−), creatinine (CRE),
glutamyl transpeptidase (GGT), glucose (GLU), globulin (GLB), high-
density lipoprotein (HDL), lactate dehydrogenase (LDHD), low-density
lipoprotein (LDL), phosphorus (PD), total bile acid (TBA), total bilir-
ubin (TBIL), total cholesterol (TCHO), triglyceride (TG), total protein
(TP), uric acid (UA), and urea (URE).

2.6. Necropsy and histopathological examinations

Complete necropsy and macroscopic examinations were conducted
for each rat. Organs and tissues, including brain, heart, lungs, kidneys,
liver, spleen, adrenal glands, testes (male), uterus (female), and ovary
(female) were weighed separately to calculate organ weight per 100 g
body weight (relative organ weight).

A microscopic examination was conducted on gross lesions and
tissues from all rats. Histopathological examination was conducted
using a routine paraffin embedding technique. Sections (5-μm thick)
were stained with hematoxylin and eosin (H&E), and then morpholo-
gical alterations were examined under light microscopy.

2.7. TUNEL assay

Rat livers were prepared on 4-μm paraffin sections using antigen
retrieval for 10min of boiling. The sections were permeabilized with
0.1% Triton X-100 after fixation. Samples were then stained with 1 μg/
mL 4,6-diamino-2-phenylindole (DAPI) for 30min after incubation with
a terminal deoxynucleotide transferase-mediated dUTP nick end la-
beling (TUNEL) reagent containing terminal deoxynucleotidyl trans-
ferase and fluorescent isothiocyanate dUTP. Liver samples were ana-
lyzed in a drop of phosphate-buffered saline (PBS) under a fluorescence
and ultraviolet light microscope.

2.8. Immunohistochemical assay

Liver samples and tumor tissues were dissected and fixed. Then,
they were placed in a 58 °C environment for 10min, followed by de-
paraffinization in xylol and rehydration in alcohol. The endogenous
peroxidase was blocked with a 3% hydrogen peroxide solution for
30min, and then washed. Slides were subjected to steam heat recovery
(95 °C −100 °C for 30min) washed with PBS, and incubated with 5%
bovine serum albumin (BSA) at 37 °C for 1 h. After that, the glass slides
of tumor samples were incubated with primary antibodies (γ-H2AX,

1:480), and the liver samples were incubated with primary antibodies
(NF-κB, 1:800; cleaved Caspase-3, 1:300), according to the manu-
facturers' instructions overnight at 4 °C. Negative controls were pro-
cessed without using the primary antibodies. The glass slides were then
washed and incubated with the biotinylated secondary antibody for 1 h
at 37 °C. After washing, they were incubated with 0.1% domain anti-
body (DAB) solution. Glass slides were washed in distilled water, de-
hydrated in alcohol, diaphanized in xylol, and mounted on Entelan® for
optic microscopy examination.

2.9. Immunofluorescence assay

Liver samples were placed on 4-μm paraffin sections using antigen
retrieval for 10min in 10mM citrate buffer and were then fixed in 4%
paraformaldehyde at −20 °C for 3min. After washing, sections were
permeabilized with 0.1% Triton X-100, exposed to the blocking solu-
tion, and incubated with primary antibodies NF-κB and cleaved
Caspase-3 at 4 °C overnight. After washing, sections were incubated
with secondary fluorescently labeled Dylight 594 antibodies for 45min.
Nuclei were stained using DAPI. Fluorescent images were taken using
an AX70 wide field microscope (Olympus).

2.10. Statistical analysis

Statistical analyses were performed by comparing treatment groups
with the control group using SPSS 15.0 software. Group differences
were assessed by one-way analysis of variance (ANOVA) followed by
the Tukey test. The Levene test was performed to examine variance
homogeneity. If variance was homogeneous, the data were subjected to
one-way ANOVA; if not, they were analyzed by Kruskal–Wallis non-
parametric ANOVA. The incidences of histopathological lesions and
tumor were evaluated with the Fisher exact test (Doi et al., 2006; Liu
et al., 2017a). A two-sided level of statistical significance was preset at
p < 0.05 or 0.01.

