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1  | INTRODUC TION

There is an increasing focus on analgesic treatment of production 
animals that are subjected to painful routine husbandry procedures 
(Fraser, 2008; Grandin, 2014; Hansen & Østerås, 2019; Moberg, 
2000; Von Borell et al., 2009). For pigs, castration, tooth clipping, 
and tail amputation are common invasive husbandry procedures, to 
treat this pain in surgery, not only local anesthetics but also non-
steroidal anti-inflammatory drugs (NSAIDs) are needed (Hay, Rue, 
Rue, Sansac, Brunel, & Prunier, 2004; Prunier, Mounier, Mounier, & 

Hay, 2005; Torrey, Devillers, Devillers, Lessard, Farmer, & Widowski, 
2009). Moreover, conditions such as arthritis, traumatic injuries, pain 
after parturition, infected with influenza, and some metabolic dis-
eases all show the demand for NSAIDs (Hoppes et al., 2013; Mainau 
& Manteca, 2011).

Meloxicam (MEL) [4-hydroxy-2-methyl-N-(5-methyl-2-
thiomethyl)-2H-1,2-benzothiazide-3-formamide-1,1-dioxide], 
a new NSAID of enolamide class, which has remarkable anal-
gesic and anti-inflammatory effects (Adawaren, Mukandiwa, 
Mukandiwa, Chipangura, Wolter, & Naidoo, 2019; Haiting Wang 
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Abstract
This study aimed to develop one novel meloxicam (MEL) oil suspension for sustained-
release and compare the pharmacokinetic characteristics of it with MEL conventional 
formulation in pigs after a single intramuscular administration. Six healthy pigs were 
used for the study by a crossover design in two periods with a withdrawal interval 
of 14 days. Plasma concentrations of MEL were measured by ultra-performance liq-
uid chromatography–tandem mass spectrometry (UPLC-MS/MS). Pharmacokinetic 
parameters were calculated by noncompartmental methods. The difference was 
statistically significant (p < .05) between MEL oil suspension and MEL conventional 
formulation in pharmacokinetic parameters of mean residence time (6.16 ± 4.04) hr 
versus (2.66 ± 0.55) hr, peak plasma concentration (Cmax) (0.82 ± 0.12) µg/ml ver-
sus (1.12 ± 0.22) µg/ml, time needed to reach Cmax (Tmax) (2.33 ± 0.82) hr versus 
(0.59 ± 0.18) hr, and terminal elimination half-life (t1/2λz) (3.74 ± 2.66) hr versus 
(1.55 ± 0.37) hr. The mean area under the concentration–time curve (AUC0–∝) of MEL 
oil suspension and MEL conventional formulation was 5.35 and 3.43 hr µg/ml, re-
spectively, with a relative bioavailability of 155.98%. Results of the present study 
demonstrated that the MEL oil suspension could prolong the effective time of drugs 
in blood, thereby reducing the frequency of administration on a course of treatment. 
Therefore, the novel MEL oil suspension seems to be of great value in veterinary 
clinical application.
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& Tan, 2011; Naidu et al., 2004). It is a preferably cyclooxygen-
ase-2 (COX-2) inhibitor with a lower incidence of gastrointestinal 
side effects and a faster onset effect compared with COX-
nonselective NSAIDs or COX-1-selective NSAIDs (El-Awdan, 
Al-Shafeey, Al-Shafeey, Salam, El-Iraqy, & Kenawy, 2015; Khan, 
Paulson, Paulson, Verburg, Lefkowith, & Maziasz, 2002; Lihua 
Cao, 2011; Louder et al., 2011; da Silveira, Fiorot, Fiorot, Xavier, 
Yoshida, & Oliveira, 2018; Urayama et al., 2019). Approved for-
mulations include MEL oral suspension, injectable solution, and 
transmucosal oral spray. In EMEA, MEL has been licensed for use 
of cattle, cats, dogs, pigs, and horses. Though MEL conventional 
formulation has a good effect in veterinary clinical application, its 
high peak concentration may cause damage to animals (Cetinkal 
et al., 2010; Uzun, Atli, Atli, Perk, Burukoglu, & Ilgin, 2015). And 
the short elimination half-life of it may require a second admin-
istration in a 3–5 days course of common disease or chronic 
diseases. Repeated administration could result in animal stress, 
increasing labor costs and material resources, which shows the 
urgently needed of long-acting MEL preparations.

