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producing animals. The aim of this study was to compare the pharmacokinetics of CYA (Cy0) and its main
metabolites [bisdeoxycyadox (Cyl), 4-desoxycyadox (Cy2), N-(quinoxaline-2-methyl)-cyanide acetyl hydrazine
(Cy4), quinoxaline-2-carboxylic acid (Cy6), and 2-hydromethyl-3-hydroxy-quinoxaline (Cy12)] after oral
administration at three dosages in pigs, chickens, carps, and rats. The concentration vs. time profile in plasma
after single oral administration indicated that CYA was rapidly dissociated into its metabolites and showed the
widest distribution in all animals, with the highest apparent volume of distribution. Cy0 and Cy6 persisted for the
longest time at lower concentration. Cyland Cy4 concentration was the highest in pig and rat plasma, while Cy1
was undetectable in chickens, and Cy4 was undetectable in carps following administration at three dosages.
Different dosage of the CYX and its metabolites had no significant effect on wash-out period. This study revealed
obvious species-specific differences in the kinetic behavior of CYA and its metabolites, which may be related to

clinical efficacy and toxicity. Our results would facilitate the judicious use of CYA in different animals.

1. Introduction

Quinoxaline 1, 4-di-N-oxides (QdNOs) are known as excellent anti-
bacterial agents. Olaquindox and carbadox are important members of
the QdNOs and were widely used as veterinary medicines in animals for
decades (Wang et al., 2015a). Mequindox, another member of this class,
is an effective therapeutic drug for piglet diarrhea and has been used in
pigs and chickens in China since the 1980s (Ihsan et al., 2010, 2013;
Huang et al., 2015a). However, the use of these agents in food-producing
animals had been banned or limited in many countries owing to their
potential toxicity. Cyadox (CYA, Fig. 1), 2-formylquinoxaline-N1,
N4-dioxide cyanoacetylhydrazone, is also a synthetic quinoxaline de-
rivative, and previous studies have found that CYA is a safer and
effective antibacterial agent of QdNOs with much lower toxicity in

animals than other members of this class (Wang et al., 2015b; Liu et al.,
2017; Fang et al., 2006; He et al., 2006). Therefore, it has been regarded
as a potential replacement of olaquindox and carbadox, and many re-
searchers predicted that CYA has the prospect of being used in livestock
and poultry breeding (Ding et al., 2006a, 2006b; Cheng et al., 2016).
Knowledge on the pharmacokinetic properties of a parent drug and
its important metabolites is necessary for comprehensive evaluation of
the corresponding kinetic processes. During the drug development
process, failures are often attributed to the adverse pharmacokinetic
properties of the tested compounds. Comparative pharmacokinetic
studies help to explain differences in absorption and disposition pro-
cesses that may cause species variations in animal responses to fixed
dosages of a drug (Baggot, 1992; Lin and Lu, 1997). Some studies (Zhao
et al., 2013; Li et al., 2013; Sattar et al., 2016; Harnud et al., 2018;
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Huang et al., 2018) have described the pharmacokinetics and elimina-
tion characteristics of CYA and its main metabolites in swine, chicken,
and beagle dog following administration via different routes. However,
these studies mainly focused on the pharmacokinetics and elimination
characteristics of CYA and few of its known metabolites, namely 1,4-bis-
desoxycyadox, quinoxaline-2-carboxylic acid, and 4-desoxycyadox, at
same dosage. Moreover, a comprehensive evaluation of CYA and its
important metabolites at different dosages in different animals has not
been conducted. Therefore, further complete comparative pharmacoki-
netic studies are necessary to scientifically evaluate the rational use of
CYA in food-producing animals.

In vitro and in vivo experiments have revealed that CYA could be
extensively metabolized in rats, pigs, chicken, and carps (Liu et al.,
2009; Zhao et al., 2013; Huang et al., 2015b). The metabolism process
involves N-O group reduction, C=N cleavage, hydrogenation, and hy-
drolysis on the side chain, resulting in a total of 15 metabolites following
a single oral gavage of [°H]-CYA (Huang et al., 2015b). Zheng et al.
showed that CYA can be metabolized through both enzymatic and
non-enzymatic pathways in both the liver and gastrointestinal tract
(Zheng et al., 2011). Among the 11 metabolites found in plasma, the
most common metabolites were 1,4-bisdesoxycyadox (Cyl), 4-desoxy-
cyadox (Cy2), N'-(quinoxaline-2-methyl)-cyanide acetyl hydrozine
(Cy4), quinoxaline-2-carboxylic acid (Cy6), and 2-methylol-1-oxide
(Cyl2) (Fig. 1). Furthermore, different analytical techniques have
been employed for the qualitative and quantitative determination of
CYA and its main metabolites in various biological specimens (Huang
et al., 2008, 2018; Wu et al., 2012; Zhao et al., 2013). However, few of
these reported methods were optimized to simultaneously quantify a
mixture of CYA and its metabolites in plasma. Some studies have re-
ported the metabolism, pharmacological effects, and residue depletion
of the metabolites of CYA (Qiu et al., 2012; Li et al., 2013; Yang et al.,
2015; Wu et al., 2012; Huang et al., 2015a), revealing that certain me-
tabolites have a potential toxic effects and should be considered together
with the parent drug for food safety concerns. Pharmacokinetic pa-
rameters are used to predict drug residues in food-producing animals.
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Hence, the pharmacokinetic profile of the main metabolites of CYA
should also be considered in determining the pharmacokinetic param-
eters of CYA in animals.

