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Lactating dairy cattle are at risk for various painful conditions throughout their life, such

as lameness, parturition, mastitis, and metabolic disorders. These conditions necessitate

adequate methods of analgesia to address welfare concerns through efficacious pain

mitigation. As no method of analgesia has been approved for lactating dairy cattle,

to date, research is necessary to determine effective pain management strategies for

dairy cattle. In both the European Union and Canada, meloxicam has been approved

for use in lactating dairy cattle as a methodology for pain control. The objective of

this study was to characterize the pharmacokinetics of meloxicam administered orally

and intravenously to lactating dairy cattle in the post-partum vs. mid-lactation period.

In this parallel study design, 12 healthy, lactating Holsteins were enrolled within 24 h

of freshening and randomly allocated to intravenous (0.2 mg/kg) or oral (1.0 mg/kg)

meloxicam administration treatment groups. They were matched based on parity to 12,

healthy cows that were considered mid-lactation [>150 days-in-milk (DIM)] to receive

the same treatment. Based on meloxicam formulation, sampling times varied and

plasma was collection via jugular venipuncture for 6 days. Plasma drug concentrations

were evaluated using liquid chromatography coupled with mass spectroscopy and

pharmacokinetic properties were evaluated using non-compartmental (i.e., statistical

moments) analysis. Results indicated a decreased systemic clearance of meloxicam

in post-partum relative to mid-lactation cows, which resulted in a longer half-life and

increased total exposure independent of mode of administration. These results suggest

a need for dose adjustments based on stage in lactation and further assessment of the

impact of days-in-milk on milk withholding period.
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INTRODUCTION

The limitations in pain control in the cattle industry have
significant implications for animal well-being. In dairy cattle,
the most painful afflictions are lameness, parturition, mastitis,

and metabolic disorders. To date, there remains no labeled pain

control products for lactating dairy cattle. Therefore, there is a

critical need to develop adequate strategies for pain modulation
in the livestock industry. Two commonly used non-steroidal

anti-inflammatory drugs (NSAIDs) for modulating painful
stimuli in lactating dairy cattle are flunixin and meloxicam.

The analgesic and anti-inflammatory effects of meloxicam
have been evaluated in various situations known to cause
pain. Specifically, previous research has shown meloxicam to
be efficacious in mitigating pain associated with castration (1),
dehorning (2–5), mastitis (6), dystocia (7, 8) and diarrhea (9).
Additionally, pain has been evaluated in the post-partum period
with a pressure mat and showed that an altered hindlimb weight
distribution is likely due to decreased pain associated with
meloxicam treatment (10).

Importantly, numerous studies have evaluated the effects
of administering meloxicam in the painful parturition period
(8, 11, 12). Carpenter et al. (11) began the investigation with
the comparison of sodium salicylate and oral tablet meloxicam
administration within 12 to 36 h post-parturition in lactating
dairy cattle. Most notably, both meloxicam and sodium salicylate
treatment groups increased daily milk production by 4 and
3.5 kg/d, respectively, relative to placebo control. Statistically
significant milk production differences were not evident until
week seven of evaluation (11). Another research group evaluated
the behavior, health and production effects of meloxicam after a
single oral administration of 1 mg/kg BW (tablet form) relative to
an empty gel capsule placebo (8). As a whole, research has shown
clear downstream production benefits to the administration of
meloxicam to mitigate the painful parturition period. While it
may be tempting to prescribe meloxicam in the periparturient
period to harvest an increased milk production, in the US,
extra-label use of drugs for enhancement of milk production is
illegal (13). However, if there were benefits in health parameters
as have been proven by our research group (10) and others
(12), then extra-label use could be prescribed provided the
regulations of the Animal Medicinal Drug Use Clarification Act
(AMDUCA) were followed, which included the requirement that
no violative drug residues are found in themeat or milk of treated
animals (13).