3. Results

3.1. Mortality, survival observation, and body weights

The survival data in the carcinogenicity study and body weights
over 13 weeks are presented in Fig. 2S. The body weights after 13
weeks are presented in Fig. 1S. No obvious clinical signs were found in
any group before 18 weeks. The death of rats was observed from week
18, and detailed information of accidental deaths is presented in
Table 2S. The numbers of accidental deaths during the study were 16,
10, 12, and 15 in control, M25, M55, and M110, respectively. The
numbers of survived rats in the MEQ-treated groups were slightly
higher than that in the control group (Fig. 2S). After pathological ex-
amination, the rats were found to have died due to hepatitis, pneu-
monia, uterus suppuration, or enteritis (Table 2S). Therefore, the cu-
mulative mortality was 18.2% (20/110), 12.7% (14/110), 14.5% (16/
110), and 17.3% (19/110) for control, and in the M25, M55, and M110
groups, respectively.

Forty rats (5 rats/group/sex) were euthanized at each of the time
points of 26, 52, and 78 weeks. Thus, the number of deaths and eu-
thanizations at weeks 26, 52, and 78 were 24 (9 + 15), 20 (5 + 15), 22
(7 + 15), and 24 (9 + 15) for the control group, M25, M55, and M110
female groups; and 26 (11 + 15), 24 (9 + 15), 24 (9 + 15), and 25
(10 + 15) for the control group, M25, M55, and M110 male groups,
respectively. Excluding accidental deaths and scheduled necropsy (26,
52, and 78 wk), the percentage of survival at final scheduled necropsy
(104 wk) was 56.4% (31/55), 63.6% (35/55), 60.0% (33/55), and
56.4% (31/55) for control, M25, M55, and M110 female groups, re-
spectively. For males, the percentage of survival at final scheduled
necropsy (104 wk) was 52.7% (29/55), 56.4% (31/55), 56.4% (31/55),
and 54.5% (30/55) for control, and M25, M55, and M110 groups,
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respectively.
Body weights in the MEQ female groups were lower than those in

the control group, except in the M55 female group at the 3rd, 12th, and
13th weeks. Body weights in female rats at the 9th week were
controls > M25 > M110 > M55. Excluding the aforementioned
weeks, body weights in female rats were
controls > M55 > M110 > M25. In male rats, body weights in the
control group were higher than those in the MEQ-treated groups at the
2nd to 11th and 13th weeks. The trend of body weight was
controls > M25 > M55 > M110 at 4th, 5th, 7th, and 10th weeks;
controls > M55 > M25 > M110 at 2nd, 3rd, and 8th weeks;
controls > M25 > M110 > M55 at 6th and 13th weeks. These re-
sults suggest that MEQ reduced the body weight of rats at tested con-
centrations.

3.2. Hematological examination

The hematological changes in the carcinogenicity study are pre-
sented in Fig. 3S. At the 26th week, a significant increase of RDW was
found in the M55 mg/kg male group. In female rats at the 52 ndweek,
markedly changed levels of WBC and MCHC were noted in all MEQ-
treated groups; a significant decrease in PLT was observed in M25 and
M110 groups. In male rats at the 52 ndweek, significant increases in
RBC, MCHC, PLT, and PCT were noted in all MEQ-treated groups; sig-
nificant increases in HCT and MPV were found in the M25 and M55
groups. At the 78th week, marked changes in WBC, RBC, and HGB were
noted in all MEQ female groups; significant increases in WBC and HCT
in the M25 and M55 groups, respectively, were found in both genders;
significant decreases in MCH, MCHC, PLT, and PCT were found in M25
male rats. A significant increase in PLT and a significant decrease in
MPV were observed in M25 and M110 female groups. A significant
change in MCH and PLT was observed in the M25 group. At the 104th
week, there was a significant decrease of MCHC in the M55 female
group and the M25 male group, respectively. A significant decrease of
MCV and significant increase of RDW were noted in the MEQ-treated
groups at the 104th week. A significantly changed WBC was found in
the M55 and M110 groups at the 104th week. A significantly decreased
PCT was found in the M110 group at the 104th week.

3.3. Biochemical changes

The biochemical changes in our carcinogenicity study are presented
in Fig. 4S. At the 26th week, significantly changed levels of GGT, GLU,
ALB, ALP, ALT, AST, and CRE were noted in M110 female rats; a sig-
nificant increase of TBA was observed in MEQ-treated male rats; sig-
nificant increases in GGT, GLU, ALB, ALP, AST, and CL− were noted in
M55 male rats.