The present study investigated the pharmacokinetics of CYA and its
metabolites (Cy1, Cy2, Cy4, Cy6, and Cy12) in rats, pigs, chickens, and
carps after oral administration at three different dosages for thorough
and comprehensive evaluation of the kinetic processes of CYA and its
main metabolites. The findings of this study will provide knowledge on
the effect of dose and species on the pharmacokinetics of CYA and its
metabolites. Such data will be essential to support the judicious use of
CYA as an antibacterial agent in food-producing animals.

2. Material and methods
2.1. Chemicals and reagents

CYA (Cy0; 99.8%, for plasma drug concentration analysis; 299.0%,
for drug administration), 1,4-bisdesoxycyadox (Cy1, 99.5%), 4-desoxy-
cyadox (Cy2, 99.3%), N'-(quinoxaline-2-methyl)-cyanide acetyl hydro-
zine (Cy4, 99.2%), quinoxaline-2-carboxylic acid (Cy6, 99.6%), and 2-
methylol-1-oxide (Cy12, 99.5%) were synthesized by the Institute of
Veterinary Pharmaceuticals (Wuhan, China). HPLC-grade methanol,
acetonitrile, and formic acid were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). Purified water was produced using the Milli-Q
water purification system from Millipore, Inc. (Bedford, MA, USA). All
other reagents used in this study were of analytical grade and purchased
in China.

Compounds were dissolved in DMSO to obtain standard solutions
(1000 mg/L). Working solutions were prepared via dilution in methanol
(all 10 mg/L, except for Cy4: 20 mg/L). All stock solutions were pre-
pared in brown glass vials, stored in darkness at —20 °C, and tested
weekly for investigation of stability. The stock solutions were shown to
be stable for 3 months, with a slight change of 1.34% in content.
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Fig. 1. Molecular structures of cyadox and its 5 main metabolites.
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2.2. Animals

Male and female Wistar rats (weight 225 + 18 g) were purchased
from Hubei Experimental Animal Research Center (Wuhan, China).
Healthy castrated cross-bread (Duroc x Landrace x Large White) pigs
(weight 34.6 + 5.5 kg) were purchased from the China Breeding Pigs
Test Center (Wuhan, China). Male and female Avian chickens (weight
2.0 + 0.2 kg) were purchased from Wuhan Chai Tai Co., Ltd. (Wuhan,
China). Healthy carp (weight 450 + 30 g) were purchased from Aquatic
Base in Huazhong Agricultural University (Wuhan, China). The animals
were fed a basal diet without antimicrobial agents/compounds and
acclimatized for 1 week before the experiment, and were maintained
under standard environmental conditions using the routine methods of
animal husbandry and aquaculture. Rats, pigs, and chickens were
housed in a temperature-controlled room (20 + 2 °C) with a 12-h light/
dark cycle, and maintained at a relative humidity of 40-70%. Carps
were held in the same temperature-controlled room (20 + 2 °C), and
water-quality parameters were maintained at total ammonia nitrogen of
no more than 0.8 mg/L, nitrite nitrogen of no more than 0.04 mg/L, pH
7.8-8.0, and 8-10 mL/L dissolved oxygen. Throughout the study period,
feed was withheld approximately 12 h before to 4 h after drug admin-
istration, whereas water was available ad libitum. The experimental
procedures involving animals in this study were approved by the Animal
Care Center, Hubei Academy of Medical Sciences (Wuhan, China). All
the in vivo experiments complied with the policy on the care and use of
laboratory animals of the National Institutes of Health.

2.3. Dosing and sampling

A randomized parallel design was used for the study. A total of 90
rats, 24 pigs, 30 chickens, and 180 carps were divided into three groups
on average. According to the recommended dosage, CYA was adminis-
tered p. o. via gavage at dosages of 100, 300, and 500 mg/kg bw for rats;
10, 40, and 100 mg/kg bw for pigs; 50, 100, and 200 mg/kg bw for
chickens; and 10, 20, and 40 mg/kg bw for carps. Next, 0.5 mL of blood
samples were collected from the retinal vein of the rats via venipuncture
into tubes containing heparin before drug administration and at 10 min,
20 min, 30 min, 45 min, 1 h,2h,4h,6h,8h,12h,18 h,24 h,and 36 h
after p. o. administration. For pigs, 3-4 mL of blood samples were
collected from the superior vena cava via venipuncture into tubes con-
taining heparin before drug application and at 10 min, 30 min, 1 h, 2 h,
4h,5h,6h,7h,8h,10h, 12 h, 16 h, 24 h, 36 h, and 48 h after p. o.
administration. For chickens, 2 mL of blood samples were collected from
the brachial vein into tubes containing heparin before drug adminis-
tration and at 10 min, 20 min, 30 min, 45 min, 1 h,1.5h,2h,3h,4h,5
h, and 6 h after p. o. administration. For carps, 3 mL of blood samples
were collected from the tail vein into tubes containing heparin before
drug administration and at 15 min, 30 min, 1 h, 1.5h,2h,4h, 6 h, 8h,
10 h, 12 h, 16 h, and 24 h after p. o. administration. Six parallel data at
different time points were obtained. All blood samples were centrifuged
at 3000 r/min for 10 min at room temperature (25 °C). The separated
plasma samples were kept at —20 °C until HPLC analysis.

2.4. Sample preparation

Briefly, 1.0 mL of pig, chicken, or carp plasma, or 0.2 mL of rat
plasma was placed in a 10-mL polypropylene centrifuge tube, and 200
pL 2% (v/v) metaphosphoric acid and 2 mL methanol were added to the
tube. The mixture was vortex-mixed for 2 min and centrifuged for 10
min at 15000xg. The supernatants were collected into another 50-mL
polypropylene centrifuge tube and diluted five times. Next, the pH of
the supernatant was adjusted to 4 or 5, and the mixture was vortex-
mixed for 10 s. Final clean-up of the extracts was performed by offline
SPE on an Oasis HLB cartridge. The SPE column [mixed mode anion-
exchange columns-Oasis HLB sorbent (60 mg, 3 mL; Milford, MA,
USA)] was pre-conditioned with methanol (3 mL) and water (3 mL). All
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flow rates for conditioning and washing were set at 3 mL/min. The
entire extracts were loaded onto the SPE column at a flow rate of 1 mL/
min. The column was washed with 5% (v/v) methanol (3 mL) and
methanol (3 mL), and then dried by purging nitrogen at a rate of 10 mL/
min. Next, 500 pL of the initial mobile phase was added to dissolve the
residues, and the tube was vortex-mixed for 30 s. The solution was then
transferred to a tapered micro-vial for analysis.

