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A B S T R A C T

This study aimed to determine the plasma and tissue residue depletion kinetics of doxycycline (DC) in grass carp
(Ctenopharyngodon idella) after daily oral administrations at 20 mg/kg for 3 days, and to calculate the corre-
sponding withdrawal times. Following drug administrations, samples of plasma, liver, kidney, gill and
muscle + skin were collected at predetermined time points (0.25, 0.5, 1, 3, 5, 7, 14, 21, 28, 35, 42, 49 and 56
days) and analyzed for concentrations of DC using a LC-MS/MS method. The results showed that liver had the
highest concentrations and the slowest depletion compared to other tissues, with detectable DC up to 49 days
(58.9 ± 12.8 μg/kg). The WT 1.4 software and “reschem” package were used to calculate withdrawal times,
and the results were similar. The results suggest a withdrawal time of 41 days for Europe and China and 50 days
for Japan is needed for DC in grass carp after 3 daily oral administrations at 20 mg/kg. Overall, this study
improves our understanding of the tissue residue depletion kinetics of DC in fish, and the results may help
regulatory agencies to determine proper withdrawal periods based on different regulatory standards in different
countries to ensure safety of aquatic food products.

1. Introduction

Fish contain high levels of proteins, unsaturated fatty acids and
various vitamins; they are crucial sources of micronutrients and are
easier to be digested and absorbed than other categories of meat by
human intestine, thus fish play an important role for human health
(Christopher et al., 2016). The unsaturated fatty acids in fish have been
shown to be effective in lowering cholesterol levels in the human body
to decrease the risk of hypertension and cardiovascular diseases

(Larsson et al., 2011; Kirkhus et al., 2012; Chen et al., 2015). In order to
keep healthy diet and adequate intake of high-quality nutrients, more
and more people have chosen to eat fish. The Food and Agriculture
Organization of the United Nations reported that the average amount of
consumption per capita of fish has increased from 9.9 kg in 1960s to
19.2 kg in 2012 (FAO, 2014). The increasing demand of fish has
boosted the rapid growth of aquaculture with efficient intensive culti-
vation methods. These new aquaculture systems not only bring a lot of
economic benefits compared to traditional cultivation methods, but
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also lead to fish stress and bacterial infections (Pulkkinen et al., 2010).
The resulting fish infectious diseases can infect individuals in the con-
fined culturing environments (Defoirdt et al., 2011). For the sake of
treating disease outbreaks, many compounds have been used to treat
infectious diseases in fish, including antibiotics, pesticides, antifungals,
disinfectants and other chemicals (Cabello, 2006; Sapkota et al., 2008;
Cañada-Cañada et al., 2009; Nunes et al., 2018). While these chemicals
can effectively treat fish infectious diseases, they also accumulate in the
fish body or are excreted into water environment, which will ultimately
enter the human body through the food chain or drinking water. Ad-
ditionally, drug-resistant bacteria in fish may be transferred to humans,
thereby aggravating the already severe antimicrobial resistance pro-
blems in humans (Sapkota et al., 2008; Rosa et al., 2018). Therefore, it
is important and necessary to closely monitor residue levels and cal-
culate the proper withdrawal times of drugs in fish.

Doxycycline (DC) is an efficient and broad-spectrum drug of tetra-
cycline class and is widely used in aquaculture against diseases re-
sulting from Gram-positive and Gram-negative bacteria by inhibiting
protein biosynthesis after binding to the 30 S ribosomal subunit in the
bacterial cell (Shireman et al., 1976; Deng et al., 2014; Song et al.,
2014; Liu et al., 2019). DC has been approved for use in yellowtail
(Seriola quinqueradiata), red sea bream (Pagrus major), horse mackerel
(Trachurus trachurus), tilapia (Oreochromis niloticus) and other bass
species (Lateolabrax japonicus) in Japan, as well as for various aquatic
species in India, China and Philippines (Arthur et al., 1996; Feng, 2010;
Rico et al., 2012). Although DC has desirable therapeutic efficacy, it
may also cause various side effects, including nausea, vomiting, ab-
dominal pain, diarrhea and other gastrointestinal reactions (Pazzaglia
et al., 2014; Affolter et al., 2017). In order to protect human health,
many countries have established the maximum residue limit (MRL) for
DC in various food products. In Europe, the MRLs of DC are 100 μg/kg
in muscle, 300 μg/kg in fat and liver, and 600 μg/kg in kidney for
bovine, porcine and poultry species, and 100 μg/kg in muscle + skin
for finfish (EU, 2015). These MRL values in Europe are also adopted in
China (MAA, 2017). In Japan, the MRL of 50 μg/kg of DC is used in
muscle, fat, and liver for pigs and chickens, and in muscle + skin in
Perciformes, including the bonito (Katsuwonus pelamis), horse mackerel
(Trachurus trachurus), red sea bream (Pagrus major) and so on (JFCRF,
2006). Although the MRL of DC in fish meat has been stipulated, re-
sidue violations of DC in fish are still reported, in part, due to lack of
data on the tissue residue depletion kinetics in order to determine the
proper withdrawal time (WT) of DC in fish.

To calculate a WT of a drug, typically a tissue residue depletion
study should be conducted first, and then the data are used to calculate
the WT with a tolerance limit method using the WT 1.4 software
adopted by European Medicines Agency (EMA) (Damte et al., 2012;
EMA, 2018) or using the tolerance limit method (coded in the “re-
schem” R package) developed by US Food and Drug Administration
(FDA) (FDA, 2018). WT 1.4 has been used extensively to calculate the
WT of different drugs (Paschoal et al., 2012, 2013; Vardali et al., 2017;
Rosa et al., 2018), but FDA's “reschem” package was released recently.
Currently, there are no reports assessing the potential difference of the
estimated WT using the WT 1.4 vs. the “reschem” package.

The residue depletion kinetics of DC has been studied in cattle
(Erdog Du et al., 2009; Addisalem Hunde et al., 2012), pigs (Croubels
et al., 1998; Peeters et al., 2016), hens (Yoshimura et al., 1991; Gajda
and Posyniak, 2015) and broilers (Anadon et al., 2012; Hsiao et al.,
2016). Most of these existing studies did not calculate the WT based on
their data except the study in pigs by Croubels et al. (1998). In addition,
there is limited information on DC's tissue residue depletion in fish in
the literature. Therefore, the objective of this study was to determine
the tissue residue depletion kinetics of DC in grass carp after multiple
oral administrations, and then calculate the WT using the WT 1.4
software and the FDA's “reschem” package. This study chose the grass
carp because it is an important fish species that is extensively cultured
and consumed in Asia with more than 5 million tons of production per

year (CFFA, 2018).

2. Materials and methods

2.1. Analytical standards and reagents

Analytical standard DC (purity grade 98%) and DC-D3 (purity grade
95%) were obtained from Dr. Ehrenstorfer GmbH. (Augsburg,
Germany). The DC powder (purity grade 98%) used for oral adminis-
tration was provided by Zhongbo Aquaculture Biotechnology Co. Ltd.
(Wuhan, China). The anesthetic tricaine methanesulfonate (MS222)
was purchased from Aibo Biotechnology Co. Ltd. (Wuhan, China). The
HPLC-grade acetonitrile, methanol, water and formic acid were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA) and J–T
Baker (Philipsburg, PA, USA). Sodium dihydrogen phosphate, citric
acid monohydrate and ethylenediaminetetraacetic acid disodium
(EDTA-Na2) were bought from Shanghai Guoyao Company (Shanghai,
China). The 0.22-μm politetrafluoroetileno membranes, 1.5 mL vials
and centrifugal tubes were purchased from Shanghai CNW
Technologies (Shanghai, China).

2.2. Standard solutions

Standard stock solution of DC was prepared in methanol at a con-
centration 400 μg/mL. A 10 μg/mL working standard fortification so-
lution was obtained through dilution of 0.5 mL stock solution to the
corresponding volume with methanol. Afterwards, a 1 in 10 dilution of
the standard was performed to get 1 μg/mL working standard solution.
The labeled internal standard solution (DC-D3) at 1 μg/mL was pre-
pared with methanol. Stock and working standard solutions were pre-
pared every 3 and 1 months, respectively, and were stored at −20 °C.

2.3. Blank samples

Grass carp (450.4 ± 52.6 g, 12 months of age, mixed genders) were
obtained from the culture facility of Yangtze River Fisheries Research
Institute (Wuhan, China) and acclimated for 14 days fed with drug-free
feed in tanks (10 fish each tank; volume of each tank: 480 L). The drug-
free feed was manufactured by the Nutritional Research Group in
Yangtze River Fisheries Research Institute, Chinese Academy of Fishery
Sciences, Wuhan, China. The feed contained 28.00% crude proteins,
7.06% crude fat, 15.00% crude fiber, 8.75% moisture, and 15.63% ash
(Zhao et al., 2018). The relative water quality parameters were mon-
itored daily and maintained at the following conditions: nitrite nitrogen
concentrations< 0.072 mg/L, total ammonia nitrogen concentrations
≤0.74 mg/L, dissolved oxygen concentrations at 6.1–7.0 mg/L, and pH
at 7.2 ± 0.2. The water temperature was controlled by aquarium
heater and air-conditioner and maintained at 24 ± 0.5 °C. Oxygen was
held close to saturation by bubbling air using air-stones. The blank
samples of plasma and tissues (i.e., liver, kidney, muscle + skin and
gill) were collected from fish without drug treatment and stored at
−20 °C. These blank samples were used as the negative control to es-
tablish the LC-MS/MS (liquid chromatography-tandem mass spectro-
metry) determination method of DC.