Oil suspension is simple to prepare, having lower irritation and 
higher safety than other injections, promoting it into a traditional 
form of sustained-release formulation (Larsen, Thing, & Larsen, 
2012; Duong, Maeng, Duong, Maeng, & Chi, 2019). In the meantime, 
it has the advantage of sustained-release so that prolongs the action 
time of the drug and reduces the frequency of drug delivery, de-
termining the feasibility of the dosage form in the veterinary clinic. 
Amoxicillin and ceftiofur hydrochloride oil suspension are typical 
representations of it (He et al., 2011; Hibbard et al., 2002; Tang et 
al., 2010; Xiong et al., 2018).

Based on the above considerations, we tried to prepare MEL oil 
suspension. The purpose of this study was to evaluate the phar-
macokinetic characteristics of MEL oil suspension and compare 
it with MEL conventional formulation in pigs after a single-dose 
intramuscular administration to obtain the relative bioavailabil-
ity, on the basis, to explore the prospect of its veterinary clinical 
application.

2  | MATERIAL S AND METHODS

2.1 | Drugs and reagents

Meloxicam analytical standard (99.9%) (Batch No. 100679-201102) 
was purchased from National Institutes for Food and Drug Control. 
2% (w/v) MEL injection (Batch No: J21015 A-14) was purchased 
from Boehringer Ingelheim. MEL bulk drug with a chemical purity of 
99% (No. 151005) was produced and provided by Shandong Xinhua 
Pharmaceutical Co., Ltd. Of 2% (w/v) MEL oil suspension was home-
made. Acetonitrile and formic acid were of high-performance liquid 
chromatography (HPLC) grade, which was purchased from Merck 
Corporation and Anaqua Chemical Supply, respectively. All other 
reagents used for extraction and analysis were analytical reagent 
grade or better.

2.2 | Preparation of MEL oil suspension

Of 2% MEL oil suspension was comprised of the injection of soybean 
oil as a dispersion medium and an appropriate amount of span 60 
and wax as excipients. It was prepared by the conventional suspen-
sion preparation method (Xide & Zhu, 2002) and sterilized for 30 min 
at 100° at the end. The appearance of MEL oil suspension was yel-
low, which would precipitate after long-laid and could be redistrib-
uted evenly after shaking.

2.3 | Animals

Six pigs (three males and three females) were procured from Nanjing 
Liuhe District Experimental Pig Farm. All of the animals did not re-
ceive any drugs during the experiments. These pigs were deemed to 
be normal and clinically healthy after having a regular clinical exami-
nation. All the animals were raised with water and drug-free feed to 
acclimatize for a week prior to the drug administration. On the day of 
the MEL injection, the mean body weight (b.w.) of pigs was 13–15 kg. 
All the experimental procedures involving animals were conducted 
following the guidelines of Nanjing Agricultural University (Nanjing, 
China) Animal Ethics Committee.