For HPLC analysis, 0.2 mL of rat plasma was added into a 1.5-mL
polypropylene centrifuge tube and deproteinized by vortex-mixing
each sample with MeOH (0.1 mL) and acetonitrile (0.1 mL) for at least
2 min. The samples were then centrifuged (15000xg, 4 °C, 10 min), and
the supernatant was collected.

2.5. HPLC conditions

The HPLC system consisted of a Waters 2695 separations module and
2487 dual A absorbance detector (Waters Co., Ltd, USA). A ZORBAX SB-
C18 column (250 mm x 4.6 mm LD., 5 pm; Agilent Technology, USA)
was used for separating CYA and its metabolites. The operating tem-
perature of the column was set at 30 °C. The injection volume was 40 pL.
The mobile phase consisted of A (water/acetic acid, 100/0.5, v/v) and B
(acetonitrile), and the flow rate was 1 mL/min. The UV detector was
operated at a wavelength of 320 nm. The gradient elution program of
the mobile phases for HPLC analysis is shown in Table 1.

2.6. Validation of the analytical method

Method validation followed the guidance for bioanalytical method
validation from the US Food and Drug Administration (FDA, 2018).
Selectivity was assessed by comparing the plasma samples spiked with
CyO0 and internal standard with blank samples.

Standard calibration curves were obtained by plotting concentration
(pg/L) against peak area. For calibration, 1.0 mL blank pig, chicken, or
carp plasma, or 0.2 mL blank rat plasma, was spiked with 20 pL of a
series of diluted working standard solutions of CYA and its metabolites
and then analyzed as above. Linearity was evaluated over the range of
0.01, 0.02, 0.04, 0.16, 0.32, 0.64, and 1.28 pg mL! (except for Cy4:
0.02, 0.04, 0.16, 0.32, 0.64, 1.28, and 2.56 pg mL™'). The limit of
quantification (LOQ) was investigated by analyzing five replicates of the
lowest concentration of the analyte with an acceptable accuracy and
precision (signal-to-noise ratio >3), and the limit of detection (LOD) was
determined as a concentration with a signal-to-noise ratio >10.

Precision and accuracy (intra- and inter-day) were assessed via
quantification of five replicates prepared at low (2.0 pg mL™'), medium
(10.0 pg mL™1), and high (50.0 pg mL™!) concentrations of each analyte.
Method precision and accuracy were both expressed as coefficient of
variation (CV%). Recovery was determined by comparing the peak area
ratio of extracted quality control samples with that of standard samples
at the same concentrations. Stability study evaluated three replicates of

Table 1
The gradient elution program of the mobile phases for HPLC analysis.

Animals Time (min) mobile phase
A B
Rat 0-4 86% 14%
5-26 86%-70% 14%-30%
26.01-30 86% 14%
Pig 0-5 86% 14%
5-21 86%-70%, 14%-30%
21.01-25 86% 14%
Chicken 0-5 85% 15%
5-26 85%-75%, 15%-25%
26.01-25 85% 15%
Carp 0-4 86% 14%
4-26 86%-75% 14%-25%
26.01-30 86% 14%
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quality control samples (2.0, 10.0 and 50.0 pg mL™}) at room temper-
ature or in an autosampler, and after three successive freeze and thaw
cycles. CYA and its metabolites were identified by matching their
retention time and spectral characteristics examined by the Photodiode
Array Detector (PDA) against those of standards.

2.7. Calculation of pharmacokinetic parameters and statistical analysis

Plasma concentration-time data of CYA and its metabolites were
analyzed using a non-compartmental model based on statistical moment
theory (Cutler, 1978; Yamaoka et al.,, 1978; Devane, 2010). A
commercially available software program (Winnonlin 6.1; Pharsight
Corporation, CA, USA) was used to estimate the pharmacokinetic pa-
rameters. The maximum plasma concentration (Cpax) and the time to
reach this concentration (Tpax) Were taken directly from the plasma
concentration-time profiles. The area under the concentration-time
curve (AUC.o,) and the area under the first moment curve (AUMCy.,)
were calculated using the linear/logarithmic trapezoidal rule up to the
last determined concentration, and were extrapolated to infinity
(Devane, 2010). The first order rate constant associated with the ter-
minal (log-linear) portion of the curve (lz) was estimated using linear
regression of the terminal log-linear portion of the plasma
concentration-time profile, and the terminal half-life (Tj/») was calcu-
lated as In2/1z. The mean residence time (MRT) was determined as the
ratio of AUMCy., to AUCy., and the apparent total body clearance (CL)
was determined by dividing the administered CYA dose by the AUCy...
All data are expressed as mean =+ standard error of the mean (SE).

Statistical analysis was used to evaluate the differences in pharma-
cokinetics parameters between the same metabolite in the plasma of the
same animal at different doses and between different metabolites in the
plasma of the same animal at the same doses. The results were statisti-
cally analyzed using IBM SPSS Statistics 25. All tests were performed
using Student’s t-test, with p < 0.05 considered as statistically
significant.