At the 52 ndweek in female rats, significant increases in URE and
GGT were found in the MEQ-treated groups; significant changes of UA,
TP, ALP, ALT, TG, and CL− were observed in the M110 group. At the
52 ndweek in male rats, significant changes of UA, ALB, ALP, LDHD,
and ALT were noted in the M110 group. In the M55 and M110 groups at
the 52th week, there were significant changes of URE, GLU, and TP in
the male rats, and a significant increase of URE in the female and male
rats. At the 78th week, compared with the control group, there were
significant increases in TCHO and ALB in the female groups, and sig-
nificant changes of TCHO and TP in the MEQ-treated male groups. In
the M55 and M110 groups at the 78th week, significant increases in
ALP and TBIL were observed in female rats, and significant increases in
TBIL and GLU in male rats, respectively. In M110 at the 78th week,
there were significant changes of GLU and TP in female rats, and sig-
nificant increases in ALP and CRE in male rats.

Compared with controls, a significant increase of AST was noted in
both genders at the 104th week. In females, significant increases in ALB
and TBA, and significant decreases in TG and Ca2+, were found in the
M110 group at the 104th week; significant increases in GLU and a

significant decrease in TP were noted in the M55 group at the 104th
week. In males, there was a significant decrease of TP, and significant
increases in CRE, TBA, and GLU in the M110 group at the 104th week; a
significant increase of LDHD was noted in the M55 group at the 104th
week.

3.4. Organ weights and relative organ weights

In the females, there was a significant decrease in heart weight in
the M110 group, and a significant decrease in liver and kidney weights
in the MEQ-treated groups at the 26th week (Fig. 5S). A significant
decrease in testis weight was noted in the M110 group at the 26th week.
There was a significant increase in adrenal weight, and significant de-
creases in liver, lungs, and kidney weights in the M110 female group at
the 52 ndweek (Fig. 5S). At the 78th week, significant increases in
heart and testis weight were observed in the M55 and M25 male groups,
respectively; significant decreases in kidney and adrenal weights were
found in the M55 female group; a significant decrease in brain weight
was noted in the M110 female group (Fig. 5S). In females at the 104th
week, significant decreases in spleen and brain weight, and significant
decrease in kidney weight were observed in the MEQ-treated groups
and the M110 group, respectively (Fig. 5S). In the males at the 104th
week, there were significant increases in heart and liver weight in the
M25 and M55 groups; significant increases in spleen and adrenal
weights in the M55 group; and significant decreases in lung and kidney
weights in the M25 group (Fig. 5S).

In females at the 26th week, we found a significant increase in the
relative organ weight of the brain and a significant decrease in the
relative organ weight of the liver in the M110 and M25 groups, re-
spectively. A significant decrease in relative organ weights of the
adrenal glands was found in M110 male rats at the 26th week (Fig. 6S).
A significant decrease in the relative organ weight of lungs in the M55
and M110 groups, and significant decreases in relative organ weights of
the liver and adrenal glands in the M110 group were observed in female
rats at the 52 ndweek (Fig. 6S). A significant increase of relative organ
weight of the brain in the M25 group, and significant increases in re-
lative organ weight of the adrenals and testis in the M110 group were
noted in male rats at the 52 ndweek (Fig. 6S). In the M55 group at the
78th week, a significant decrease in relative organ weight of adrenals
was found in male rats, whereas significant decreases in relative organ
weight of the kidneys and adrenals were noted in female rats (Fig. 6S).
At the 104th week, a significant increase in relative organ weight of the
lungs was observed in the M25 male group (Fig. 6S). In females, there
were significant decreases in relative organ weights of the spleen and
brain in all MEQ-treated groups at the 104th week, and a significant
decrease of relative organ weight of the kidney was observed in the
M55 and M110 groups at the 104th week (Fig. 6S).