2.4 | Experimental design

Six pigs went through an acclimatization period of 7 days before the 
pharmacokinetic experiment. Before MEL was administrated, all pigs 
were weighed and blood samples were drawn from the jugular vein. 
The study was carried out in a crossover design in two periods with 
a withdrawal interval of 14 days. In the first period, six pigs were 
randomized into two groups with three pigs each, one group receiv-
ing a single 0.4 mg/kg b.w. MEL oil suspension and the other group 
receiving a single 0.4 mg/kg b.w. MEL conventional formulation. In 
the second period, six pigs were administrated the opposite drug 
with the first period. Plasma samples (4 ml) were collected into tubes 
containing heparin at 0.42, 1, 2, 3, 3.5, 4, 4.5, 6, 8, 12, 24, 30, 36, 
48, 54, 60, 72, and 78 hr after intramuscular administering MEL oil 
suspension, and plasma samples (4 ml) were collected at 0.17, 0.42, 
0.75, 1, 1.5, 2, 4, 6, 8, 12, 24, 30, 36, 48, 54, 60, 72, and 78 hr after 
intramuscular administering MEL conventional formulation. All sam-
ples were centrifuged at 4,000 g for 10 min within 2 hr after collec-
tion. Each plasma sample was stored frozen at −20°C until measured 
by UPLC-MS/MS.

2.5 | Analytical method

2.5.1 | UPLC conditions

The Waters Acquity™ UPLC system (Waters) was used in this study. The 
column used was an Acquity UPLC BEH C18 column (50 mm × 2.1 mm, 
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1.7 μm), and the column temperature was maintained at 35°C. The mo-
bile phase was a mixture of 0.1% formic acid–water (mobile phase A) 
and acetonitrile (mobile phase D) with a gradient elution at a flow rate 
of 0.25 ml/min (Table 1). The analytical run time was 5.50 min. Data 
acquisition and integration were performed by Masslynx4.1 (Waters).

2.5.2 | MS/MS parameters

The analysis was carried out by electrospray ionization operated in 
positive polarities, and data were gathered by multiple reaction moni-
toring (MRM) mode. Two transitions compounds were monitored. 
Table 2 showed the MS/MS parameters of the investigated analytes.

2.5.3 | Sample preparation

The frozen plasma samples were thawed at room temperature. One 
millilitre of acetonitrile was added to 200 µl blood plasma in the tubes, 
then vortexed for 3 min and centrifuged at 8,000 g for 8 min. The 
upper layer was transferred into a clean tube, repeated the extrac-
tion procedure of the underlying layer, and combined the supernatant. 
The organic layer was dried under nitrogen in a thermostat water bath 
at 40°C. The initial mobile phase (1 ml) was used to dissolve the resi-
due. Ultimately, the samples were vortex-mixed for 3 min and filtered 
through membrane filters with a pore size (0.22 µm). Five micorlitres of 
the final samples was injected into a UPLC-MS/MS system to analyze.

2.6 | Method validation

2.6.1 | Specificity

Blank plasma samples, blank plasma samples supplemented with 
three different concentrations of MEL (low, medium, and high con-
centration), and plasma from pigs that had been administered with 
MEL were analyzed to observe whether there existed interference 
in the elution positions of MEL.

Linearity and linearity range. A stock solution (200 µg/ml) of 
MEL was prepared in acetonitrile and diluted with the initial mo-
bile phase solution to series of standard solutions of 20, 50, 100, 
500, 1,000, 2,000, and 5,000 ng/ml. Blank plasma samples were 

mixed with the corresponding MEL standard solutions to prepare 
plasma standard samples and to analyze. The standard curve of 
MEL from 2 to 500 ng/ml was detected by UPLC-MS/MS system. 
The linear regression, coefficient variation, and recovery were also 
calculated.

2.6.2 | Limits of detection and limits of 
quantification

The limits of detection (LODs) and limits of quantification (LOQs) 
were required to produce a peak with a signal/noise ratio of three-
fold and tenfold, respectively. The LOQ was the lowest concentra-
tion on the standard curve that can be measured with acceptable 
accuracy (relative standard deviation, RSD < 20%).

2.6.3 | Extraction recovery

Blank plasma samples supplemented with low, medium, and high 
concentrations of MEL (5, 50, and 500 ng/ml) were prepared. Each 
of the concentrations was measured five times. The recovery was 
evaluated by comparing the peak areas as the signal intensities of the 
mass fragment in the spiked samples.