3. Results
3.1. Method validation

The method developed in this study was selective for the substance
analyzed, and no endogenous interference was observed on the chro-
matograms (shown in Figs. 2 and 3). The calibration curve of CYA and its
metabolites was in the range of 0.01-1.28 (except for Cy4: 0.02-2.56) ug
mL ! (r > 0.9992) in the plasma of four different animals, showing
excellent linearity (Table 2). The LOQ was 0.02 pg mL~! for CYA and its
metabolites (except for Cy4: 0.04 pg mL™1) (S/N > 10) in pig, chicken,
and carp plasma, and 0.08 pg mL ™! in rat plasma. The inter-day preci-
sion expressed as the percentage of CV of the compounds was lower than

Regulatory Toxicology and Pharmacology 124 (2021) 104971

10% at all tested concentrations. It should be noted that variations of
lower than 15% in inter-day precision are acceptable (Causon, 1997).
The recoveries of CYA and its metabolites from different plasma samples
were between 72% and 91% (Table 3).

3.2. Pharmacokinetics of CYA and its metabolites

3.2.1. Rat

CyO0, Cyl, Cy4, and Cy6 were detected in rat plasma. Cy2 and Cy12
were not detected or was detected at below the LOQ in rat plasma at any
sampling time point after dosing. The concentrations of the compounds
in rat plasma were below the LOQ within 36 h after oral dosing. The
plasma concentration of the compounds reached the Cp,x within 8 h
after administration on average and then progressively declined over
time (Fig. 4). There was no dose-dependent increase in the T1/2, Tmax
and MRT between same compounds at different dosages (0.05< p)
except for Tp,ox of the CyO0 that significant difference at high dosage (p <
0.05). The Ty » of Cy6 was 8.50, 8.43, and 8.73 h after administration at
100, 300, and 500 mg/kg bw, respectively, and was longer than that of
Cyl and Cy4. There was a dose-dependent increase in AUC(—,) be-
tween different dosages of the Cy1, and the AUC(g-4gh) and AUC(g- ) of
the Cyl and Cy4 were much larger than that of their parent drug
(Table 4). These results showed that most of Cy0 was rapidly trans-
formed into its metabolites after p. o. administration, and that the me-
tabolites may play an important role from a residue perspective.

3.2.2. Pig

CyO0, Cyl, Cy2, Cy4, and Cy6 were detected in pig plasma at dosages
of 40 and 100 mg/kg bw, whereas Cy0, Cy1, and Cy2 were not detected
at a dosage of 10 mg/kg bw. The peak plasma concentrations of the
parent drug, 0.036 and 0.065 pg mL ™', were observed at 2 h after dosing
at 40 and 100 mg/kg bw, respectively. In contrast, the peak plasma
concentrations of Cyl were observed at 6, 7, and 6 h, and those of Cy4
were observed at 7, 10, and 10 h after dosing at 10, 40, and 100 mg/kg
bw, respectively (Fig. 4). T1,2 and MRT of the all five compounds was no
dose-dependent characteristic after p. o. administration at 10, 40, and
100 mg kg-1 bw, and there were no significant differences between all
five compounds at different dosages (p <0.05). The AUC(-4gh) and
AUC(¢-~ ) of the Cy4 was larger than that of the parent drug (Cy0), Cyl
and Cy2 at same dosage (p < 0.05) (Table 5) indicate that Cy4 is widely
distributed in pigs.

3.2.3. Chicken

Cy0 and Cy6 were detected in chicken plasma after dosing. After oral
dosing at 50 and 100 mg/kg bw, CyO concentrations in chicken plasma
were below the LOQ (0.02 pg mL™1). Cy6 concentrations in plasma were
below the LOQ (0.02 pg mL™1) at 4 h after oral administration at all
three level dosages (Fig. 4). In plasma, the Cp,x of Cy6 was calculated to
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Fig. 2. HPLC chromatograms of standard solutions of 6 analytes at the concentration of 0.04 pg/mL.
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Table 2

Standard curve of cyadox and its metabolites.

Compounds  linear equation Correlation Coefficient Linearity (pg/
(r) mL)

Cy0 y = 304718x - 1575 1.0000 0.01-1.28

Cyl y = 181532x - 0.9999 0.01-1.28
738.11

Cy2 y = 127464x - 0.9998 0.01-1.28
156.01

Cy4 y = 118964x - 0.9998 0.02-2.56
1061.8

Cy6 y =85220x - 69.812 0.9992 0.01-1.28

Cyl2 y = 105220x - 0.9994 0.01-1.28
495.81

Table 3
Recovery and inter-day RSD of Cyadox and its metabolites in pig plasma (%).

Compounds 20 pg/L 100 pg/L 500 pg/L
Recovery RSD Recovery RSD Recovery RSD
(%) (%) (%)

Cy0 81.2+ 4.4 5.47 80.9 + 3.4 4.16 81.2+ 3.5 4.33

Cyl 85.3 £ 4.8 5.64 84.3 + 2.7 3.17 829 + 3.5 4.23

Cy2 74.0 £ 2.9 3.95 73.8 £ 3.3 4.53 76.0 + 4.7 6.20

Cy4 81.1 £5.6 6.95 78.3+3.7 4.76 84.24+ 4.5 5.34

Cy6 84.5+5.7 6.78 87.24+ 3.5 4.04 83.5+ 4.6 5.54

Cyl2 729 +£ 4.7 5.64 81.6 + 4.8 5.83 86.1 + 4.7 5.47

be 0.031 = 0.002 pg mL ™! at 1.25 + 0.26 h and 0.037 + 0.004 pg mL~*
at 1.25 + 0.26 h after p. o. administration. At 4 h after oral adminis-
tration at 200 mg/kg bw, Cy0 concentrations in plasma were all below
the LOQ (0.02 pg mL™ D). In plasma, the Cyax of CyO was calculated to be

0.034 + 0.003 pg mL~! at 0.78 + 0.14 h after p. o. administration. No
significant difference between the pharmacokinetic parameters of Cy0
and Cy6 was observed after p. o. administration at three level dosages
except V_F and CLF of the Cy6 at high dosage. It was indicate that the
elimination of CY6 is relatively slow at high dosage (Table 6).