3.5. MEQ induced toxicity to liver, kidney, adrenal gland, and testis in rats

At the 26th week, no obvious pathological findings were observed in
the M25, M55, and control groups, whereas slight enlargement of liver
cells occurred in some rats in the M110 group. At the 52nd, 78th, and
104th weeks, significant histopathological changes in liver, kidney,
adrenal gland, and testis were observed in the MEQ-treated groups. At
scheduled necropsy (104th week), dilatation and vacuolization of the
central hepatic sinus with a large number of blood cells, proliferation of
bile duct, neutrophilic infiltrate, and degeneration and necrosis of he-
patic cells were observed in the liver of rats in the MEQ-treated groups
(Fig. 2); aggregation of lymphocyte cells and infiltration of melanocytes
in renal interstitial; degeneration and necrosis of renal tubular epithe-
lial cells; formation of protein casts in tubular lumen; and expansion of
glomerular capillaries were found in kidney in the MEQ-treated groups
(Fig. 2). Vacuolization of cytoplasm in adrenocortical cells; formation
of a large cystoid structure filled with a thin protein-like substance in
deep cortex of adrenocortical and medulla; massive haemorrhage and
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congestion of medulla and melanocytic infiltration in medullary cells in
the adrenal gland were found in the MEQ-treated groups (Fig. 2). A
large expanse of vascular cavity filled with red cells or edema fluid in
the center of testis; residual outline of convoluted tubules; cell pro-
liferation around peripheral blood vessel; vacuolization and decreased
number of spermatogenic cells in the lumen; as well as necrosis of
spermatogonia and spermatocytes were noted in the testis in the MEQ-
treated groups (Fig. 2).

3.6. MEQ induced carcinogenicity in rats

The neoplastic findings and neoplasm incidence are presented in
Table 1. In this carcinogenicity study, the total number of surviving rats
was 371, including 181 males and 190 females. The number of sur-
viving rats at final scheduled necropsy was 60, 66, 64, and 61 in con-
trol, M25, M55, and M110 groups, respectively. The rat tumors were
mainly of eight types, including hepatocarcinoma (Fig. 3A), breast
cancer (Fig. 3B), corticosuprarenaloma (Fig. 3C), hemangioma
(Fig. 3D), brain cancer (Fig. 3E), pulmonary mesothelioma (Fig. 3F),
mesonephroid carcinoma of the ovary (Fig. 3G), and melanoma
(Fig. 3H).

3.7. MEQ induced apoptosis, γ-H2AX formation, and activation of the NF-
κB pathway

TUNEL staining was conducted to investigate apoptosis of the liver
induced by MEQ, which showed that obvious apoptosis was found in
the MEQ-treated groups (Fig. 4). Cleaved caspase-3 is a well-char-
acterized cell apoptotic marker; the protein level of cleaved Caspase-3
was detected by immunofluorescence assay (Fig. 5), indicating that
compared with the control group, treating with MEQ caused increased
cleaved Caspase-3 expression. In addition, immunofluorescence assay
suggested that the protein level of NF-κB was increased in the MEQ-
treated groups (Fig. 5). Taken together, these results suggested that

apoptosis and NF-κB pathway are associated with liver toxicity induced
by MEQ.

γ-H2AX formation in hepatocarcinoma, hemangioma, pulmonary
mesothelioma, and corticosuprarenaloma of rats was investigated by
immunohistochemistry (Fig. 6). γ-H2AX-positive cells with character-
istic intranuclear dot-like foci were distributed in tumor tissues,
whereas γ-H2AX formation was rarely observed in the control groups.
Through quantitative analysis (Fig. 6), we found that MEQ induced
significant increases in the expression of γ-H2AX in hepatocarcinoma,
hemangioma, pulmonary mesothelioma, and corticosuprarenaloma
compared with controls. This finding demonstrated that DNA damage
was involved in carcinogenicity induced by MEQ.

4. Discussion

MEQ is a synthetic antibacterial agent widely used in livestock be-
cause of strong inhibitory activity against both gram-positive and gram-
negative bacteria (Li et al., 2014; Liu et al., 2016; Wu et al., 2012).
General toxicity studies demonstrated that MEQ induced toxicity to
adrenal (Huang et al., 2009), testis (Ihsan et al., 2011; Liu et al., 2017c,
d), kidney, and liver (Huang et al., 2010a; Liu et al., 2017b). The mu-
tagenic and carcinogenic potential restricts the wide use of QdNOs as a
pharmaceutical building block. For example, CBX (WHO, 1991a) and
OLA (WHO, 1991b) had been prohibited in food-producing animals due
to mutagenic and carcinogenic effects (Liu et al., 2016; Wu et al., 2007).
A recent study showed that MEQ induced genotoxicity and carcino-
genicity in mice (Liu et al., 2018a). These findings suggest that chronic
exposure to MEQ could place people at increased risk of cancer later in
life. In the present study, MEQ induced an adverse effect on hema-
tology, liver, kidneys, and adrenal glands as well as the developmental
and reproductive system. MEQ increased tumor incidence and γ-H2AX
formation in rats. In addition, apoptosis and the NF-κB pathway were
associated with liver toxicity mediated by MEQ. Our study found that
MEQ was a genotoxic carcinogen to rats.