2.6.4 | Precision

The samples prepared as mentioned in the extraction recovery 
test were analyzed for three consecutive days. The intraday and 
interday precision were defined by the relative standard deviation 
(RSD).

2.7 | Pharmacokinetic analysis

Descriptive pharmacokinetic parameters were determined with 
WinNonlin Professional software (Version 5.2; Pharsight) by non-
compartmental analysis. Lambda z was a first-order rate constant 
associated with the terminal (log-linear) segment of the curve. 
It was estimated by the linear regression of the terminal data 
points. The terminal elimination half-life (t1/2λz) was calculated 
by t1/2λz = 0.693/λz. Areas under the plasma concentration–time 
curves (AUC0–∝) were calculated by the method of trapezoids. The 
maximum plasma concentrations (Cmax) of the drug and times to 
Cmax (Tmax) were obtained from the plasma concentration versus 
time data.

2.8 | Statistical analysis

All results were presented as mean ± SD. The pharmacokinetic 
parameters determined were compared by one-way analysis of 

TA B L E  1   Gradient UPLC method

Time (min) % Mobile phase A % Mobile phase D
Flow rate 
(ml/min)

0.00 30.0 70.0 0.25

1.00 30.0 70.0 0.25

1.10 90.0 10.0 0.25

4.00 90.0 10.0 0.25

4.10 30.0 70.0 0.25

5.50 30.0 70.0 0.25
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variance using statistical software (SPSS version 12; SPSS Inc.). 
In all cases, p < .05 was considered statistically significant. The 
relative bioavailability (F) of MEL was calculated by the following 
equation:

AUCT is the mean area under the concentration–time curve of 
MEL oil suspension; AUCR is the mean area under the concentra-
tion–time curve of MEL conventional formulation; DT is the dose 
of MEL oil suspension; and DR is the dose of MEL conventional 
formulation.

3  | RESULTS

3.1 | Animals

No abnormalities or adverse effects were noted in any pigs during 
the whole pharmacokinetic trial after MEL oil suspension and MEL 
conventional formulation administration.

3.2 | Analytical method

The UPLC-MS/MS method that we developed to detect MEL in 
plasma had high selectivity, sensitivity, accuracy, precision, and sim-
plicity. No interference was observed at the elution positions of MEL 

(Figure 1). A linear relationship existed in the calibration curve over 
the range of 2–500 ng/ml with a correlation coefficient of 0.9995 
(Figure 2). The LODs and LOQs were 0.5 and 2 ng/ml, respectively. 
As was shown in Tables 3 and 4, the extraction recovery of MEL was 
85.06%–106.94% and the RSD was 0.79%–7.36%. The interday pre-
cisions (RSD) for three concentrations (5, 50, and 500 ng/ml) were 
7.36%, 2.11%, and 1.57%, respectively.

3.3 | Pharmacokinetics

Mean plasma MEL concentration versus time curves for oil sus-
pension and conventional formulation after intramuscular admin-
istration are presented in Figure 3. The mean pharmacokinetic 
parameters of MEL oil suspension and MEL conventional formulation 
were obtained from an analysis of the curves that have been shown 
in Table 5. There were significant differences (p < .01) between 
MEL oil suspension and MEL conventional formulation in phar-
macokinetic parameters of t1/2λz and mean residence time (MRT). 
Meanwhile, there was a highly significant difference (p < .001) be-
tween MEL oil suspension and MEL conventional formulation in 
Tmax, which was 2.33 ± 0.82 hr and 0.59 ± 0.18 hr, respectively. The 
AUC0–∝ of MEL oil suspension was 5.35 ± 2.57 μg hr/ml, while the 
AUC0–∝ of MEL conventional formulation was 3.43 ± 1.00 μg hr/ml. 
MRT of MEL oil suspension was 6.16 ± 4.04 hr, which significantly 
longer than MEL conventional formulation. The mean Cmax follow-
ing intramuscular administration of MEL oil suspension and MEL 
conventional formulation differed statistically with a value of 0.82 
and 1.12 μg/ml at 2.33 and 0.59 hr, respectively.