3.2.4. Carp

CyO (at dosage of 40 mg/kg bw only), Cy1 (at dosages of 20 and 40
mg/kg bw), and Cy6 were detected in carp plasma (Fig. 4). After
administration at 10 mg/kg bw, only one compound (Cy6) was detected
in plasma. Cy6 concentrations in plasma were below the LOQ (0.02 pg
mL™1) at 16 h after oral dosing at all three level dosages. In plasma, the
Crmax Of Cy6 was calculated to be 0.042 + 0.003 pgmL ' at 1.25 +0.26 h
after p. o. administration. After administration at 20 mg/kg bw, two
compounds (Cy1 and Cy6) were detected in plasma. The concentrations
of Cy1 and Cy6 in plasma were all below the LOQ (0.02 pgmL Y) at 16 h
after oral dosing. In plasma, the Cpax of Cyl and Cy6 was calculated to
be 0.051 + 0.006 pg mL ™" at 5.20 + 1.09 h and 0.050 + 0.004 pg mL ™!
at 4.80 £ 1.10 h after p. o. administration, respectively. At 16 h after oral
dosing at 40 mg/kg bw, Cy0 concentrations in carp plasma were all
below the LOQ (0.02 pg mL™ Y. In plasma, the Cpx of CYA was calcu-
lated to be 0.063 + 0.006 pg mL ™ at 3.20 + 1.10 h after p. o. admin-
istration. The concentrations of Cyl and Cy6 in plasma were all below
the LOQ (0.02 pg mL ™) at 16 and 24 h after oral dosing. In plasma, the
Cmax Of Cy1l and Cy6 was calculated to be 0.069 + 0.004 pg mL-1 at 4.80
+ 1.10 h and 0.061 + 0.007 pg mL-1 at 5.60 + 0.89 h after p. o.
administration, respectively. After administration at different dosages,
T1/2 and Tmax were no significant differences between two compounds
at different dosages (p < 0.05), it was indicate that the Cy1 and Cy6 were
no dose-dependent characteristic after p. o. administration at 10, 40,
and 100 mg/kg bw. There was significant difference in T;,2 and MRT
between Cy1 and Cy6, except T1/2 between Cy0 and Cy1 at high dosage
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Fig. 4. Mean plasma concentration-time curves of cyadox and its metabolites after a single oral administration of cyadox in rat (100 mg/kg bw, 300 mg/kg bw and
500 mg/kg bw; n = 6), pig (10 mg/kg bw, 40 mg/kg bw and 100 mg/kg bw; n = 8), chicken (50 mg/kg bw, 100 mg/kg bw and 200 mg/kg bw; n = 10) and carp (10

mg/kg bw, 20 mg/kg bw and 40 mg/kg bw; n = 5).
(Table 7).

4. Discussion

In view of the potential to be used in food producing animals of CYA
that due to its relatively low toxicity and strong antibacterial effects, the
present study comprehensively investigated the pharmacokinetic char-
acteristics of CYA through a comparative study of the pharmacokinetics
of CYA and its metabolites in animals, which will offer useful scientific
knowledge on the effect of CYA intake via diet. For this purpose, an
HPLC method was developed and validated for simultaneous determi-
nation of CYA and its five metabolites (Cy1, Cy2, Cy4, Cy6, and Cy12) in
plasma. This method achieved proper separation of analytes. The
established method was subsequently employed in comparative phar-
macokinetic study of CYA and its metabolites after p. o. administration
in rats, pigs, chickens, and carps at different dosages.

A viable drug candidate should be absorbed into the blood stream,
remain there for a sufficient time to exert its efficacy, and then be
eliminated without producing any toxic effect. Each drug class has its
own unique pharmacokinetic characteristics (Singh, 2006). In a previ-
ous study (Huang et al., 2015a), 5 (Cyl, Cy4, Cy5, Cy6, and Cy11), 11
(Cy1, Cy2, Cy3, Cy4, Cy5, Cy6, Cy9, Cyll, Cyl2, Cyl3, and Cyl4), 4
(Cy2, Cy4, Cy5, and Cy6), and 3 (Cyl, Cy2, and Cy5) metabolites were
observed in the plasma of rats, pigs, chickens, and carps, respectively,
after a single oral dose of CYA. The result showed that no parent drug
(Cy0) was detectable in the plasma of four animals at 6 h after

administration. However, according to the present study, Cy0 was
detectable in rat plasma for 0.17-8 h, 0.17-18 h, and 0.17-36 h
following administration at three different dosages. Moreover, after
administration at the high dosage, CyO persisted for 3-12 h in the
plasma of the other species. In contrast, after CYA administration at the
low dose, Cyl and Cy4 were undetectable in rat plasma, Cy2 was un-
detectable in pig plasma, and Cyl was undetectable in carp plasma
(Fig. 4). These results suggested that CYA can be absorbed into the
bloodstream, and that CYA dose and species may affect the formation,
concentration, and elimination of its metabolites in plasma.
Pharmacokinetic parameters can provide information about the
appropriate dosage regimen of antibacterial drugs (Theuretzbacher,
2012). In preclinical studies, toxicologists also face a difficult dilemma
when attempting to extrapolate the observed toxicity of high doses to
the safety of low doses. The underlying difficulty is that the kinetic
behavior may be dose-dependent, resulting in a greater-than- or
less-than-dose-proportional response in AUC, with unpredictable toxi-
cologic consequences. Thus, an understanding of the effect of dose on
drug pharmacokinetics is important in the evaluation of the efficacy and
toxicity of new drugs (Lin, 1994). According to the recommended clin-
ical dose of CYA in our laboratory, the 300, 40, 100, and 20 mg/kg bw
doses were selected as the medium dose for rats, pigs, chickens, and
carps, respectively. The low and high doses used in this study were
within two- or four-times lower or higher than the medium dose ac-
cording to the dose level spacing suggested by the Organization for
Economic Cooperation and Development (OECD) Guideline 453 and the
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Table 4
Mean plasma pharmacokinetic parameters of cyadox and its main metabolites in rat (n = 6) following p.o. administration at a dose of 100 mg/kg bw, 300 mg/kg bw
and 500 mg/kg bw.