A rich body of literature has reported the pharmacokinetic
properties of meloxicam under various formulations and dosing
protocols in ruminant and pre-ruminant calves (3, 14–17).
In lactating dairy cattle, pharmacokinetic differences between
meloxicam oral solution and subcutaneous administration have
been evaluated. Interestingly, a parity effect was evident. The
parity effect is thought to be due to higher blood levels in
first lactation animals, as well as, differences in metabolic
and endocrine profiles due to production and growth. When
controlling for treatment, first lactation animals displayed a
significantly larger elimination half-life, peak concentrations
(Cmax), and total systemic exposure (AUC0−∞) when compared

with second- or greater lactation cows (18). Malreddy et al. (19)
have evaluated the plasma pharmacokinetics and milk depletion
profiles of co-administration of meloxicam and gabapentin in
mid-lactation dairy cattle. They determined a milk withhold of
80 h formeloxicam following oral administration at 1mg/kg. Our
research group has also evaluated pharmacokinetic comparisons
of milk and plasma profiles after oral tablet administration
of meloxicam in lactating dairy cattle. Apparent differences
were noted when comparing the pharmacokinetics of oral
meloxicam between post-partum and mid-lactation dairy cows
based on milk concentration time-courses. More specifically,
a 210% relative bioavailability was observed in post-partum
relative to mid-lactation cows. It was believed that differences
in clearance per fraction of the dose absorbed and volume
of distribution per fraction of the dose absorbed could be
confounded by the difference in bioavailability (20). These results
precipitated the need to assess absolute bioavailability in the
post-partum and mid-lactation period to evaluate the effects
of oral meloxicam relative to 100% bioavailable intravenous
meloxicam administration.

The objective of this study was to characterize the
pharmacokinetics of meloxicam administered orally and
intravenously to lactating dairy cattle in the post-partum vs.
mid-lactation period. We hypothesized that post-partum cows
would display increased bioavailability and prolonged terminal
half-life relative to mid-lactation cows independent of the mode
of administration. Our null hypothesis was that bioavailability
in post-partum cows was not different from mid-lactation
cows, while the alternate hypothesis was that oral meloxicam
bioavailability would be higher in post-partum cows than
mid-lactation animals.

MATERIALS AND METHODS

Animals
This study was completed at the Iowa State University Dairy
Farm. The lactating herd consisted of ∼433 animals (95%
Holstein, 5% Jersey), with a 305-day mature equivalent of
11,363 kg milk, 432 kg fat, and 375 kg protein. Cows were eligible
for enrollment if they had no history of meloxicam treatment
in the past 30 days and were healthy prior to enrollment based
on treatment history, milk production and calving ease score
≤ 2. Twelve, mixed parity post-partum Holsteins were enrolled
within 24-h of freshening. They were matched on enrollment
day to twelve mid-lactation Holsteins of equal parity and >150
days-in-milk. Matched pairs were randomly allocated to one
of two treatment groups based on mode of administration of
meloxicam. Table 1 displays animal characteristics by treatment
group and by mode of administration. Parity and DIM
were consistent between treatment groups and by mode of
administration (Table 1).

During the course of the trial, cows were housed in a free-stall
barn bedded with recycled manure solids, which was standard
practice at the dairy. Cows received a total mixed ration and
water ad libitum. Ration parameters met or exceeded those
recommended by the National Research Council guidelines
(21). Diet remained consistent between animals. Rumen fill,
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TABLE 1 | Distribution of cows matched based on parity and days in milk (DIM)

after random allocation to meloxicam formulation administered.

n Parity, # DIM, d

Mid-lactation 11 2 (1, 3) 224 (197–261)

Post-partum 13 2 (1–3) 0 (0–0)*

P = 0.927 P < 0.0001

Intravenous 12 2 (1–3) 9 (18–164)

Oral 12 2 (1–2) 15 (38–202)

P = 0.56 P = 0.509

Cows allocated to intravenous meloxicam received 0.2 mg/kg, whereas, cows receiving

oral meloxicam received 1 mg/kg.

*Denotes that all cows were enrolled within 24 h of calving, and therefore considered

0 DIM.

demeanor, and hydration status was assessed during daily
physical examination. Overall, cow housing and management
met or exceeded the recommendations listed in the Guide for
Care and Use of Agricultural Animals in Research and Teaching
(22). Cows were milked three times daily at 4 A.M., 12 P.M.,
and 8 P.M. Iowa State University’s Institutional Animal Use
and Care Committee approved the research protocol prior to
commencement of trial procedures (protocol number 4-17-8501-
B). Animals administered meloxicam were given milk withholds
of 144 h for post-partum and 96 h for mid-lactation based on
literature estimates generated by Gorden et al. (20) and following
on-farm protocols.

Experimental Design and Blood Collection
Post-partum cows that met enrollment criteria were randomly
allocated to one of two treatment groups within 24 h of
freshening: (1) post-partum (n = 7) and mid-lactation (n = 5)
cows, 0.2 mg/kg I.V meloxicam (Metacam solution, 5 mg/mL,
Boehringer Ingelheim Vetmedica, Inc, St. Joseph, MO), or (2)
post-partum (n = 6) and mid-lactation (n = 6), 1 mg/kg P.O
meloxicam (Meloxicam tablet, 15mg, Cadila Healthcare Ltd.,
India). Meloxicam tablets were administered in gelatin boluses
(size #07, Torpac Inc., Fairfield, NJ) using a balling gun to place
tablets in the esophagus.