2.4. Experimental design

The fish were arbitrarily divided into 12 groups with 10 fish each
group and reared in tanks with flowing well water (26 L/min). A
20mg/mL DC solution for oral administration was prepared by dissol-
ving DC powder in pure water. When everything was ready, the fish
were weighed and anaesthetized with MS222 solution (50mg/L). The
fish were stable enough for drug administration after about 0.5–1min
of using MS222. In line with other pharmacokinetic studies in fish, we
used MS222 to mildly sedate and decrease stress of fish for the animal
welfare purpose (Rigos et al., 2002a, b; Rigos et al., 2003; Rigos et al.,

N. Xu, et al. Food and Chemical Toxicology 131 (2019) 110592

2



2004; Hung et al., 2018; Sidhu et al., 2018), but the potential effect of
MS222 on the observed pharmacokinetics remains to be investigated
(Horsberg, 1994; Rairat et al., 2019; Yang et al., 2019b). The DC so-
lution was administered orally to fish by inserting a plastic tube at-
tached to a 1mL micro–injector into the intestine at 20mg/kg as these
fish do not have a stomach. We chose oral gavage instead of the more
commonly used commercial route of administration via medicated feed
in order to dose the fish with the exact amount of DC according to the
body weight. According to the stipulation of Compilation of National
Standards for Veterinary Drugs in China (Feng, 2010), DC is approved
to be used by oral administration at a dose of 20mg/kg for 3–5 days in
various cultured fish species in China (Feng, 2010). In our preliminary
study, we found some fish succumbed to death after receiving oral
gavage for four or more times, in part, due to possible injury and stress
caused by repeated catching and oral gavage. Therefore, in order to be
in line with the approved use of DC and for the purpose of animal
welfare, the final dosing schedule of once daily for three consecutive
days via oral gavage at 20mg/kg was chosen for the present study.
After oral administration, each fish was observed in a separate tank for
regurgitation of DC. If DC solution was regurgitated, the fish was re-
moved from the study and replaced.

After 3-day consecutive oral administrations, the blood and tissues
(liver, kidney, muscle + skin and gill) were collected from six fish each
time point at the following time points, including 0.25, 0.5, 1, 3, 5, 7,
14, 21, 28, 35, 42, 49 and 56 days. Each fish was only bled one time in
the study, followed by tissue collection. A 2.5 mL heparinized syringe
with 22 G needle was used to draw at least 2 mL blood samples from the
tail vessels. Subsequently, the tissues of liver, kidney, muscle + skin
and gill were also collected from each fish. The blood samples were
centrifuged at 1500 g for 5 min at 4 °C, and plasma was transferred into
a new tube. All samples were stored at −20 °C until analysis. All ex-
perimental protocols and procedure involving animals were approved
by the Fish Ethics Committee of Yangtze River Fisheries Research
Institute, Chinese Academy of Fishery Sciences, Wuhan, China.

2.5. Sample preparation

The preparation procedure of samples was based on the method by
Gajda et al. (2014) with some modifications. First, for the plasma
samples after thawing at room temperature, 1 mL subsamples were
pipetted into 10mL polypropylene tubes, and then 10 μL internal
standard solution was added into each tube. The samples were sub-
jected to two sequential extractions using 5mL of EDTA-Mcllvaine
buffer (0.04 mol/L sodium dihydrogen phosphate, 0.06mol/L citric
acid monohydrate, and 0.1mol/L EDTA-Na2, pH = 4.0). During each
extraction, the mixture was shaken for 2 min, and then centrifuged for
5 min at 5000 g at 4 °C. The resulting extractant was pipetted and
pooled into another new tube, and then transferred to a polymeric SPE
cartridge, which was prepared in advance with 3 mL methanol and
3 mL pure water. After the percolation of the whole solution, the col-
umns were washed with 3 mL water. The DC was eluted with 5 mL
methanol. The extracts were concentrated using nitrogen stream at
30 °C up to entirely dry. The dry residues were reconstituted by 1 mL of
5% methanol in water (0.1% formic acid) and filtered through 0.22 μm
filters. A total of 10 μL sample was used for LC-MS/MS analysis. For the
preparation of tissues samples, 2 g of muscle + skin and 1 g of liver,
kidney and gill samples after homogenization and thawing were re-
spectively extracted based on the method of plasma sample preparation
described above.

2.6. LC-MS/MS analysis

In this study, all samples were analyzed by an LC–MS/MS system
consisted of a triple quadrupole mass spectrometer, a LC binary pump
and an auto-sampler (TSQ Quantum Access MAX, Thermo Fisher, USA).
Data were obtained and processed through the Thermo Xcalibur

software (Version 2.1.0). A Hypersil Golden (150 mm × 2.1 mm, 3 μm)
with proper column temperature at 30 °C was used to separate the
target chemical. The mobile phase included organic phase A (75%
methanol and 25% acetonitrile containing 0.1% formic acid) and aqu-
eous phase B (pure water containing 0.1% formic acid). The gradient
elution procedure was performed from 10% A for 1min, then increased
up to 100% within 5min, and remained at this proportion for 2min,
and subsequently returned to the initial percentage in 0.1 min. The flow
rate was 0.2mL/min and injection volume were 10 μL.

The target chemical was determined at positive mode using the
heated electrospray ionization, and the ion source parameters were
optimized by monitoring the MS/MS spectra of the analyte. The mode
of selective reaction monitoring (SRM) was chosen to monitor corre-
sponding protonated molecular ion for target analyte using a spray
voltage of 3500 V, vaporizer temperature of 350 °C, ion transport tube
temperature of 350 °C, sheath gas (high purity nitrogen) of 30 psi,
auxiliary gas (high purity nitrogen) of 50 arb, collision gas (ultra-high
purity argon) pressure of 1.50 mTorr, Q1 peak width of 0.70 amu, Q3
peak width of 0.50 amu, and a scan time of 0.1 s. SRM for DC was m/z
445 for 145 (qualitative) with a collision energy of 23 eV, and m/z 445
to 428 (quantitative) were set at 18 eV. SRM for DC-D3 was m/z 448 to
431 with a collision energy of 17 eV.

2.7. Validation procedure

The developed determination method of DC in fish plasma,
muscle + skin, liver, kidney, and gill was validated based on the
guideline of the EU Commission Decision 2002/657/EC (EC, 2002). The
specific parameters for validation of the method included the se-
lectivity, linearity, precision, accuracy, the decision limits (CCα) and
the detection capability (CCβ).

The limit of detection (LOD) was determined as the concentration
that produced the area of the signal 3 times that of the baseline noise;
whereas the concentration that produced the ratio of the area of the
signal to the baseline noise of 10 was established as the limit of
quantification (LOQ) (Zeng et al., 2019). The selectivity of the method
was estimated in plasma, muscle + skin, liver, kidney and gill for de-
tecting DC by comparing the LC-MS/MS behavior obtained from the
blank samples (n = 10) and the samples fortified with DC standard
solution. Possible exogenous and endogenous interferences in samples
were avoided through the optimization of the LC separation and pur-
ification conditions. Due to the apparent matrix effect in plasma and
various tissues for DC's determination, the matrix-matched curves of DC
in plasma and tissues were determined by analyzing fortified blank
samples with standard solutions at different concentrations of 5, 10, 20,
50, 100, 500, 2000 and 5000 μg/L. All curves were constructed by
linear regression of the ratios of chromatographic peak area of the
standards versus suitable internal standard with nominal concentra-
tions. The correlation coefficients and the slope were calculated. Such
calibration curves were obtained with each series of samples.

The accuracy of the method was assessed by the recovery rate which
was determined through analyzing blank samples fortified in six re-
plicates at the levels of 0.5 MRL, MRL and 1.5 MRL (MRL=100 μg/kg).
In order to evaluate the precision of the method, the repeatability va-
lues (intra-day precision) were analyzed as the coefficient of variation
of measured concentrations of DC by analyzing samples fortified with
standard of the analyst at three levels (0.5 MRL, MRL and 1.5 MRL) on
the same day with the same instrument and by the same operator. The
reproducibility (intermediate precision) results were obtained by de-
termining samples spiked with target compounds using the identical
method on three separate days with the same instrument and by the
same operator.

The decision limits (CCα) were calculated by determining 20 blank
samples spiked with DC at MRL. The detection capability (CCβ) was
calculated as the decision limit plus 1.64 times the corresponding
standard deviation.
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2.8. Withdrawal time analysis

The WT of DC in plasma and all collected tissues were calculated
using both the WT 1.4 software developed by EMA (EMA, 2018) and
the “reschem” package developed by US FDA (FDA, 2018). The WT is
typically calculated only in edible tissues, but in the present study the
WT was calculated in all collected tissues and plasma in order to de-
termine the target organ in which the tissue residue depletes the slowest
in fish and in order to provide a more comprehensive comparison of the
results among different tissues and between the WT 1.4 software and
the “reschem” package. The first order rate constant (λz) associated
with the terminal elimination phase was calculated from the slope of
the apparent terminal phase at the last three sampling time points,
while the elimination half-life (T1/2λz) was calculated as 0.693/λz.