Compounds  Dose (mg/kg Ty,2 (h) Tmax (h) Cmax (Hg/ AUC(9-48h) AUC (o~ ) V_F (L/kg) CLF (L/h-kg) MRT (h)
bw) mL) ((h-pg)/mL) ((h-pg)/mL)
Cy0 100 6.35 + 1.56(a) 2.00 £+ 0.00 0.10 £+ 0.01 0.51 + 0.07(b)b 0.60 + 0.09(b) 903.3 + 125.1 100.3 + 12.1 10.09 + 2.18
a (b)b (b)b b (a)a (ab)a (a)b
300 8.22 + 3.33(a) 3.33 £1.03 0.16 + 0.04 1.41 + 0.32(b)b 1.47 + 0.37(b) 1675.9 + 523.4 149.8 + 35.6 12.7 + 4.44
a (ab)b (b)b b (a)a (a)a (a)a
500 12.44 + 4.569 4.00 £ 0.00 0.37 £ 0.09 4.90 £+ 1.17(a)b 5.18 + 1.55(a)c 1555.4 + 646.5 86.54 + 22.10 17.94 £+ 5.49
(a)a (@) (a)b (a)a (b)a (a)a
Cyl 100 - - - - - - - -
300 3.62 +1.05(a) 7.33 £1.03 1.95 + 0.66 15.07 + 5.18(a) 15.16 + 4.35 98.6 + 39.8(a)c 21.6 + 7.71(a) 9.59 £ 0.73
a (a)a (a)a a (a)a c (a)a
500 7.61 +2.91(a) 6.33 £ 0.82 2.71 £ 1.31 14.13 + 5.46(a) 14.28 + 4.37 437.6 + 267.4 38.52 + 15.65 9.70 £ 1.95
a (a)b (a)a ab (a)ab (a)b (a)b (a)a
Cy4 100 - - - - - - - -
300 4.82+1.11(a) 7.33 £ 1.03 1.34 +£ 0.38 12.98 + 3.58(a) 13.06 + 4.61 165.9 + 60.3(a) 22.1 +6.31(a) 12.03 £ 0.78
a (a)a (a)a a (a)a be c (a)a
500 6.85 +1.16(a) 7.77 £ 0.82 1.51 £ 0.30 16.95 + 4.52(a) 17.25 + 4.22 285.8 + 75.6(a) 29.11 £ 7.00 13.96 + 1.48
a (a)ab (a)ab a (a)a b (a)b (a)a
Cy6 100 8.50 + 2.32(a) 8.00 £+ 0.00 0.22 £+ 0.04 2.28 4+ 0.37(b)a 2.58 4+ 0.42(b)a 389.5 + 81.0(b) 32.3 + 3.6(b)b 17.08 £+ 3.17
a (a)a (b)a b (a)a
300 8.43 +2.02(a) 7.33 £1.03 0.29 £ 0.07 3.20 £ 0.60(b)b 3.24 + 0.56(b) 902.6 + 226.6 74.4 +11.0(a) 15.94 £+ 2.15
a (a)a (b)b b (a)b b (a)a
500 8.73 +£1.38(a) 8.00 £ 0.00 0.53 £0.13 7.16 £ 1.45(a)b 7.23 + 1.33(a) 814.9 +138.5 65.88 + 14.43 15.65 + 1.51
a (a)a (a)b be (a)ab (a)ab (a)a

(a), (b), (c): Pharmacokinetic parameters of the same metabolite in plasma of same animal at different doses are statistically significantly different (P < 0.05).
a, b, ¢, d: Pharmacokinetic parameters of the different metabolites in plasma of same animal at same dose are statistically significantly different (P < 0.05).

Table 5
Mean plasma pharmacokinetic parameters of cyadox and its main metabolites in pig (n = 8) following p.o. administration at a dose of 10 mg/kg bw, 40 mg/kg bw and
100 mg/kg bw.