Selection criteria for the post-partum groups was the same as
the mid-lactation with the exception of the evaluation of eutocia.
Mid-lactation cows were matched to post-partum cows based
on parity. An equal distribution of L1, L2, L3+ were assigned
to the study. Cows were evaluated for inclusion daily prior to
the 8A.M. milking. All cows were weighed prior to treatment.
Milk was discarded for the post-partum group for 144 h and
the mid-lactation group for 96 h after meloxicam administration
regardless of formulation

Blood collection occurred from all cows immediately prior to
the administration of meloxicam (T0). Blood was collected via
venipuncture from the jugular vein into two 10mL heparin tubes
and immediately placed on ice. Following treatment, blood was
collected at +5, 10, 15, 30, and 60min, 2, 4, 8, 16, 24, 48, 72,
96, 120, and 144 h for the intravenous administered meloxicam
group. Blood was collected at +4, 8, 12, 16, 20, 24, 48, 72, 96,

120, and 144 h for the orally administered meloxicam group.
Blood samples were centrifuged for 20min at 2,700 g within
30min of sampling. Plasma was harvested and stored at −80◦C
until analyzed for drug concentration by liquid chromatography
coupled with mass spectroscopy (LCMS/MS).

Plasma Meloxicam Concentration Analysis
Meloxicam concentrations in plasma were determined using
LCMS/MS. The method was originally described in porcine
plasma and later adapted to bovine plasma (20, 23). Calibration
curve correlation coefficient (r2) exceeded 0.9957 across the
entire concentration range. The lower limit of detection (LLOD)
was 0.4 ng/mL, and the lower limit of quantification (LLOQ) was
2 ng/mL. The accuracy and precision for the quality control (QC)
samples were 97.55 and 2.7% for 15 ng/mL, 95.21 and 3.1% for
150 ng/mL, and 109.14% and 1.0% for 1,500 ng/mL, respectively.

Pharmacokinetic Analysis
A non-compartmental pharmacokinetic approach was used
to analyze plasma drug concentration-time profiles (Phoenix
WinNonLin 6.4, Certara, Cary, NC, USA). Pharmacokinetic
parameters analyzed included: maximum meloxicam
plasma concentration (Cmax), time of maximum meloxicam
concentration (Tmax), area under the meloxicam concentration-
time curve to last collected time point (AUClast), area under
the meloxicam concentration-time curve extrapolated to
infinity (AUC∞), area under the meloxicam concentration-time
curve percent extrapolated (AUC%extrapolated), slope of the
elimination phase (λz) where linear regression of the logarithmic
concentration vs. time curve during the elimination phase is used
to compute, meloxicam terminal half-life (T1/2λz) where T1/2λz

= ln(2)/λz, volume of distribution (Vd), apparent volume of
distribution of meloxicam during the elimination phase (Vz/F)
where Vz/F = Dose/(AUC∞ x λz), mean residence time (MRT)
where MRT = AUMC∞/AUC∞, clearance (CL), and meloxicam
apparent systemic clearance (CL/F) where CL/F= Dose/AUC∞.

For analysis of meloxicam concentration, the first value below
the LLOQ was inferred to be LLOQ/2, and succeeding data
points were excluded from the analysis. A linear-log trapezoidal
rule was used to estimate the area under the meloxicam time
curves. Summary statistics on the individual pharmacokinetic
parameters were performed thereafter to derive the geometric
mean and 95% confidence intervals. Geometric mean is preferred
to arithmetic mean due to the small size and the moderately large
quantity of data below the analytical quantification limit.

Bioavailability (F) for post-partum and mid-lactation
treatment groups was calculated using:

F =
AUCoral × DoseIV

AUCIV × Doseoral

This equation is derived from the assumption that clearance
after IV and PO administration remains the same. For
the aforementioned equation, AUC∞ was used for both
treatment groups.
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The global extraction ratio (E) was calculated according to the
following formula:

E =
CLTotal

QCardiac

The global extraction ratio is a numerical value between
0 and 1, which represents the proportion of drug cleared
from a single passage through the clearing organ (24). For
the aforementioned equation, CLTotal is the absolute systemic
clearance of meloxicam, while QCardiac is the estimated cardiac
blood flow. One assumption is that the concentration of drug
in whole blood is equal to that of drug in plasma. Another
assumption is that cardiac output blood flow can be estimated
based on the allometric relationship between animal body
weight and cardiac output through the equation Qcardiac =

180 x BW−0.19 (in mL/min/kg) (25). Body weight (BW) is the
estimated body weight of a Holstein cow, which was based on
the mean BW of cows enrolled in this study was 671 kg.