F=
AUCT×DR

AUCR×DT

×100%

Compound Transition Polarity
Collision 
voltage (eV)

Retention 
time (min)

MEL 351.9443 > 140.9115 Positive 18 5.50

351.9443 > 114.9086 Positive 20 5.50

TA B L E  2   MS/MS parameters for 
determination of the investigated analytes

F I G U R E  1   MRM chromatograms for MEL in plasma by UPLC-MS/MS of blank plasma sample (a) and blank plasma spiked with MEL (b)
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4  | DISCUSSION

We developed a new determination method in this experiment 
by UPLC-MS/MS on account of the low MEL plasma concentra-
tions. This method was validated for specificity, linearity, LODs, 

LOQs, extraction recovery, and precision; all results were up to 
the standard of bioanalytical method validation (FDA, 2019). The 
LOQs of this method could reach 2 ng/ml, which was more sensi-
tive than 10.2 ng/ml (Tian et al., 2018) and 20 ng/ml (Rigato, 2006) 
that reported in the literature, indicating high sensitivity. It has 
been successfully applied to the pharmacokinetic study of MEL 
in pigs.

Based on the market demand and the advantages of oil suspen-
sion, we prepared MEL oil suspensions. In this study, we compared 
the pharmacokinetic parameters of MEL oil suspension with com-
mercially available MEL formulation by intramuscular administration 
and determined the relative bioavailability. The crossover design 
excluded interindividual variations between the two MEL formu-
lations. The washout period was sufficient because blood samples 
withdrawn before the next administration confirmed that MEL was 
no longer detected. The dose administered in this trial was 0.4 mg/
kg, which was based on the recommended dosage of MEL conven-
tional formulation.

Pharmacokinetic parameters of MEL oil suspension and MEL 
conventional formulation were compared; the mean t1/2λz of MEL 
oil suspension following intramuscular administration was 3.74 hr, 
which was prolonged compared with 1.55 hr of MEL conventional 
formulation, showing that MEL oil suspension had a certain sus-
tained-release effect. The study of Fosse et al. (2010) (0.6 mg/kg) 
obtained the mean t1/2λz of MEL conventional formulation that was 
2.6 hr, which was also lower than the value of 3.75 hr. Meanwhile, 

F I G U R E  2   Linear standard curve over the range of 2–500 ng/ml 
with a correlation coefficient of 0.9995

TA B L E  3   The recovery data for assay of MEL in plasma 
(intraday, n = 5)

Concentration (ng/
ml)

Recovery (%)

Intraday 1 
(n = 5)

Intraday 2 
(n = 5)

Intraday 3 
(n = 5)

5 100.27 85.06 103.79

99.29 87.64 100.73

98.77 89.39 105.45

98.77 87.65 99.01

100.90 88.98 106.94

50 103.51 103.05 101.99

102.35 98.91 101.19

101.45 98.49 105.11

103.34 99.54 102.09

101.31 98.27 104.79

500 92.11 92.66 94.92

94.18 92.61 92.79

95.03 93.90 97.53

92.21 92.42 92.50

93.03 93.89 94.48

Concentration (ng/ml) Recovery (%)

Precision, RSD (%)

Intraday 1 
(n = 5)

Intraday 2 
(n = 5)

Intraday 3 
(n = 5)

Interday 
(n = 15)

5 96.84 ± 7.13 0.99 1.93 3.18 7.36

50 101.69 ± 2.15 1.00 1.97 1.73 2.11

500 93.62 ± 1.47 1.36 0.79 2.14 1.57

TA B L E  4   Precision and accuracy data 
for assay of MEL in plasma (intraday, n = 5; 
interday, n = 5 series per day, 3 days)