Fig. 2. Selected microphotographs of liver, kidney, adrenal
gland and testis following dietary exposure to MEQ in the
carcinogenicity tests (400× , 200× , 100× ). (A) Liver
from the M110 mg/kg group showing dilatation and vacuo-
lization of the central hepatic sinus with a large number of
blood cells and the proliferation of bile duct (100× ); (B)
Liver from the M55 mg/kg group showing aggregation of
lymphocyte into a group and necrosis of hepatic cells
(200× ); (C) Liver from the M25 mg/kg group showing
neutrophilic infiltrate, and swelling and degeneration of he-
patic cells (400× ); (D) Liver from the control group
(200× ); (E) Kidney from the M110 mg/kg group showing
aggregation of lymphocyte cells and infiltration of melano-
cytes in renal interstitial (100× ); (F) Kidney from the M55
showing degeneration and necrosis of renal tubular epithelial
cells (200× ); (G) Kidney from the M25 mg/kg group
showing formation of the protein casts in the tubular lumen
and expansion of the glomerular capillaries (400× ); (H)
Kidney from the control group (200× ); (I) Adrenal gland
from the M110 mg/kg group showing vacuolization of cy-
toplasm in adrenocortical cells, formation of a large cystoid
structure filled with a thin protein like substance in the deep
cortex of adrenocortical and medulla (100× ); (J) Adrenal
gland from the M55 showing massive haemorrhage and
congestion of the medulla (200× ); (K) Adrenal gland from
the M25 mg/kg group showing melanocytic infiltration in
medullary cells (400× ); (L) Adrenal gland from the control
group (200× ); (M) Testis from the M110 mg/kg group
showing a large expanse of the vascular cavity filled with red

cells or edema fluid in the center of the testis, and residual the outline of convoluted tubules (100× ); (N) Testis from the M55 mg/kg group showing cell
proliferation around peripheral blood vessel (200× ); (O) Testis from the M25 mg/kg group showing necrosis of spermatogonia and spermatocytes in the lumen
(200× ); (P) Testis from the control group (400× ). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Q. Liu, et al. Food and Chemical Toxicology 127 (2019) 270–279

274



In the hematopoietic system, significant changes in hematological
parameters of WBC, MCV, MCHC, RDW, and PCT were noted in the
MEQ-treated groups at the 104th week, indicating that MEQ caused an
adverse effect on the hematopoietic system in rats. However, hemato-
logical toxicity was not observed in rats after exposure to MEQ for 90
days (Ihsan et al., 2010). In the present study, there was only one
parameter of RDW that significantly increased in the M55 male group at
the 26th week, indicating that hematological toxicity increased with
prolongation of MEQ administration. The current study suggests that
the hematological system might be the target of MEQ after chronic

exposure in rats. It was found that liver is one of the main target organs
for toxicity mediated by CYA (Liu et al., 2018c), QCT (Liu et al., 2017c),
and MEQ (Ihsan et al., 2010). The centrilobular liver cell necrosis,
disorganized hepatic cord pattern, and cellular swelling were caused by
MEQ in rats (Ihsan et al., 2010) and mice (Liu et al., 2017b). In the
present study, significantly changed levels of ALB, AST, and CRE, as
well as liver weights, were observed in week 104 in the MEQ-treated
groups. These observations demonstrated that MEQ might be harmful
to the liver. Histopathological examination indicated dilatation and
vacuolization of the central hepatic sinus, proliferation of the bile duct,

Table 1
Neoplastic findings and neoplasm incidence in carcinogenicity study of mequindox in rats.

Females Control (n= 46) M25 (n= 50) M55 (n= 48) M110
(n= 46)

Brain
Ependymal tumor 0 (0.0%) 0 (0.0%) 1 (2.1%)∗ 0 (0%)