3. Results

3.1. Method validation

In this study, the limit of detection (LOD) and limit of quantification
(LOQ) of the analytical method were 2.5 and 5 μg/L or μg/kg, respec-
tively in both plasma and tissues. The method had a high selectivity
with no interferences, a good linearity (R) of> 0.995, and satisfactory
recoveries (70.2–87.8%) (Table 1). The intra and inter-day precisions
(CV%) were both lower than 10%. The decision limit (CCα) and the
detection capability (CCβ) were from 108.0 to 122.0 μg/kg or μg/L. For
samples with concentrations of DC in plasma and tissues over the upper
limit of quantification in the initial measurement, the remaining sam-
ples were diluted with the corresponding blank plasma or tissue sam-
ples, and the measurement was repeated. The results showed that the
method was suitable to be used to quantify DC's concentrations in
plasma and various tissues.

3.2. WT estimation of DC using the WT 1.4 software and the “reschem”
package

The concentrations of DC (mean ± SD) in plasma and tissues at
different time points are listed in Table 2 and the residue depletion
kinetic curves are shown in Fig. 1. The DC concentration at the first
sampling time point of 0.25 day after the last oral administration was
the highest both in plasma and tissues when compared to other sam-
pling time points. Afterwards, the concentrations of DC were decreased
sharply until day 7. On day 7, DC concentrations were below 1000 μg/
kg or μg/L in muscle + skin, kidney, and plasma, but the concentra-
tions were still above 2000 μg/kg in liver and gill. From 14 to 35 days,

the depletion of DC in tissues was relatively slower than from 0.25 to 7
days. Additionally, the results showed that the highest concentrations
were found in liver in comparison to other tissues and were still de-
tectable up to 49 days (58.9 ± 12.8 μg/kg) when the concentrations
were unquantifiable in other tissues. The terminal elimination half-lives
were calculated as 6.25, 6.36, 5.14, 4.68 and 5.11 days in
muscle + skin, liver, kidney, gill and plasma, respectively in grass carp
exposed to DC at 20 mg/kg via oral gavage daily for 3 days.

The WT 1.4 and the “reschem” package were respectively used to
calculate the WT of DC in muscle + skin, liver, kidney, gill and plasma.
The calculated WT values based on different MRL values (100 μg/kg for
China and EU vs. 50 μg/kg for Japan) are shown in Table 3. The WT 1.4
software can only analyze a dataset with maximally 7 time points.
Therefore, in the present study only a part of each data set was selected
for the analysis using WT 1.4. Specifically, we selected the time points
of 1, 3, 5, 7, 14, 21 and 49 days for liver, of 1, 3, 5, 7, 14, 21 and 42
days for gill, kidney and muscle + skin, and of 1, 3, 5, 7, 14, 21 and 35
days for plasma because within these time ranges, the residue depletion
kinetic profiles were properly captured and the lowest concentration for
each tissue was lower than the MRL for the corresponding tissue. By
setting the MRL as 100 μg/kg and considering a 95th percentile with a
95% confidence level for Europe and China (Yang et al., 2019a), the
calculated WT times using the WT 1.4 were 40.54 days in
muscle + skin, 55.28 days in liver, 41.21 days in kidney, 46.34 days in
gill and 24.38 days in plasma, which were 41, 56, 42, 47 and 25 days,
respectively after rounding to the next whole day (Fig. 2, Table 3).

Using US FDA's “reschem” package by setting the MRL as 100 μg/kg
and considering a 95th percentile tolerance limit with a 95% confidence
level, the calculated WTs were 41 days in muscle + skin, 56 days in
liver, 42 days in kidney, 47 days in gill and 25 days in plasma, re-
spectively (Fig. 3). These results showed that the calculated WT values
for plasma and tissues were consistent between using the WT 1.4 and
the “reschem” package in the present study. Thus, the WT estimation
results using the WT 1.4 software and the FDA's “reschem” package had
no considerable discrepancy based on the present datasets. In Japan,
the MRL of DC in fish is 50 μg/kg and assuming the tolerance limit is
the same as in Europe and China (i.e., 95th percentile), the calculated
WTs were 50 days in muscle + skin, 62 days in liver, 48 days in kidney,
53 days in gill and 29 days in plasma (Table 3).

4. Discussion

Antibiotics are used in aquaculture in order to treat bacterial in-
fectious diseases, increase fish production, and decrease economic
loses, but their use could also result in drug residue violations in fish
products and thus impact human food safety. In order to protect human
health, regulatory authorities set up maximum residue limits (MRLs)
and withdrawal periods of drugs used in food animals (FDA, 2010).
MRL is an effective red line of protection to guarantee food safety. For
the sake of ensuring drug residues not exceeding the MRLs in animal-
derived food products, it is important to conduct studies to determine
appropriate withdrawal times for different drugs at different ther-
apeutic regimens. In this study, the tissue residue depletion kinetics of
DC and withdrawal time of DC in grass carp after 3 daily oral admin-
istrations at 20mg/kg were determined. The major findings were: (1)
liver had the highest concentrations and the slowest depletion rate of
DC among all collected tissues; and (2) the calculated WT values of DC
were 41 days for Europe and China and 50 days for Japan in grass carp
after 3 daily oral dosing at 20mg/kg.

Available absorption and disposition studies of DC have demon-
strated that DC is efficiently and rapidly absorbed by the intestine fol-
lowing oral administration and has a relatively longer plasma half-life
(15–22 h) and more lipid-soluble than other analogues (EMA, 1996;
Rigos et al., 2002a; Rigos et al., 2003; Yang et al., 2014; Yang et al.,
2016). The present study suggests that upon absorption DC is ex-
tensively distributed in the body with the highest concentrations in

Table 1
Accuracy and precision of the method for doxycycline in spiked muscle + skin,
liver, kidney, gill and plasma of grass carp (Ctenopharyngodon idella).

Tissues Spiked level
(μg/kg or μg/L)

Recovery (%) Within-day
RSD (%)

Between-day
RSD (%)

Plasma 50 82.2 4.2 5.2
100 83.4 3.1 4.9
150 87.8 2.8 3.9

Liver 50 70.2 3.7 5.3
100 80.4 4.0 6.1
150 79.9 4.5 7.2

Kidney 50 72.3 3.6 5.8
100 81.9 2.1 4.2
150 83.7 2.7 4.9

Gill 50 82.1 4.0 6.3
100 85.9 3.5 5.7
150 84.2 2.5 4.6

Muscle + skin 50 82.7 3.0 4.9
100 85.2 4.4 7.3
150 85.6 4.6 6.7

RSD, relative standard deviation.
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liver. This finding is similar to earlier studies in broiler chickens fol-
lowing oral administration at 10mg/kg for 5 days (Gajda et al., 2014)
and drinking water exposure at about 35–40mg/kg for 7 days (Hsiao
et al., 2016). It has been reported that DC has a high affinity for bile and
exhibits cyclic discontinuous biliary excretion, which results in strong

enterohepatic recycling of DC (Fabre et al., 1971; Pedersen and Miller,
1980). The enterohepatic recirculation of DC could, in part, contribute
to the observed highest concentration of DC in the liver compared to
other tissues in the present study.

Except the liver, our results showed that gill had higher con-
centrations of DC than kidney, plasma, and muscle + skin. At the first
sampling time point of 0.25 day, the concentrations of DC in gill were
about 8.4-fold of the concentrations in muscle + skin. After 42 days
post dosing, the concentrations of DC in gill were still detectable and
were higher than in muscle + skin and kidney. The function of gill in
fish is equivalent to the organ of lungs in poultry and mammals. Fish
have to take waters into the buccal cavity and expels it through the gill
slit in order to obtain adequate oxygen. Previous studies have shown
that DC is largely excreted in feces (Schach Von Wittenau and Twomey,
1971; EMA, 1996). Thus, the observed higher concentrations of DC up
to 42 days post exposure could be, in part, because the fish excreted DC
through feces, and DC in feces was re-dissolved in water, and then DC in
water was further absorbed through the gill into the fish body.