F I G U R E  3   Plasma concentration–time profile of MEL oil 
suspension and conventional formulation in pigs after a single 
intramuscular dose of 0.4 mg/kg b.w. (mean ± SD, n = 6)



6  |     LI et aL.

the blood concentrations of MEL oil suspension were detected over 
36 hr, while the blood concentrations of MEL conventional for-
mulation were detected just 12 hr, revealing an obvious long-term 
tendency of MEL oil suspension. The mean Cl and MRT of MEL oil 
suspension were 85.54 ml hr−1 kg−1 and 6.16 hr, respectively, and the 
mean Cl and MRT that observed from MEL conventional formula-
tion were 125.76 ml hr−1 kg−1 and 2.66 hr, respectively. The lower Cl 
and the higher MRT were consistent with the result of the long-term 
trend of MEL oil suspension. The mean Tmax of MEL oil suspension 
was 2.33 hr, which was significantly delayed compared with 0.59 hr 
of MEL conventional formulation, indicating the sustained-release of 
MEL oil suspension. The AUC0–∝ of MEL oil suspension was higher 
than that of MEL conventional formulation at the same dosage with 
a mean bioavailability of 155.98%, which demonstrated that the 
MEL oil suspension we developed could be absorbed well after in-
tramuscular injection.

There were few data reported in the literature regarding the in-
tramuscular administration route of MEL in pigs, but studies have 
been carried out on the pharmacokinetics of MEL via intravenous 
administration extensively, and results showed that the t1/2λz of 
MEL in plasma were 2.7 hr (0.4 mg/kg) in pigs (Fosse et al., 2010); 
20.35 hr (0.5 mg/kg) and 21.86 hr (0.5 mg/kg) in calves (Coetzee, 

Kukanich, Kukanich, Mosher, & Allen, 2009; Coetzee et al., 2012); 
5.29 hr (0.5 mg/kg) in horses (Pierre-Louis & Cester, 2004); 8.08 hr 
(1 mg/kg), 6.73 hr (0.5 mg/kg), and 9.96 hr (0.5 mg/kg) in goats (De 
Vito et al., 2018; Shukla et al., 2007; Wani, Roy, Roy, Ashraf, & Roy, 
2013); 11.54 hr (0.1 mg/kg) in beagle dogs (Junyi Hao & Cao, 2017); 
3. 69 hr (1.5 mg/kg) in guinea pigs (Moeremans, Devreese, Devreese, 
Baere, Croubels, & Hermans, 2019); and 6.41 hr (10 mg/kg) in mice 
(Busch et al., 1998), revealing great interspecific variability. Besides, 
according to the record of EMEA, after two intramuscular doses of 
0.4 mg/kg MEL conventional formulation, a Cmax value of 1.9 µg/ml 
was reached after 1 hr in pigs, the mean t1/2λz was approximately 
2.5 hr (EMEA, 2019). All the results showed that the t1/2λz of MEL in 
pigs was shorter than other animals, exhibiting the rapid metabolism 
of MEL in pigs.

This study only evaluated the pharmacokinetics and relative bio-
availability of MEL oil suspension, and its conventional formulation 
in pigs, however, did not conduct an in-depth study on its metabolic 
mechanism in pigs about the rapid metabolism. Meanwhile, though 
the pharmacokinetic profile of MEL oil suspension was relative de-
sirable, the longer t1/2λz and the lower Cmax indicated that the res-
idue experiment and the efficacy study are needed to determine 
the withdrawal time and the therapeutic concentration of MEL oil 
suspension in pigs.

5  | CONCLUSION

The study investigated the pharmacokinetics and relative bioavail-
ability of MEL oil suspension and MEL conventional formulation in 
pigs at a single dose of 0.4 mg/kg. The results showed that the MEL 
oil suspension had a long-term trend than the conventional formula-
tion, demonstrating that the self-developed MEL oil suspension was 
feasible. Further studies are warranted to clarify the efficacy and 
safety of MEL oil suspension.
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