Liver
Hepatocarcinoma 2 (4.3%) 8 (16.0%)∗ 9 (18.8%)∗ 8 (17.4%)∗

Spleen
Splenic hemangioma 1 (2.2%) 5 (10.0%)∗ 6 (12.5%)∗ 8 (17.4%)∗

Lung
Pulmonary mesothelioma 0 (0.0%) 6 (12.0%)∗ 6 (12.5%)∗ 5 (10.9%)∗

Adenocarcinoma 2 (4.3%) 5 (10.0%)∗ 7 (14.6%)∗ 4 (8.7%)∗

Uterus
Uterine leiomyoma 1 (2.2%) 4 (8.0%)∗ 6 (12.5%)∗ 4 (8.7%)∗

Ovary
Mesonephroid carcinoma 0 (0.0%) 7 (14.0%)∗ 8 (16.7%)∗ 7 (15.2%)∗

Subcutaneous
Melanoma 0 (0.0%) 5 (10.0%)∗ 4 (8.3%)∗ 6 (13.0%)∗

Breast fibroadenoma, 6 (13.0%) 10 (20.0%)∗ 9 (18.0%)∗ 8 (17.4%)∗

Breast Tumor 1 (2.1%) 5 (10.0%)∗ 7 (14.6%)∗ 14 (29.2%)∗

Adrenal gland
Corticosuprarenaloma 0 (0%) 9 (18.0%)∗ 6 (12.5%)∗ 8 (17.4%)∗

Males Control (n= 44) M25 (n= 46) M55 (n= 46) M110 (n= 45)
Liver
Hepatocarcinoma 3 (6.8%) 11 (23.9%)∗ 9 (19.6%)∗ 8 (17.8%)∗

Spleen
Splenic hemangioma 2 (4.5%) 6 (13.0%)∗ 7 (15.2%)∗ 7 (15.6%)∗

Testis
Melanoma 4 (9.1%) 8 (17.4%)∗ 10 (21.7%)∗ 14 (31.1%)∗

Lung
Pulmonary mesothelioma 1 (2.3%) 6 (13.0%)∗ 8 (17.4%)∗ 9 (20.0%)∗

Adenocarcinoma 2 (4.5%) 10 (21.7%)∗ 9 (19.6%)∗ 11 (24.4%)∗

Subcutaneous
Melanoma 2 (4.5%) 8 (17.4%)∗ 7 (15.2%)∗ 9 (20.0%)∗

Intestinal
Colon cancer 1 (2.3%) 1 (2.2%) 2 (4.3%) 0 (0%)

Adrenal gland
Corticosuprarenaloma 0 (0.0%) 9 (19.6%)∗ 13 (28.3%)∗ 10 (22.2%)∗

Note: ∗Significantly different from control group at p < 0.05 by Fisher exact test.
M, mequindox; M25, 25mg/kg diet; M55, 55mg/kg diet; M110, 110mg/kg diet.

Fig. 3. Selected microphotographs of the identified neoplasm in the MEQ treated groups in the carcinogenicity study (400× ). (A) Hepatocarcinoma; (B) Breast
cancer; (C) Corticosuprarenaloma; (D) Haemangiomas; (E) Brain cancer; (F) Pulmonary mesothelioma; (G) Mesonephroid carcinoma of ovary; (H) Melanoma.
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neutrophilic infiltrate and degeneration and necrosis of hepatic cells in
the liver of rats in the MEQ-treated groups at the 104th week. In TUNEL
staining analysis, obvious apoptosis was noted in the livers treated with
MEQ. Cleaved Caspase-3 is a well-characterized cell apoptotic marker.
NF-кB is reported to be involved in immunological and cellular detox-
ifying defense systems (Prasad et al., 2010; Yu et al., 2014; Ze et al.,
2013). Our data indicated that MEQ invoked the expression of cleaved
Caspase-3 and NF-кB in liver. Thus, our results not only confirmed the
earlier finding that liver was a toxic target of MEQ, but also showed that
apoptosis and the NF-кB pathway were involved in liver toxicity
mediated by MEQ (Liu et al., 2017b; Ihsan et al., 2010).

The changed concentration of BUN is associated with the function of
the kidneys and adrenal glands (Huang et al., 2010a, b). MEQ damaged
the adrenal glands with decreased aldosterone concentration in plasma
(Huang et al., 2010a) and reduced the output of adrenal aldosterone
(Huang et al., 2010b). Previous studies reported adrenal toxicity in rats
after administration of MEQ (Huang et al., 2009, 2010a; Ihsan et al.,
2010). In the present study, a significant change in BUN in the 104th
week was noted in the MEQ-treated groups, indicating that chronic
injury in the kidneys and adrenal glands occurred. Histopathological
changes in the kidneys and adrenal glands were also found in the MEQ-
treated groups. Earlier studies found that MEQ led to obvious histolo-
gical changes in the liver (Liu et al., 2017a), kidney (Liu et al., 2018b),
and adrenal gland (Huang et al., 2009). Recently, we found that MEQ
and its primary metabolites, N1-MEQ and B-MEQ, exhibited adrenal
toxicity in H295R cells (Wang et al., 2016). Taken together, our data
indicated that the liver, kidneys, and adrenal glands were the main
target organs for MEQ in vivo.