Based on the MRL of 100 μg/kg in finfish in China and EU (EU,
2015; MAA, 2017), the calculated WT values of DC were 41 days for
muscle + skin, 56 days for liver, 42 days for kidney, 47 days for gill,
and 25 days for plasma. These values are far longer than DC's analogues
in other aquatic species. For example, the calculated withdrawal time
was 0 day in fillet tissues of juvenile pike (Esox lucius) and walleye
(Stizostedion vitreum) with mean weight under 200 g fed with oxyte-
tracycline (OTC)-medicated diets (82.7 mg OTC-HCl/kg fish/day) for
10 consecutive days (Bernardy et al., 2003). Nogueira-Lima et al.
(2006) reported that OTC was undetectable after 25 days in cultivated
marine shrimp (Penaeus vannamei Boone, 1931) following treatment
with medicated feed containing 4 g OTC/kg for 14 days and its WT
value was less than 25 days. Paschoal et al. (2012) also estimated a WT
of 6 days for OTC in tilapia (Orechromis niloticus) fillets following oral
administration via feed at a dose of 80mg/kg for 5 consecutive days.
The difference in the withdrawal time between DC and OTC may be
primarily because DC is more lipophilic and possesses better perme-
ability through body fluids and tissues than other tetracyclines (Riviere
and Papich, 2018). Its stronger lipophilic feature may lead to better
bioavailability in animals and longer persistence in the body than OTC.
A second reason could be due to the difference in the drug adminis-
tration method. In the present study, DC could be absorbed more easily
by the gastrointestinal tract because DC without mixing with feed was
administered to fish (Purkins et al., 2003; Xu et al., 2018). Through the
delivery of the drug by oral gavage, a bolus dose of DC entered the fish
intestine directly, thus the delivered amount of DC was high compared
to feeding DC in formulated rations. Additionally, oral gavage of DC
prevented from treatment competition among the fish population and
prevented from distributing the DC amount homogeneously into the

Table 2
The concentrations of doxycycline in muscle + skin, liver, kidney, gill and plasma of grass carp (Ctenopharyngodon idella) after daily oral administration at 20mg/kg
for 3 days.

Time (d) Muscle + skin (μg/kg) Liver(μg/kg) Kidney(μg/kg) Gill(μg/kg) Plasma(μg/L)

0.25 3833.1 ± 684.5 54849.8 ± 6937.3 15039.2 ± 897.2 32172.9 ± 1257.4 5367.3 ± 586.0
0.5 3251.6 ± 229.0 53771.3 ± 1231.8 9058.8 ± 908.8 28729.3 ± 982.8 3293.3 ± 908.9
1.0 2071.2 ± 632.6 51492.5 ± 4032.6 5428.9 ± 739.4 18334.7 ± 667.6 3189 ± 143.2
3.0 1485.9 ± 113.2 31681.7 ± 1322.7 3278.1 ± 156.2 7895.1 ± 717.4 2508.3 ± 114.8
5.0 1015.8 ± 190.6 9687.0 ± 1578.8 1864.6 ± 164.5 5279.3 ± 325.1 1528.7 ± 68.6
7.0 854.1 ± 124.5 3596.5 ± 890.2 678.1 ± 98.5 2773.7 ± 199.7 854.2 ± 58.4
14.0 679.0 ± 78.9 1552.8 ± 127.4 437.6 ± 47.2 2031.8 ± 107.8 367.6 ± 33.2
21.0 348.1 ± 46.4 562.2 ± 48.3 332.9 ± 67.6 717.9 ± 54.2 71.5 ± 28.7
28.0 235.3 ± 22.4 503.9 ± 64.4 244.4 ± 40.6 682.4 ± 173.8 48.1 ± 8.3
35.0 187.2 ± 22.0 270.8 ± 49.6 61.3 ± 26.3 229.8 ± 84.1 10.7 ± 1.5
42.0 49.9 ± 5.1 185.8 ± 34.8 37.0 ± 7.1 85.8 ± 17.7 < LOQ
49.0 < LOQ 58.9 ± 12.8 <LOQ <LOQ <LOQ
56.0 < LOQ <LOQ <LOQ <LOQ <LOQ

<LOQ: below limit of quantification of 5 μg/kg or μg/L.

Fig. 1. Residue depletion kinetic curves of doxycycline in muscle + skin (M),
liver (L), kidney (K), gill (G) and plasma (P) of grass carp (Ctenopharyngodon
idella) after daily oral administration at 20mg/kg for 3 days.

Table 3
Calculated withdrawal times of doxycycline in muscle + skin, liver, kidney, gill
and plasma of grass carp (Ctenopharyngodon idella) after daily oral adminis-
trations at 20mg/kg for 3 days based on different regulatory standards.

Tissues and plasma Europe and China Japan

Muscle + skin 41 50
Liver 56 62
Kidney 42 48
Gill 47 53
Plasma 25 29

Note: In Europe and China, the maximum residue limit (MRL) of doxycycline is
100 μg/kg in muscle + skin of fish. There are no MRL values for plasma and
other tissues. As a result, the MRL of 100 μg/kg was used in the calculation of
withdrawal times for plasma and other tissues. The withdrawal time was cal-
culated using the WT 1.4 software with the tolerance limit of 95th percentile
with a 95% confidence level.
In Japan, the MRL of doxycycline is 50 μg/kg in muscle + skin of fish. There
were no MRL values for plasma and other tissues, and the MRL of 50 μg/kg was
also used for plasma and other tissues. The withdrawal time was estimated by
the WT 1.4 with 95th percentile with a 95% confidence level.
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treated fish population. Thirdly, Paschoal et al. (2012) reported that the
fish size also affected the depletion rate of tetracyclines, and that the
younger and lighter fish had a higher metabolism rate for the given
drug. Finally, the absorption and excretion rates of orally administered
drugs in fish are also impacted depending on whether the fish has a
stomach. Takii et al. (1997) evaluated the digestive and absorptive
function by feeding test diets with an index substance of Cr2O3 in tiger
puffer Takifugu rubripes that have no stomach and in red sea bream
Pagrus major that have a stomach. In the tiger puffer, small amounts of
fecal Cr2O3 were detected until 72 h post-feeding, while red sea bream
excreted most of fecal Cr2O3 within 24 h after oral treatment with a

peak at 8–12 h after feeding, indicating that tiger puffer processes di-
gestion and absorption more slowly than red sea bream, in part, be-
cause tiger puffer do not have a stomach. As grass carp do not have a
stomach, whether the present result can be extrapolated to other fish
species that have a stomach remains to be investigated.

The calculated terminal elimination half-lives were 6.25, 6.36, 5.14,
4.68 and 5.11 days (150, 152.64, 123.36, 112.32, and 122.64 h) in
muscle + skin, liver, kidney, gill and plasma, respectively in the pre-
sent study. These values are greater than the recently reported terminal
elimination half-lives for DC in grass carp after a single oral dose of
20 mg/kg at 24 °C, which were 24.22, 17.93, 37.56, 23.68, and 20.10 h

Fig. 2. Estimated withdrawal times for doxycycline in grass carp (Ctenopharyngodon idella) after oral administrations at 20 mg/kg for 3 days for Europe and China
based on the EMA method using the WT 1.4 software (A for muscle + skin, B for liver, C for kidney, D for gill, and E for plasma). MRL: maximum residue limits for
doxycycline from the European Medicines Agency (EMA, 2018). If the calculated withdrawal time was a fraction of a day, the estimated withdrawal time was
rounded up to the next whole day shown in the parenthesis.
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Fig. 3. Estimated withdrawal times for doxycycline in grass carp (Ctenopharyngodon idella) after oral administrations at 20 mg/kg for 3 days for Europe and China
using FDA's tolerance limit method coded in the “rescheme” package (A for muscle + skin, B for liver, C for kidney, D for gill, and E for plasma). The withdrawal time
was calculated based on the maximum residue limit (MRL or termed tolerance in the US) of 100 μg/kg for DC in fish plasma and tissues with a tolerance limit of 95th
percentile with a 95% confidence level.
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in muscle + skin, liver, kidney, gill and plasma, respectively (Xu et al.,
2019). Note that in this earlier study (Xu et al., 2019), the terminal
slopes were calculated using Phoenix's “Best Fit” calculation method to
automatically select the best time points based on observed data col-
lected from 0.08 to 144 h, where in the present study the terminal
slopes were consistently calculated based on the last three quantifiable
time points from 21 to 49 days. These results suggest that terminal
elimination half-lives are highly dependent on the sampling time
points, and could vary by several fold for lipophilic chemicals like DC
depending on whether data are collected during the earlier kinetic
phase or the very terminal kinetic phase.

In the literatures, while there are few tissue residue depletion stu-
dies of DC in fish, there are some in poultry and swine. Croubels et al.
(1998) reported that the WT was estimated to be 3 days in muscle of
pigs following continuous drinking water exposure for 5 days at a dose
of 10.5 mg/kg/day. In turkey, the WT was estimated to be 12 days in
liver and 17 days in muscle after receiving drinking water exposure at
the dose of 25mg/kg for 4 days under field conditions (Croubelsa et al.,
1998). In eggs, DC could be detected up to 12 days after drinking water
exposure of laying hens for 5 days at the dose level of 10mg/kg/day
(Gajda and Posyniak, 2015). It was reported that DC's concentrations in
egg white were decreased rapidly and a higher DC concentration ex-
isted in yolk than in egg white, which proved that DC's lipophilic
property results in preferential distribution to yolk that has higher
proportion of fat (Gajda and Posyniak, 2015). Additionally, Anadon
et al. (2012) studied the WT of another analogue of DC, chlortetracy-
cline, in fattening chickens after multiple oral doses at 60mg/kg for 5
days. The results showed that the drug concentrations in liver and
muscle were decreased to be below LOQ (1 μg/kg) at 3 and 5 days,
respectively after cessation of medication, suggesting that at least 6-day
WT was needed to ensure food safety. Compared to the reported WT
values of DC or chlortetracycline in poultry or swine, the calculated WT
value for DC in muscle of fish in this study is far longer than that in
poultry and swine. This may be because poultry and mammals have
faster elimination rates of DC than fish due to the fact that fish belong to
heterothermic animals possessing lower efficiency of drug metabolic
enzymes than that in poultry and mammals (Saito et al., 2001; Smith
et al., 2010).