Statistical Analysis
Statistical analysis was performed using a commercially available
software program (JMP version 14.3.0, SAS Institute Inc., Cary,
NC). Single observation enrollment variables (lactation number,
days in milk) were assessed using a paired t-test. Individual data

observations to ensure equal distribution of parity and DIM
were analyzed using non-parametric testing with no assumption
regarding the underlying distribution between treatment
groups. Non-parametric Wilcoxon Rank Sums 2-sample normal
approximation was used to assess differences in individual
pharmacokinetic parameters. Differences between treatment
groups (post-partum vs. mid-lactation), time, and treatment
by time interaction were analyzed via repeated measures using
animal as a random effect nested within treatment and F-tests
for significance of main and interaction effects. Statistical
significance was established a priori when P < 0.05.

RESULTS

The differences in enrollment characteristics were limited to
DIM when comparing post-partum and mid-lactation groups
(P < 0.0001). The distribution of parity was equivalent between
post-partum and mid-lactation due to matching (Table 1).
There were no other statistical differences evident between
treatment groups.

Due to a mastitis treatment, a mid-lactation cow was removed
from the study. One post-partum animal could not be matched
based on parity and enrollment criteria to a cow in the mid-
lactation group. This resulted in a total of n = 11 animals in the

FIGURE 1 | Semilogarithmic transformation of geometric mean plasma concentration (with 95% confidence interval) for post-partum (n = 7) and mid-lactation (n = 5)

cows that received a single dose of intravenous meloxicam at 0.2 mg/kg. Inset contains first 24 h after meloxicam administration.
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mid-lactation treatment group and n = 13 in the post-partum
treatment group.

In the assessment of meloxicam drug concentration across
time, no animal displayed meloxicam concentrations at T0.
Geometric mean and 95% confidence interval disposition
profiles are presented in Figure 1 for intravenous administration
and Figure 2 for oral administration of meloxicam in post-
partum and mid-lactation dairy cattle. Statistical differences
between mid-lactation and post-partum animals were seen as
early as 16 h after intravenous administration (Table 2) and
oral administration (Table 3), with P-values of 0.0348 and
0.0131, respectively.

Summary plasma pharmacokinetic parameters for meloxicam
are displayed in two tables, which are separated by intravenous
(Table 4) and oral (Table 5) administration to compare
the differences between treatment groups based on non-
compartmental analysis. For all treatment groups, the
estimated AUC%extrapolated was below the 20% acceptable
limit. Overall, the peak plasma concentration (Cmax) estimated
after intravenous administration was 1.22 (0.92–1.55) µg/mL
and 1.06 (0.84–1.34) µg/mL for mid-lactation and post-partum
treatment groups, respectively. This occurred at 0.13 (0.08–0.19)
h and 0.23 (0.08–4.01) h, respectively. Due to the use of non-
compartmental analysis C0 could not be extrapolated. After oral
administration, meloxicam peak concentrations were estimated

at 1.45 (1.12–1.88) µg/mL and 2.61 (1.79–3.67) µg/mL at 10.48
(8.50–12.83) h and 16.75 (12.25–22.42) h for mid-lactation and
post-partum groups, respectively.

Independent of formulation, post-partum cattle that were
administered meloxicam displayed significantly higher AUC∞

after both intravenous and oral administration (P = 0.0094 and
0.0082, respectively) (Tables 4, 5). Importantly, a significant 1.92-
fold decrease in absolute clearance for meloxicam was noted
between mid-lactation and post-partum cows (P = 0.0094)
(Table 4). The estimated oral bioavailability of meloxicam was
87.2% for mid-lactation and 101.6% for post-partum cattle
(Table 5). This is on average a 14.4% gain in the proportion of
meloxicam that reaches systemic circulation in cattle in the post-
partum period. Lastly, the mid-lactation and post-partum global
extraction ratio of meloxicam for intravenous administration
was 0.008 (0.006–0.10) and 0.004 (0.003–0.006), respectively
(Table 4). These results confirm that meloxicam is acting as
a low extraction ratio drug in both post-partum and mid-
lactation conditions.