In recent studies, a few toxicity-linked parameters, such as serum
urea, Caspase-8, and GSH, were changed by MEQ in a non-dose-de-
pendent manner (Liu et al., 2018b). The toxicity of MEQ to Na

concentration and relative brain weight in F1 rats were not dose-de-
pendent (Liu et al., 2018a). These findings suggested hormesis in the
toxicity induced by MEQ. In the present study, most of the indicators
had no dose- and time-dependent changes in the hematological ex-
amination, biochemical changes, or organ weights, and the hormesis
was suspected to account for these results.

Much evidence suggested that CBX and OLA had developmental and
reproductive toxicities (Ihsan et al., 2013a; Liu et al., 2017c; WHO,
1991a, b). After exposure to CBX at 25mg/kg/day, a teratogenic effect
and significant decrease in fetal and maternal body weights were ob-
served in rats (Yoshimura, 2002). OLA (5mg/kg b.w./day) caused toxic
effects in the testes of rats (WHO, 1991b). In addition, MEQ was found
to damage the integrity of the blood-testis barrier (BTB) and inhibit
spermatogenesis in mice (Liu et al., 2017c, d). In this study, significant
histopathological alterations of testis, uterus, and ovary were observed
in the MEQ-treated groups, indicating that MEQ had an adverse effect
on the developmental and reproductive system. The present study is the
first to report uterus and ovary toxicity induced by MEQ, and the exact
molecular mechanism should be investigated. Histopathological ex-
amination showed serious lesions in the testis of rats, including va-
cuolization and decreased number of spermatogenic cells in the lumen,
cell proliferation around peripheral blood vessels mixed with a large
number of blood cells, and necrosis of spermatogonia and spermato-
cytes in the lumen. Regarding the mechanisms of testis toxicity, it was
illustrated that oxidative stress, mitochondrion dysfunction, and
demolished integrity of BTB were all involved in the reproductive
toxicity mediated by MEQ in vivo (Liu et al., 2017c, d). Due to serious
testis damage in rats, further study is undeniably required to clarify the
adverse effect of MEQ on the fertility of animals.

As reported, CBX and B-CBX had genotoxic and carcinogenic effects
(Ihsan et al., 2013b, c; Zhao et al., 2014). A treatment-related increase

Fig. 4. TUNEL staining of liver tissue. Cell nuclei
(Blue), TUNEL-positive cells (Green). (Scale
bar= 50 μm). The green spots represent TUNEL-po-
sitive cells. (A) The liver from control group showing
normal cells; (B, C and D) the livers from MEQ
treated groups showing tissue lesion and apoptosis.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web ver-
sion of this article.)

Fig. 5. Immunofluorescence for NF-κB and cleaved -
caspase 3 (Scale bar= 50 μm). Blue spots represent
cell nuclei, green spots represent NF-κB staining and
red spots represent cleaved - caspase 3 staining. The
integrated option density (IOD) of DAPI was used as
an internal control. A indicates the liver from the
control group, and the B, C and D indicate the livers
from M25, M55 and M110 groups, respectively. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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in total tumors was found in rats and, interestingly, the lower tumor
incidence was noted in the high-dose group of CBX (Stebbins and
Coleman, 1967). It was suggested that hepatic injury was involved in
observed nodular hyperplasia after treatment with CBX. In another
study, CBX caused a large number of tumors (Sykora and Vortel, 1986).
B-CBX was a potent hepatocarcinogen in rats and induced a dose-re-
lated increase in tumors, including hepatic tumors, subcutaneous fi-
bromas, hemanigiomas, and mammary tumors (Reinert, 1976). B-CBX
yielded positive responses in a cell transformation test on BALB/C Swiss
3T3 and caused chromosomal damage in rat bone marrow (Pfizer,
1975). Both CBX and B-CBX were confirmed as carcinogens that act by
a genotoxic mechanism (JECFA, 2003). In the present study, increased
tumor incidence was noted in the MEQ-treated groups when compared
with the control group. The tumors were mainly of eight types, in-
cluding hepatocarcinoma, breast cancer, corticosuprarenaloma, he-
mangioma, brain cancer, pulmonary mesothelioma, mesonephroid
carcinoma of the ovary, and pigmented tumor. These results confirmed
MEQ as a carcinogen in rats.