In this study, the WT 1.4 (EMA, 2018) and the “reschem” package
(FDA, 2018) were employed to calculate the WT values in plasma and
tissues. The WT 1.4 is relatively easy to use, and it only requires users to
import a dataset with maximally 7 time points. The MRL (100 μg/kg)
and the percentile of 95th or 99th with 95% of confidence can be set in
the corresponding dialog. Users can simply click the button of “Ana-
lyze” to analyze the data, and then the calculated WT value and the
residue depletion plot will be shown on the software interface. How-
ever, the “reschem” package is relatively difficult to use because the
package is based on R language, which requires some familiarity of the
R programming environment. The calculated WT values based on the
present data using the two software tools were consistent (the same
when rounding to the next whole day) for both plasma and tissues.
However, another recent study from our group showed that the calcu-
lated WT values using WT 1.4 vs. “reschem” package could be different
by 1–3 days depending on the number of animals per time point, the
variability of the data, and the depletion rates of the drug in different
tissues (Lin et al., 2019).

Although the WTs of DC were estimated by the present tissue re-
sidue depletion data in grass carp using the tolerance limit method, the
results are limited to the species of grass carp and cannot be extra-
polated to other species because tolerance limit method is a statistical
method, not a physiologically-based mechanistic method. In this re-
gard, multiple studies have shown that physiologically based pharma-
cokinetic (PBPK) models are a robust approach that can be used to
predict tissue residues and withdrawal times of drugs in food animals,
and can be extrapolated from one species to another by incorporating
species-specific physiological information (Lin et al., 2016; Henri et al.,

2017; Li et al., 2017; Yang et al., 2019a). The present tissue residue
depletion data can be used help develop a PBPK model for DC in grass
carp, which may be extrapolated to predict WTs in other fish species.

This study has some limitations. The number of animals sampled at
each time point was 6 in this study, but the general recommendation
from EMA is that a sufficient number of fish (15–20) be used to obtain
at least 10 composite samples at each sampling time point for the tissue
residue study (EMA, 2009). Thus, the present result should be con-
sidered as preliminary recommendation of the WTs of DC in fish in
different countries. Future studies using a larger number of animals per
time point that meet the EMA study guidelines are needed in order to
provide a more conclusive recommendation. Also, the present study
used a forced-administrated approach of oral gavage to deliver DC,
rather than the more commonly used commercial route of administra-
tion for medicated feeds to fish in order to give a precise amount of the
drug. In the actual practice, DC is administered via dietary exposure.
Therefore, it is also necessary to conduct pharmacokinetic tissue re-
sidue depletion studies of DC in fish after dietary exposure and compare
the potential differences in the calculated WTs between oral gavage and
dietary exposure (Teles et al., 2016; Feng et al., 2019).

5. Conclusions

In the present study, the tissue residue depletion profiles of DC were
determined in grass carp following daily oral administrations at a dose
of 20mg/kg for 3 days at 24 °C. The WT values in plasma and tissues
were calculated using the WT 1.4 software and the “reschem” package
based on different regulatory standards in different countries (EU vs.
China vs. Japan). The results suggest that a WT of 41 days for Europe
and China and 50 days for Japan is needed for DC at 20mg/kg after 3
daily oral dosing in grass carp. Our analyses also suggest that the cal-
culated WT values based on the same data using the WT 1.4 software vs.
the FDA's “reschem” package are similar. Overall, the present study
improves our understanding of the tissue residue depletion kinetics of
DC after repeated oral exposure in fish, and the results provide insight
into the regulatory decision on the proper withdrawal period of DC in
fish under different regulatory standards for different countries to en-
sure fish-derived food safety.

Author contributions

Ning Xu and Xiaohui Ai conceived and designed the animal study.
Ning Xu drafted the manuscript. Yu Fu and Xiaomei Zhang were re-
sponsible for rearing fish, collecting samples and analyzing the samples.
Miao Li, Ning Xu, and Zhoumeng Lin contributed to the withdrawal
time analysis using the “reschem” package and the WT 1.4 software.
Zhoumeng Lin provided the facilities to conduct the analysis, designed
the withdrawal time analysis plan, coordinated the project, and helped
in writing the manuscript. All authors have read and approved the final
manuscript.

Acknowledgments

The authors gratefully acknowledge the financial support from the
China Scholarship Council (Award #: 201803260013).

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2019.110592.

Declaration of interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

N. Xu, et al. Food and Chemical Toxicology 131 (2019) 110592

8

https://doi.org/10.1016/j.fct.2019.110592


References

Addisalem Hunde, B., Zewde, B.M., Bayleyegn Molla, Z., 2012. Tetracycline residue levels
in slaughtered beef cattle from three slaughterhouses in central Ethiopia. Glob. Vet. 8,
546–554.

Affolter, K., Samowitz, W., Boynton, K., Kelly, E.D., 2017. Doxycycline-induced gastro-
intestinal injury. Hum. Pathol. 66, 212–215. http://doi.org/10.1016/j.humpath.
2017.02.011.

Anadon, A., Gamboa, F., Martinez, M.A., Castellano, V., Martinez, M., Ares, I., Ramos, E.,
Suarez, F.H., Martinez-Larranaga, M.R., 2012. Plasma disposition and tissue deple-
tion of chlortetracycline in the food producing animals, chickens for fattening. Food
Chem. Toxicol. 50, 2714–2721. http://doi.org/10.1016/j.fct.2012.05.007.

Arthur, J.R., Lavilla-Pitogo, C.R., Subasinghe, R.P., 1996. Use of Chemicals in
Aquaculture in Asia. Proceedings of the Meeting on the Use of Chemicals in
Aquaculture in Asia. Southeast Asian Fisheries Development Center Aquaculture
Department, Tigbauan, Iloilo, Philippines.

EC, 2002. Commission decision of 12 august 2002 implementing council directive 96/23/
Ec concerning the performance of analytical methods and the interpretation of results
(Text with EEA Relevance) (notified under document number C(2002) 3044. https://
publications.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-
b10a-cf7a82bad858/language-en.

Bernardy, J.A., Vue, C., Gaikowski, M.P., Stehly, G.R., Gingerich, W.H., Moore, A., 2003.
Residue depletion of oxytetracycline from fillet tissues of northern pike and walleye.
Aquaculture 221, 657–665. https://doi.org/10.1016/s0044-8486(03)00136-4.

Cabello, F.C., 2006. Heavy use of prophylactic antibiotics in aquaculture: a growing
problem for human and animal health and for the environment. Environ. Microbiol.
8, 1137–1144. http://doi.org/10.1111/j.1462-2920.2006.01054.x.

Cañada-Cañada, F., Muñoz de la Peña, A., Espinosa-Mansilla, A., 2009. Analysis of anti-
biotics in fish samples. Anal. Bioanal. Chem. 395, 987–1008. http://doi.org/10.
1007/s00216-009-2872-z.

CFFA, 2018. China Fishery Statistics Yearbook 2018. C.F.a.F. Administration. China
Agriculture Press, Beijing.

Chen, B., Ji, X., Zhang, L., Hou, Z., Li, C., Tong, Y., 2015. Fish oil supplementation does
not reduce risks of gestational diabetes mellitus, pregnancy-induced hypertension, or
pre-eclampsia: a meta-analysis of randomized controlled trials. Med. Sci. Monit. 21,
2322. http://doi.org/10.12659/MSM.894033.

Christopher, D.G., Edward, H.A., William, W.L.C., Madan, M.D., Benjamin, S.H., Douglas,
J.M., Matthew, S., Bapu, V., Dirk, Z., Samuel, S.M., 2016. Nutrition: fall in fish catch
threatens human health. Nature 534, 317. http://doi.org/10.1038/534317a.

Croubels, S., Baert, K., De Backer, P., De Busser, J., 1998. Residue study of doxycycline
and 4-epidoxycycline in pigs medicated via drinking water. Analyst 123, 2733–2736.
http://doi.org/10.1039/a804936j.

Croubelsa, S., Vermeerschb, H., De Backera, P., Santosc, M.D.F., Remonc, J.P., V.P.d, C.,
1998. Liquid chromatographic separation of doxycycline and 4-epidoxycycline in a
tissue depletion study of doxycycline in turkeys. J. Chromatogr. B 708, 145–152.
https://doi.org/10.1016/S0378-4347(97)00644-0.

Damte, D., Jeong, H.-J., Lee, S.-J., Cho, B.-H., Kim, J.-C., Park, S.-C., 2012. Evaluation of
linear regression statistical approaches for withdrawal time estimation of veterinary
drugs. Food Chem. Toxicol. 50, 773–778. https://doi.org/10.1016/j.fct.2011.11.013.

Defoirdt, T., Sorgeloos, P., Bossier, P., 2011. Alternatives to antibiotics for the control of
bacterial disease in aquaculture. Curr. Opin. Microbiol. 14, 251–258. https://doi.org/
10.1016/j.mib.2011.03.004.