Compounds Dose (mg/kg Ty/2 (h) Tmax (h) Cax (Hg/ AUC(9-48n) AUC(- o) V_F (L/kg) CLF (L/h-kg) MRT (h)
bw) mL) ((h-pg)/mL) ((h-pg)/mL)
Cy0 10 - - - - - - - -
40 7.41 + 4.78(a) 1.56 + 0.62 0.04 £ 0.01 0.19 + 0.04(b) 0.20 + 0.04(b) 971.3 + 316.9 105.46 + 27.61 11.26 + 6.70
ab (a)e (b)d b b (a)a (a)a (a)ab
100 6.89 + 1.03(a) 1.75 + 0.46 0.07 + 0.01 0.47 + 0.05(a) 0.51 + 0.06(a)  1438.7+210.6  145.03 +£10.13  10.20 £+ 1.19
ab (a)e (a)e b b (a)a (a)a (a)be
Cyl 10 2.99 + 0.87 5.75 £+ 0.46 0.07 £ 0.03 0.31 + 0.11(b) 0.33 £+ 0.11(b) 110.9 + 36.7 25.56 + 5.56 8.46 + 0.93(a)
(a)a (b)b (b)b b b (a)a (b)a b
40 1.62 + 0.47 7.38 + 0.74 0.15 + 0.05 0.65 + 0.24(b) 0.69 + 0.24(b)  149.9 + 87.3 60.69 + 20.02 8.02 + 0.53(a)
(a)b (a)b (b)bc b b (a)be (a)ab b
100 1.86 + 0.55 5.75 + 0.46 0.72 + 0.19 3.42 + 1.10(a) 3.55 +1.12(a) 81.6+31.3(a)c  30.48 + 8.23 7.40 + 0.72(a)
(a)c (b)b (a)ab ab b (ab)b c
Cy2 10 - - - - - - - -
40 4.51 +1.39 8.38 + 1.06 0.06 + 0.02 0.35 + 0.11(b) 0.42 + 0.14(b)  540.8 +120.3 87.97 + 27.64 12.85 + 1.80
(a)ab (a)ab (b)ed b b (a)b (a)a (a)ab
100 4.76 + 1.99 10.00 + 0.00 0.29 + 0.13 2.90 + 1.25(a) 3.15+1.19(a) 232.6 +109.6 34.01 + 13.44 14.23 +£2.18
(a)abc (a)a (a)be ab b (b)be (b)b (a)ab
Cy4 10 4.81 + 0.96 7.00 + 0.76 0.15 + 0.02 1.15 + 0.23(b) 1.31 £ 0.27(b)  48.4 & 8.4(a)b 7.19 + 2.02(b) 11.59 + 0.92
(a)a (b)ab (b)a a a b (a)a
40 5.16 +1.82 10.00 + 1.07 0.25 + 0.06 2.29 + 0.58(b) 2.56 + 0.57(b) 112.5 + 35.5 15.52 + 2.84 13.47 + 2.02
(a)ab (a)a (b)a a a (a)c (b)b (a)ab
100 4.23 + 0.60 10.00 + 0.00 0.86 + 0.38 6.65 + 2.67(a) 7.91 +3.06(a) 78.2+229(a)c 12.78 + 3.73 12.87 + 0.88
(a)be (a)a (a)a a a (ab)b (a)ab
Cy6 10 3.64 + 0.94 8.00 + 0.93 0.17 + 0.04 1.26 + 0.42(b) 1.42 + 0.46(b)  38.3 + 13.1(b) 7.38 + 2.40(b) 11.35 + 1.08
(b)a (ab)a (a)a a a b b (b)a
40 9.04 £1.87 10.00 £+ 0.00 0.17 £ 0.02 2.02 £0.25 2.35+0.33 189.8 + 28.9 14.97 £+ 2.92 19.38 + 2.60
(a)a (a)a (a)ab (ab)a (ab)a (b)be (b)b (a)a
100 8.32 + 2.42 7.25 + 1.58 0.23 + 0.04 2.16 + 0.32(a) 2.46 + 0.36(a)  426.6 + 106.8 36.78 + 6.35 16.49 + 3.38
(a)a (b)b (a)be b b (a)b (a)b (ab)a

(a), (b), (c): Pharmacokinetic parameters of the same metabolite in plasma of same animal at different doses are statistically significantly different (P < 0.05).
a, b, ¢, d: Pharmacokinetic parameters of the different metabolites in plasma of same animal at same dose are statistically significantly different (P < 0.05).

Procedures for Toxicological Assessment of Food in China (OECD, 2018; pharmacokinetic parameters (T1,2, Tmax, AUC(0~48h), AUC(0~), and
GB15193.1, 2014). The results showed that the Cpax of Cy0, Cy1, Cy2, MRT). Therefore, it could be concluded that although the concentration
Cy4, and Cy6 increased in plasma at different time points with of CYA and its metabolites (Cyl, Cy2, Cy4, and Cy6) in plasma were

increasing dosages in four animals (Fig. 4, Tables 4-7), which showed apparently increasing, the elimination time of those compounds in
that the concentrations of CYA and its metabolites in plasma were plasma was not prolonged as CYA dosage increased. The results of this
dose-dependent. No such characteristics were observed in other study revealed obvious species-specific differences in the kinetic
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Mean plasma pharmacokinetic parameters of cyadox and its main metabolites in chicken (n = 10) following p.o. administration at a dose of 50 mg/kg bw, 100 mg/kg

bw and 200 mg/kg bw.

Compounds  Dose (mg/kg Ty,2 (h) Tmax (h) Cmax (pg/mL AUC(-48n) AUC(9-0) V_F (L/kg) CLF (L/h-kg) MRT (h)
bw) ((h-pg)/mL) ((h-pg)/mL)
Cy0 50 - - - - - - - -
100 - - - - - - - -
200 291 +£1.02a 0.78 £0.14a  0.034 +£0.003a  0.07 £ 0.02a 0.08 + 0.02a 5364.6 + 606.7a  1410.1 + 4.46 + 1.47a
443.1a
Cy6 50 3.50 +1.18 1.25 + 0.26 0.031 + 0.002 0.06 + 0.01(a) 0.07 +0.01(a) 1438.8 +175.6 320.5 + 122.4 5.67 +1.71
(@) @ @ (b) (b) (@
100 3.41 +£0.93 1.30 + 0.26 0.037 + 0.004 0.09 +0.02(a) 0.10+0.02(a)  2489.5 + 305.6 527.9 + 112.4 5.54 + 1.27
(a) (a) (a) (b) (b) (a)
200 3.66 + 0.82 1.15 + 0.24 0.039 + 0.005 0.09 + 0.02(a) 0.10+0.02(a) 5138.1 + 886.1 994.3 + 153.9 5.84 +£1.15
(a)a (a)a (a)a a a (a)a (a)a (a)a

(a), (b), (c): Pharmacokinetic parameters of the same metabolite in plasma of same animal at different doses are statistically significantly different (P < 0.05).
a, b, ¢, d: Pharmacokinetic parameters of the different metabolites in plasma of same animal at same dose are statistically significantly different (P < 0.05).