Phosphorylation of histone H2AX at serine 139 (producing γ-H2AX)
is a well-established biomarker of DNA double-strand breaks (DSB)
(https://www.ncbi.nlm.nih.gov/pubmed/?term=Azzar%C3%A0%
20A%5bAuthor%5d&cauthor=true&cauthor_uid=28714549.Azzarà
et al., 2017; Scarpato et al., 2011; https://www.ncbi.nlm.nih.gov/
pubmed/?term=Toyoda%20T%5bAuthor%5d&cauthor=true&
cauthor_uid=29143974.Toyoda et al., 2018; Redon et al., 2011). The
number of γ-H2AX foci reflects approximately the number of nuclear
DSB formed, and thus, γ-H2AX has been used in genotoxicity screening
for chemical materials (Khoury et al., 2016; Nikolova et al., 2014). γ-
H2AX surrounds the site of DSB (γ-H2AX foci), leading to aggregation
of repair proteins, and this process can be microscopically detected by
immunohistochemistry (Redon et al., 2012; https://www.ncbi.nlm.nih.
gov/pubmed/?term=Toyoda%20T%5bAuthor%5d&cauthor=true&
cauthor_uid=29143974.Toyoda et al., 2018). Therefore, im-
munostaining of γ-H2AX is a useful tool to predict genotoxicity of
chemicals (Nagelkerke and Span, 2016; Thompson et al., 2015; Toyoda
et al., 2015). In the present study, γ-H2AX-positive cells were detected

in the hepatocarcinomas, corticosuprarenalomas, hemangiomas, and
pulmonary mesotheliomas, indicating that MEQ exhibited genotoxicity
in rats. Previous studies suggested that MEQ and its metabolites in-
duced DNA strand breaks in HepG2 cells (Wang et al., 2015). MEQ
increased micronucleus formation and caused chromosomal aberrations
in V79 cells (Liu et al., 2016). Thus, our data illustrated that γ-H2AX
formation might be responsible for carcinogenesis in rats, and further
investigation is absolutely required to clarify the exact molecular me-
chanisms for carcinogenicity of MEQ in vivo.

A recent study found that B-MEQ and N1-MEQ were genotoxic in a
set of four different short-term tests (Liu et al., 2016). Hydrazine was a
possible metabolite derived from cleavage of the CBX side chain. Oral
administration of hydrazine produced a 100% incidence of lung tumors
in Balb/c female mice at 1.13mg/day for 46 weeks (Biancifiori and
Ribacchi, 1962). In another study on Swiss mice, hydrazine induced
46% incidence of lung tumors versus 10% in controls (Roe et al., 1967).
Quinoxaline-2-carboxylic acid (QCA) and methyl carbazate, another
two primary metabolites of CBX, were reported to be non-carcinogens
(JECFA, 2003; WHO, 1991a,b). No treatment-related genotoxicity or
carcinogenicity was observed on QCA (Pfizer, 1975) and methyl car-
bazate (JECFA, 2003). OLA resulted in pulmonary adenoma and
adrenal cortical adenoma in males, and pulmonary adenoma and
ovarian granulosa cell tumors in females at 360mg/kg in the diet
(Steinhoff and Gunselmann, 1982). Benign fibromas of the skin were
observed in Wistar rats after administration of OLA (400mg/kg diet)
for 78 weeks (Wang et al., 2011). CYA was not found to be genotoxic in
mammalian cells (Liu et al., 2016), and also non-carcinogenic in
Sprague-Dawley rats (Liu et al., 2017a). Considering the same qui-
noxaline ring presented in QdNOs, it was suspected that the side chains
might play a critical role in genotoxicity and carcinogenicity of QdNOs.
Further study should be conducted to find the origin of structure-gen-
otoxicity and structure-carcinogenicity relationships of QdNOs, which
would enable us to find ways to hinder a particular chemical event that
leads to a formation of genotoxic and carcinogenic products.

Fig. 6. The protein expression of γ-H2AX was detected by immunohistochemical assays (Scale bar= 50 μm). The positive reaction of anti-γ-H2AX antibody was
brown. (A–D) Areas of hepatocarcinoma, haemangiomas, pulmonary mesothelioma and corticosuprarenaloma in the MEQ treated groups showing several brown-
colored γ-H2AX-positive nuclei. (E–H) Areas of liver, spleen, lung and adrenal gland showing only blue-stained γ-H2AX-negative nuclei. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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