Deng, B., Fu, L., Zhang, X., Zheng, J., Peng, L., Sun, J., Zhu, H., Wang, Y., Li, W., Wu, X.,
Wu, D., 2014. The denitrification characteristics of Pseudomonas stutzeri SC221-M and
its application to water quality control in grass carp aquaculture. PLoS One 9,
e114886. http://doi.org/10.1371/journal.pone.0114886.

EMA, 1996. Committee for veterinary medicinal products-doxycycline hyclate summary
reported (1). EMEA/MRL/101/96-Final. https://www.ema.europa.eu/en/
documents/mrl-report/doxycycline-hyclate-summary-report-committee-veterinary-
medicinal-products_en.pdf.

EMA, 2009. Guideline on studies to evaluate the metabolism and residue kinetics of ve-
terinary drugs in food-producing animals: marker residue depletion studies to es-
tablish product withdrawal periods. https://www.ema.europa.eu/en/documents/
scientific-guideline/vich-topic-gl48-step-4-guideline-studies-evaluate-metabolism-
residue-kinetics-veterinary-drugs-food_en.pdf.

EMA, 2018. Guideline on determination of withdrawal periods for edible tissues. https://
www.ema.europa.eu/en/documents/scientific-guideline/guideline-determination-
withdrawal-periods-edible-tissues-revision-1_en.pdf.

Erdog Du, A.T., Koc Yi, G.I.T.,Y., Özdemi, R.G., Cos Kun, Y., 2009. Determination of
tetracycline antibiotics residues in beef and mutton presented for consumption. J.
Bornova Vet. Cont. Res. Inst. 31, 29–33.

EU, 2015. Commission regulation (EU) 2015/151 of 30 january 2015 amending the annex
to regulation (EU) No 37/2010 as regards the substance 'doxycycline'. Off. J. Eur.
Union L 26/13. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=
CELEX:32015R0151&from=EN.

Fabre, J., Milek, E., Kalfopoulos, P., Mérier, G., 1971. Tetracycline kinetics in man.
Digestive absorption and serum concentration. Schweiz. Med. Wochenschr. 101, 593.

FAO, 2014. The State of World Fisheries and Aquaculture - Opportunities and Challenges.
F.a.A.O.o.t.U. Nations. FAO, Rome. http://www.fao.org/3/a-i3720e.pdf.

FDA, 2010. Guidance for Industry: studies to evaluate the metabolism and residue ki-
netics of veterinary drugs in food-producing animals: metabolism study to determine
the quantity and identify the nature of resisues (MRK). https://www.fda.gov/
downloads/AnimalVeterinary/GuidanceComplianceEnforcement/
GuidanceforIndustry/UCM207939.pdf.

FDA, 2018. General principles for evaluating the human food safety of new animal drugs

used in food-producing animals. https://www.federalregister.gov/documents/2016/
07/21/2016-17188/general-principles-for-evaluating-the-human-food-safety-of-
new-animal-drugs-used-in-food-producing.

Feng, Z., 2010. Compilation of National Standards for Veterinary Drugs. China
Agriculture Press, Beijing.

Feng, Y., Zhai, Q., Wang, J., Li, J., Li, J., 2019. Comparison of florfenicol pharmacoki-
netics in Exopalaemon carinicauda at different temperatures and administration
routes. J. Vet. Pharmacol. Ther. 42, 230–238. https://doi.org/10.1111/jvp.12734.

Gajda, A., Posyniak, A., 2015. Doxycycline depletion and residues in eggs after oral ad-
ministration to laying hens. Food Addit. Contam. Part A Chem. Anal. Control Expo.
Risk Assess. 32, 1116–1123. https://doi.org/10.1080/19440049.2015.1041429.

Gajda, A., Posyniak, A., Tomczyk, G., 2014. LC-MS/MS analysis of doxycycline residues in
chicken tissues after oral administration. Bull. Vet. Inst. Pulawy 58, 573–579. http://
doi.org/10.2478/bvip-2014-0089.

Henri, J., Carrez, R., Méda, B., Laurentie, M., Sanders, P., 2017. A physiologically based
pharmacokinetic model for chickens exposed to feed supplemented with monensin
during their lifetime. J. Vet. Pharmacol. Ther. 40, 370–382. http://doi.org/10.1111/
jvp.12370.

Horsberg, T.E., 1994. Experimental methods for pharmacokinetic studies in salmonids.
Annu. Rev. Fish Dis. 4, 345–358. https://doi.org/10.1016/0959-8030(94)90034-5.

Hsiao, P.F., Chang, S.K., Hsu, T.H., Li, K.P., Chou, C.C., 2016. Pharmacokinetics and tissue
depletion of doxycycline administered at high dosage to broiler chickens via the
drinking water. Acta Vet. Hung. 64, 472–481. http://doi.org/10.1556/004.2016.
044.

Hung, Y.W., Lin, Y.H., Chen, M.H., Wang, W.S., Chiu, C.F., Chiu, C.C., Chiu, H.W., Tsai,
W.H., Hung, S.W., 2018. Pharmacokinetic study of florfenicol in Bester sturgeon, a
cultured hybrid of Huso huso × Acipenser ruthenus by high performance liquid
chromatography equipped with UV detector. Aquaculture 495, 558–567. https://doi.
org/10.1016/j.aquaculture.2018.05.053.

JFCRF, 2006. The japan food chemical research foundation (JFCRF) enforcement on 29
may 2006 of the japanese positive list system for agricultural chemical residues in
foods food safety and consumer affairs bureau. NO. 12-33. https://db.ffcr.or.jp/
front/pesticide_detail?id=43400.

Kirkhus, B., Lamglait, A., Eilertsen, K.E., Falch, E., Haider, T., Vik, H., Hoem, N., Hagve,
T.A., Basu, S., Olsen, E., Seljeflot, I., Nyberg, L., Elind, E., Ulven, S.M., 2012. Effects of
similar intakes of marine n-3 fatty acids from enriched food products and fish oil on
cardiovascular risk markers in healthy human subjects. Br. J. Nutr. 107, 1339–1349.
http://doi.org/10.1017/S0007114511004508.

Larsson, S.C., Virtamo, J., Wolk, A., 2011. Fish consumption and risk of stroke in Swedish
women. Am. J. Clin. Nutr. 93, 487–493. http://doi.org/10.3945/ajcn.110.002287.

Li, M., Gehring, R., Riviere, J.E., Lin, Z., 2017. Development and application of a popu-
lation physiologically based pharmacokinetic model for penicillin G in swine and
cattle for food safety assessment. Food Chem. Toxicol. 107, 74–87. https://doi.org/
10.1016/j.fct.2017.06.023.

Lin, Z., Gehring, R., Mochel, J.P., Lavé, T., Riviere, J.E., 2016. Mathematical modeling
and simulation in animal health – Part II: principles, methods, applications, and value
of physiologically based pharmacokinetic modeling in veterinary medicine and food
safety assessment. J. Vet. Pharmacol. Ther. 39, 421–438. http://doi.org/10.1111/
jvp.12311.

Lin, Z., He, C., Magstadt, D.R., Cooper, V.L., Kleinhenz, M.D., Smith, J.S., Gorden, P.J.,
Wulf, L.W., Coetzee, J.F., 2019. Tissue residue depletion and estimation of extralabel
meat withdrawal intervals for tulathromycin in calves after pneumatic drat admin-
istration. J. Anim. Sci Acceptable pending revision.

Liu, R., Lian, Z., Hu, X., Lü, A., Sun, J., Chen, C., Liu, X., Song, Y., Yiksung, Y., 2019. First
report of Vibrio vulnificus infection in grass carp Ctenopharyngodon idellus in China.
Aquaculture 499, 283–289. https://doi.org/10.1016/j.aquaculture.2018.09.051.

MAA, 2017. National Food Safety Standard(approval Draft)- Maximum Residue Limits for
Veterinary Drugs in Animal Derived Food.

Nogueira-Lima, A.C., Gesteira, T.C.V., Mafezoli, J., 2006. Oxytetracycline residues in
cultivated marine shrimp (Litopenaeus vannamei Boone, 1931) (Crustacea, Decapoda)
submitted to antibiotic treatment. Aquaculture 254, 748–757. https://doi.org/10.
1016/j.aquaculture.2005.11.021.

Nunes, K.S.D., Vallim, J.H., Assalin, M.R., Queiroz, S.C.N., Paraiba, L.C., Jonsson, C.M.,
Reyes, F.G.R., 2018. Depletion study, withdrawal period calculation and bioaccu-
mulation of sulfamethazine in tilapia (Oreochromis niloticus) treated with medicated
feed. Chemosphere 197, 89–95. https://doi.org/10.1016/j.chemosphere.2018.01.
030.

Paschoal, J.A., Bicudo, A.J., Cyrino, J.E., Reyes, F.G., Rath, S., 2012. Depletion study and
estimation of the withdrawal period for oxytetracycline in tilapia cultured in Brazil.
J. Vet. Pharmacol. Ther. 35, 90–96. https://doi.org/10.1111/j.1365-2885.2011.
01294.x.

Paschoal, J.A., Quesada, S.P., Goncalves, L.U., Cyrino, J.E., Reyes, F.G., 2013. Depletion
study and estimation of the withdrawal period for enrofloxacin in pacu (Piaractus
mesopotamicus). J. Vet. Pharmacol. Ther. 36, 594–602. https://doi.org/10.1111/jvp.
12043.