Table 7
Mean plasma pharmacokinetic parameters of cyadox and its main metabolites in carp (n = 5) following p.o. administration at a dose of 10 mg/kg bw, 20 mg/kg bw and
40 mg/kg bw.
Compounds  Dose (mg/kg Ty/2 (h) Tmax (h) Crnax (pg/mL) AUC(0~48n) AUC(0~ o) V_F (L/kg) CLF (L/h-kg) MRT (h)
bw) ((h-pg)/mL) ((h-pg)/mL)
Cy0 10 - - - - - - - -
20 - - - - - - - -
40 5.41+1.15b 3.20 £ 1.10a 0.063 + 0.006a 0.49 £+ 0.06a 0.51 £ 0.09 b 451.9 + 52.0a 59.50 + 91+1.6b
11.49a
Cyl 10 - - - - - - - -
20 5.09 £ 0.97 5.20 £ 1.09 0.051 + 0.006 0.39 + 0.056(b) 0.41 £+ 0.089 267.8 + 47.7 36.55 + 3.28 9.5 £ 1.1(a)b
(a)b (a)a (b)a a (a)a (b)a (b)a
40 5.56 £ 0.94 4.80 £1.10 0.069 + 0.004 0.52 £ 0.04(a)a 0.53 + 0.03(a) 419.8 + 42.8 53.04 £ 6.76 5.56 £ 0.94
(a)b (a)a (a)a ab (a)a (a)a (b)e
Cy6 10 8.51 +£1.63 5.60 £+ 0.89 0.042 + 0.002 0.35 + 0.04(b) 0.39 + 0.05(b) 173.1 £13.2 14.4 + 2.0(c) 14.1 + 1.3(a)
(@ @ ®) (©)
20 8.33 £ 0.84 4.80 £1.10 0.050 + 0.004 0.43 + 0.054(b) 0.48 £ 0.072 315.8 + 27.7 26.56 + 4.15 13.8 £ 1.5(a)
(a)a (a)a (b)a a (b)a (b)a (b)b a
40 8.68 + 1.09 5.60 £+ 0.89 0.061 + 0.007 0.64 £ 0.07(a)a 0.67 + 0.05(a)a 521.3 + 67.3 42.04 £ 6.75 14.6 + 1.5(a)
(a)a (a)a (a)a (a)a (a)a a

(a), (b), (c): Pharmacokinetic parameters of the same metabolite in plasma of same animal at different doses are statistically significantly different (P < 0.05).
a, b, ¢, d: Pharmacokinetic parameters of the different metabolites in plasma of same animal at same dose are statistically significantly different (P < 0.05).

behavior of CYA and its metabolites, which may be related to clinical
efficacy and toxicity, which needs further studies.

In general, pharmacokinetic parameters differ according to species,
age, sex, body condition, drug formulation and administration route, all
of which contribute to differences in drug efficacy (Canga et al., 2009).
In this study, higher apparent volume of distribution (Vd) of Cy0 was
observed at different dosages, indicating that Cy0 was the most widely
distributed compound after p. o. administration in four species. The
concentration vs. time curves of four animals obtained after p. o.
administration revealed a rapid increase followed by a gradual decrease
in the concentration of CYA and its metabolites, except in the case of
not-detectable timepoint (Cyl and Cy4 in rat plasma after p. o. admin-
istration of CYA at 100 mg/kg bw, Fig. 4). Furthermore, the maximum
concentration (Cpax) of Cy0 (CYA) in plasma was 0.034-0.37 pg mL~!at
0.78-4.00 h following p. 0. administration in four species, and compared
with its metabolites, CYA showed lower concentrations and remained in
plasma for relatively shorter time-periods in the same species
(Tables 4-7), implying that CYA was quickly metabolized to its metab-
olites. The findings of this study were in accordance with those of pre-
vious studies conducted in pigs (Guo et al., 2011; Zhao et al., 2013) and
beagle dogs (Sattar et al., 2016). Other members of this drug group, i.e.,
quinocetone and mequindox, exhibit the same type of response in pigs
and chickens after oral administration (Zhong et al., 2011; Ding et al.,
2012; Li et al., 2012). For the AUC and Tj /2, no significant difference
observed for the main metabolites (Cy1, Cy2, Cy4, and Cy6) and those of
Cy0 in the plasma of the four animals, implying that the CYA was
transformed slowly into its metabolites. Similar results were observed

during pharmacokinetic characterization of mequindox and quinoce-
tone (Ding et al., 2012). Therefore, close attention should be paid to
these metabolites when identifying the residue markers of CYA in ani-
mal tissues.

In summary, this study provides a complete insight in the pharma-
cokinetic properties of CYA and its five main metabolites in the plasma
of rats, pigs, chickens, and carps following oral administration at three
dosages. The results showed that species affected the formation, con-
centration, and elimination of CYA metabolites in plasma, while
different dosage of the CYX and its metabolites had no significant effect
on wash-out period. Cy0 was the most widely distributed compound in
four species following oral administration through gavage. Cy0 and Cy6
were persisted for the longest time at lower concentration in the plasma
of four species. Cyl was not detected in chicken plasma after adminis-
tration at three different dosages in this study. The present study
described the pharmacokinetic and metabolism profiles of CYA and its
main metabolites following oral administration at different dosages in
different animals, which will not only improve our understanding of the
pharmacology and toxicology of CYA but also ensure the safety and use
of this compound in food-producing animals.
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