Pazzaglia, M., Venturi, M., Tosti, A., 2014. Photo‐onycholysis caused by an unusual beach
game activity: a pediatric case of a side effect caused by doxycycline. Pediatr.
Dermatol. 31, e26–e27. http://doi.org/10.1111/pde.12223.

Pedersen, P.V., Miller, R., 1980. Pharmacokinetics of doxycycline reabsorption. J. Pharm.
Sci. 69, 204–207. https://doi.org/10.1002/jps.2600690224.

Peeters, L., Daeseleire, E., Devreese, M., Rasschaert, G., Smet, A., Dewulf, J., Heyndrickx,
M., Imberechts, H., Haesebrouck, F., Butaye, P., Croubels, S., 2016. Residues of
chlortetracycline, doxycycline and sulfadiazine-trimethoprim in intestinal content
and feces of pigs due to cross-contamination of feed. BMC Vet. Res. 12. http://doi.
org/10.1186/s12917-016-0803-8.

Pulkkinen, K., Suomalainen, L.R., Read, A.F., Ebert, D., Rintamki, P., Valtonen, E.T.,

N. Xu, et al. Food and Chemical Toxicology 131 (2019) 110592

9

http://refhub.elsevier.com/S0278-6915(19)30381-3/sref1
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref1
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref1
http://doi.org/10.1016/j.humpath.2017.02.011
http://doi.org/10.1016/j.humpath.2017.02.011
http://doi.org/10.1016/j.fct.2012.05.007
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref4
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref4
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref4
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref4
https://publications.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-en
https://publications.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-en
https://publications.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-en
https://doi.org/10.1016/s0044-8486(03)00136-4
http://doi.org/10.1111/j.1462-2920.2006.01054.x
http://doi.org/10.1007/s00216-009-2872-z
http://doi.org/10.1007/s00216-009-2872-z
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref9
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref9
http://doi.org/10.12659/MSM.894033
http://doi.org/10.1038/534317a
http://doi.org/10.1039/a804936j
https://doi.org/10.1016/S0378-4347(97)00644-0
https://doi.org/10.1016/j.fct.2011.11.013
https://doi.org/10.1016/j.mib.2011.03.004
https://doi.org/10.1016/j.mib.2011.03.004
http://doi.org/10.1371/journal.pone.0114886
https://www.ema.europa.eu/en/documents/mrl-report/doxycycline-hyclate-summary-report-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/doxycycline-hyclate-summary-report-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/doxycycline-hyclate-summary-report-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/vich-topic-gl48-step-4-guideline-studies-evaluate-metabolism-residue-kinetics-veterinary-drugs-food_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/vich-topic-gl48-step-4-guideline-studies-evaluate-metabolism-residue-kinetics-veterinary-drugs-food_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/vich-topic-gl48-step-4-guideline-studies-evaluate-metabolism-residue-kinetics-veterinary-drugs-food_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-determination-withdrawal-periods-edible-tissues-revision-1_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-determination-withdrawal-periods-edible-tissues-revision-1_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-determination-withdrawal-periods-edible-tissues-revision-1_en.pdf
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref20
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref20
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref20
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R0151&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R0151&from=EN
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref22
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref22
http://www.fao.org/3/a-i3720e.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM207939.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM207939.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM207939.pdf
https://www.federalregister.gov/documents/2016/07/21/2016-17188/general-principles-for-evaluating-the-human-food-safety-of-new-animal-drugs-used-in-food-producing
https://www.federalregister.gov/documents/2016/07/21/2016-17188/general-principles-for-evaluating-the-human-food-safety-of-new-animal-drugs-used-in-food-producing
https://www.federalregister.gov/documents/2016/07/21/2016-17188/general-principles-for-evaluating-the-human-food-safety-of-new-animal-drugs-used-in-food-producing
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref26
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref26
https://doi.org/10.1111/jvp.12734
https://doi.org/10.1080/19440049.2015.1041429
http://doi.org/10.2478/bvip-2014-0089
http://doi.org/10.2478/bvip-2014-0089
http://doi.org/10.1111/jvp.12370
http://doi.org/10.1111/jvp.12370
https://doi.org/10.1016/0959-8030(94)90034-5
http://doi.org/10.1556/004.2016.044
http://doi.org/10.1556/004.2016.044
https://doi.org/10.1016/j.aquaculture.2018.05.053
https://doi.org/10.1016/j.aquaculture.2018.05.053
https://db.ffcr.or.jp/front/pesticide_detail?id=43400
https://db.ffcr.or.jp/front/pesticide_detail?id=43400
http://doi.org/10.1017/S0007114511004508
http://doi.org/10.3945/ajcn.110.002287
https://doi.org/10.1016/j.fct.2017.06.023
https://doi.org/10.1016/j.fct.2017.06.023
http://doi.org/10.1111/jvp.12311
http://doi.org/10.1111/jvp.12311
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref39
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref39
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref39
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref39
https://doi.org/10.1016/j.aquaculture.2018.09.051
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref41
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref41
https://doi.org/10.1016/j.aquaculture.2005.11.021
https://doi.org/10.1016/j.aquaculture.2005.11.021
https://doi.org/10.1016/j.chemosphere.2018.01.030
https://doi.org/10.1016/j.chemosphere.2018.01.030
https://doi.org/10.1111/j.1365-2885.2011.01294.x
https://doi.org/10.1111/j.1365-2885.2011.01294.x
https://doi.org/10.1111/jvp.12043
https://doi.org/10.1111/jvp.12043
http://doi.org/10.1111/pde.12223
https://doi.org/10.1002/jps.2600690224
http://doi.org/10.1186/s12917-016-0803-8
http://doi.org/10.1186/s12917-016-0803-8


2010. Intensive fish farming and the evolution of pathogen virulence: the case of
columnaris disease in Finland. Proc. Royal Soc. B 277, 593–600. http://doi.org/10.
1098/rspb.2009.1659.

Purkins, L., Wood, N., Kleinermans, D., Greenhalgh, K., Nichols, D., 2003. Effect of food
on the pharmacokinetics of multiple-dose oral voriconazole. Br. J. Clin. Pharmacol.
56, 17–23.

Rairat, T., Hsieh, C.Y., Thongpiam, W., Sung, C.H., Chou, C.C., 2019. Temperature-de-
pendent pharmacokinetics of florfenicol in nile tilapia (oreochromis niloticus) fol-
lowing single oral and intravenous administration. Aquaculture. https://doi.org/10.
1016/j.aquaculture.2018.12.081.

Rico, A., Satapornvanit, K., Haque, M.M., Min, J., Nguyen, P.T., Telfer, T.C., Van Den
Brink, P.J., 2012. Use of chemicals and biological products in Asian aquaculture and
their potential environmental risks: a critical review. Rev. Aquacult. 4, 75–93.
https://doi.org/10.1111/j.1753-5131.2012.01062.x.

Rigos, G., Alexis, M., Andriopoulou, A., Nengas, I., 2002a. Pharmacokinetics and tissue
distribution of oxytetracycline in sea bass, Dicentrarchus labrax, at two water tem-
peratures. Aquaculture 210, 59–67. https://doi.org/10.1016/S0044-8486(01)
00868-7.

Rigos, G., Alexis, M., Andriopoulou, A., Nengas, I., 2002b. Temperature‐dependent
pharmacokinetics and tissue distribution of oxolinic acid in sea bass, Dicentrarchus
labrax L., after a single intravascular injection. Aquacult. Res. 33, 1175–1181.
https://doi.org/10.1046/j.1365-2109.2002.00783.x.

Rigos, G., Nengas, I., Tyrpenou, A.E., Alexis, M., Troisi, G.M., 2003. Pharmacokinetics and
bioavailability of oxytetracycline in gilthead sea bream (Sparus aurata) after a single
dose. Aquaculture 221, 75–83. https://doi.org/10.1016/s0044-8486(03)00071-1.

Rigos, G., Tyrpenou, Nengas, I., Alexis, A.E.M., Athanassopoulou, F., Troisi, G.M., 2004.
Poor bioavailability of oxytetracycline in sharpsnout sea bream Diplodus puntazzo.
Aquaculture 235, 489–497. https://doi.org/10.1016/j.aquaculture.2003.10.016.

Riviere, J.E., Papich, M.G., 2018. Tetracycline antibiotics. In: Riviere, J.E., Pahich, M.G.
(Eds.), Veterinary Pharmacology and Therapeutics, 10th. ed. John Wiley & Sons Inc,
Hoboken, NJ.

Rosa, J., Leston, S., Castro, M., Freitas, A., Barbosa, J., Pardal, M.Â., Rema, P., Dias, J.,
Ramos, F., 2018. Evaluation of antimicrobials residues in farmed gilthead seabream
(Sparus aurata) after administration through medicated feed. Food Control 86,
110–116. https://doi.org/10.1016/j.foodcont.2017.11.005.

Saito, M., Kitamura, H., Sugiyama, K., 2001. Liver gangliosides of various animals ranging
from fish to mammalian species. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 129,
747–758. http://doi.org/10.1016/S1096-4959(01)00379-7.

Sapkota, A., Sapkota, A.R., Kucharski, M., Burke, J., McKenzie, S., Walker, P., Lawrence,
R., 2008. Aquaculture practices and potential human health risks: current knowledge
and future priorities. Environ. Int. 34, 1215–1226. https://doi.org/10.1016/j.envint.
2008.04.009.

Schach Von Wittenau, M., Twomey, T.M., 1971. The disposition of doxycycline by man
and dog. Chemotherapy 16, 217–228. http://doi.org/10.1159/000220730.

Shireman, J.V., Colle, D.E., Rottman, R.W., 1976. Incidence and treatment of columnaris
disease in grass carp brood stock. Prog. Fish-Cult. 38, 116–117. http://doi.org/10.
1577/1548-8659(1976)38[116:IATOCD]2.0.CO;2.

Sidhu, P.K., Smith, S.A., Mayer, C., Magnin, G., Kuhn, D.D., Jaberi-Douraki, M., Coetzee,
J.F., 2018. Comparative pharmacokinetics of oxytetracycline in tilapia ( Oreochromis
spp.) maintained at three different salinities. Aquaculture 495, 675–681. https://doi.
org/10.1016/j.aquaculture.2018.06.044.

Smith, E.M., Chu, S., Paterson, G., Metcalfe, C.D., Wilson, J.Y., 2010. Cross-species
comparison of fluoxetine metabolism with fish liver microsomes. Chemosphere 79,
26–32. http://doi.org/10.1016/j.chemosphere.2010.01.058.

Song, X., Zhao, J., Bo, Y., Liu, Z., Wu, K., Gong, C., 2014. Aeromonas hydrophila induces
intestinal inflammation in grass carp (Ctenopharyngodon idella): an experimental
model. Aquaculture 434, 171–178. https://doi.org/10.1016/j.aquaculture.2014.08.
015.

Takii, K., Konishi, K., Ukawa, M., Nakamura, M., Kumai, H., 1997. Comparison of di-
gestive and absorptive functions between tiger puffer and red sea bream. Fish. Sci. 63,
349–354. https://doi.org/10.2331/fishsci.63.349.

Teles, J.A., Castello Branco, L.C., Del Bianchi, M., Pilarski, F., Reyes, F.G.R., 2016.
Pharmacokinetic study of enrofloxacin in Nile tilapia (Oreochromis niloticus) after a
single oral administration in medicated feed. J. Vet. Pharmacol. Ther. 39, 205–208.
http://doi.org/10.1111/jvp.12257.

Vardali, S.C., Kotzamanis, Y.P., Tyrpenou, A.E., Samanidοu, V.F., 2017. Danofloxacin
depletion from muscle plus skin tissue of European sea bass (Dicentrarchus labrax) fed
danofloxacin mesylate medicated feed in seawater at 16 °C and 27 °C. Aquaculture
479, 538–543. https://doi.org/10.1016/j.aquaculture.2017.06.036.

Xu, N., Yang, Y., Liu, Y., Dong, J., Yang, Q., Ai, X., 2018. Effect of mixed feeding on
pharmacokinetics and bioavailability of praziquantel in garss carp (Ctenopharyngodon
idellus). Freshw. Fish. 5, 73–78. https://doi.org/10.13721/j.cnki.dsyy.2018.05.012.

Xu, N., Li, M., Fu, Y., Zhang, X., Dong, J., Liu, Y., Zhou, S., Ai, X., Lin, Z., 2019. Effect of
temperature on plasma and tissue kinetics of doxycycline in grass carp (ctenophar-
yngodon idella) after oral administration. Aquaculture in press. https://doi.org/10.
1016/j.aquaculture.2019.734204.

Yang, F., Li, Z.L., Shan, Q., Zeng, Z.L., 2014. Pharmacokinetics of doxycycline in tilapia
(Oreochromis aureus x Oreochromis niloticus) after intravenous and oral administra-
tion. J. Vet. Pharmacol. Ther. 37, 388–393. https://doi.org/10.1111/jvp.12095.

Yang, F., Si, H.B., Wang, Y.Q., Zhao, Z.S., Zhou, B.H., Hao, X.Q., 2016. Pharmacokinetics
of doxycycline in laying hens after intravenous and oral administration. Br. Poult. Sci.
57, 576–580. https://doi.org/10.1080/00071668.2016.1184228.

Yang, F., Lin, Z., Riviere, J.E., Baynes, R.E., 2019a. Development and application of a
population physiologically based pharmacokinetic model for florfenicol and its me-
tabolite florfenicol amine in cattle. Food Chem. Toxicol. 126, 285–294. http://doi.
org/10.1016/j.fct.2019.02.029.

Yang, F., Yang, F., Wang, G., Kong, T., Liu, B., 2019b. Pharmacokinetics of florfenicol and
its metabolite florfenicol amine in crucian carp (Carassius auratus) at three tem-
peratures after single oral administration. Aquaculture 503, 446–451. http://doi.org/
10.1016/j.aquaculture.2019.01.037.

Yoshimura, H., Osawa, N., Rasa, F.S., Hermawati, D., Werdiningsih, S., Isriyanthi, N.M.,
Sugimori, T., 1991. Residues of doxycycline and oxytetracycline in eggs after medi-
cation via drinking water to laying hens. Food Addit. Contam. 8, 65–69. https://doi.
org/10.1080/02652039109373956.

Zeng, D., Lin, Z., Zeng, Z., Fang, B., Li, M., Cheng, Y.-H., Sun, Y., 2019. Assessing global
human exposure to T-2 toxin via poultry meat consumption using a lifetime phy-
siologically based pharmacokinetic model. J. Agric. Food Chem. 67, 1563–1571.
http://doi.org/10.1021/acs.jafc.8b07133.

Zhao, H., Xia, J., Zhang, X., He, X., Li, L., Tang, R., Chi, W., Li, D., 2018. Diet affects
muscle quality and growth traits of grass carp (Ctenopharyngodon idellus): a com-
parison between grass and artificial feed. Front. Physiol. 9. http://doi.org/10.3389/
fphys.2018.00283.

N. Xu, et al. Food and Chemical Toxicology 131 (2019) 110592

10

http://doi.org/10.1098/rspb.2009.1659
http://doi.org/10.1098/rspb.2009.1659
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref50
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref50
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref50
https://doi.org/10.1016/j.aquaculture.2018.12.081
https://doi.org/10.1016/j.aquaculture.2018.12.081
https://doi.org/10.1111/j.1753-5131.2012.01062.x
https://doi.org/10.1016/S0044-8486(01)00868-7
https://doi.org/10.1016/S0044-8486(01)00868-7
https://doi.org/10.1046/j.1365-2109.2002.00783.x
https://doi.org/10.1016/s0044-8486(03)00071-1
https://doi.org/10.1016/j.aquaculture.2003.10.016
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref57
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref57
http://refhub.elsevier.com/S0278-6915(19)30381-3/sref57
https://doi.org/10.1016/j.foodcont.2017.11.005
http://doi.org/10.1016/S1096-4959(01)00379-7
https://doi.org/10.1016/j.envint.2008.04.009
https://doi.org/10.1016/j.envint.2008.04.009
http://doi.org/10.1159/000220730
http://doi.org/10.1577/1548-8659(1976)38[116:IATOCD]2.0.CO;2
http://doi.org/10.1577/1548-8659(1976)38[116:IATOCD]2.0.CO;2
https://doi.org/10.1016/j.aquaculture.2018.06.044
https://doi.org/10.1016/j.aquaculture.2018.06.044
http://doi.org/10.1016/j.chemosphere.2010.01.058
https://doi.org/10.1016/j.aquaculture.2014.08.015
https://doi.org/10.1016/j.aquaculture.2014.08.015
https://doi.org/10.2331/fishsci.63.349
http://doi.org/10.1111/jvp.12257
https://doi.org/10.1016/j.aquaculture.2017.06.036
https://doi.org/10.13721/j.cnki.dsyy.2018.05.012
https://doi.org/10.1016/j.aquaculture.2019.734204
https://doi.org/10.1016/j.aquaculture.2019.734204
https://doi.org/10.1111/jvp.12095
https://doi.org/10.1080/00071668.2016.1184228
http://doi.org/10.1016/j.fct.2019.02.029
http://doi.org/10.1016/j.fct.2019.02.029
http://doi.org/10.1016/j.aquaculture.2019.01.037
http://doi.org/10.1016/j.aquaculture.2019.01.037
https://doi.org/10.1080/02652039109373956
https://doi.org/10.1080/02652039109373956
http://doi.org/10.1021/acs.jafc.8b07133
http://doi.org/10.3389/fphys.2018.00283
http://doi.org/10.3389/fphys.2018.00283

	Tissue residue depletion kinetics and withdrawal time estimation of doxycycline in grass carp, Ctenopharyngodon idella, following multiple oral administrations
	Introduction
	Materials and methods
	Analytical standards and reagents
	Standard solutions
	Blank samples
	Experimental design
	Sample preparation
	LC-MS/MS analysis
	Validation procedure
	Withdrawal time analysis

	Results
	Method validation
	WT estimation of DC using the WT 1.4 software and the “reschem” package

	Discussion
	Conclusions
	Author contributions
	Acknowledgments
	Transparency document
	Declaration of interests
	References