DISCUSSION

Lactating dairy cattle undergo painful stimuli as they transition
into lactation (8, 11, 12). Yet, the lack of approved analgesics
for lactating dairy cattle raises welfare concerns. Additionally,

FIGURE 2 | Semilogarithmic transformation of geometric mean plasma concentration (with 95% confidence interval) for post-partum (n = 6) and mid-lactation (n = 6)

cows that received a single dose of oral meloxicam at 1.0 mg/kg. Inset contains first 24 h after meloxicam administration.
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TABLE 2 | Plasma concentrations (µg/mL) for meloxicam from seven

post-partum cows compared to five mid-lactation cows that received intravenous

administration of a single dose of meloxicam at 0.2 mg/kg.

Time Mid-lactation (µg/mL) Post-partum (µg/mL) P-value

5min 0.96 (0.76–1.18) 0.88 (0.60–1.32) 1.00

10min 1.09 (0.68–1.59) 0.84 (0.69–1.04) 0.26

15min 0.74 (0.57–0.93) 0.69 (0.48–1.07) 0.75

30min 0.57 (0.45–0.71) 0.64 (0.47–0.92) 0.14

60min 0.64 (0.48–0.82) 0.42 (0.27–0.67) 0.10

2 h 0.56 (0.48–0.65) 0.50 (0.34–0.74) 1.00

4 h 0.45 (0.26–0.69) 0.46 (0.35–0.61) 0.87

8 h 0.33 (0.27–0.39) 0.48 (0.36–0.65) 0.07

16 h 0.16 (0.10–0.23) 0.31 (0.23–0.43) 0.03

24 h 0.09 (0.06–0.12) 0.20 (0.14–0.28) 0.01

48 h 0.01 (0.008–0.02) 0.05 (0.009–0.13) 0.05

72 h < LLOQ 0.03 (0.00–0.12) –

96 h < LLOQ 0.007 (0.005–0.009) –

120 h < LLOQ 0.007* –

144 h < LLOQ < LLOQ –

Results are presented as geometric means and 95% confidence interval.

Lower limit of quantification, LLOQ = 0.002µg/mL. Data was analyzed with the first value

below the LLOQ, replaced with ½ LLOQ. The values below this point were discarded and

here listed as < LLOQ.

*No 95% confidence interval display indicates detection limited to one animal.

TABLE 3 | Plasma concentrations (µg/mL) for meloxicam from six post-partum

cows compared to mid-lactation cows that received oral administration of a single

dose of meloxicam at 1.0 mg/kg.

Time (h) Mid-lactation (µg/mL) Post-partum (µg/mL) P-value

4 0.77 (0.53–1.09) 0.66 (0.42–0.97) 0.81

8 1.27 (0.92–1.73) 1.48 (1.21–1.80) 0.47

12 1.29 (0.93–1.75) 2.11 (1.49–2.92) 0.07

16 0.99 (0.63–1.52) 1.86 (1.54–2.24) 0.01

20 0.85 (0.51–1.32) 2.08 (1.46–2.88) 0.008

24 0.72 (0.44–1.09) 1.91 (0.96–3.26) 0.008

48 0.15 (0.07–0.28) 0.57 (0.22–1.23) 0.01

72 0.03 (0.00–0.10) 0.15, (0.03–0.42) 0.04

96 0.01 (0.00–0.14) 0.06 (0.00–0.21) 0.33

120 0.006* 0.03 (0.00–0.17) 0.37

144 LLOQ 0.03* –

Results are presented as geometric means and 95% confidence intervals.

Lower limit of quantification, LLOQ = 0.002µg/mL. Data was analyzed with the first value

below the LLOQ, replaced with ½ LLOQ. The values below this point were discarded and

here listed as < LLOQ.

*No 95% confidence interval display indicates detection limited to one animal.

understanding the pharmacokinetic properties of NSAIDs, like
meloxicam, is necessary for judicious extra-label drug use of pain
mitigation strategies in dairy cattle.

The previous work by Carpenter et al. (11) administered
meloxicam in tablet form at a single dose of 1 mg/kg

BW and the control group received a placebo bolus with
water drench. The investigators evaluated circulating levels
of glucose, β-hydroxybutyrate (BHB), free fatty acids,
haptoglobin, paraoxonase, milk production, body condition
score, reproductive status, and retention in the herd. They
found that meloxicam-treated animals displayed an increase in
plasma glucose concentration relative to control and alternate
drug treatment groups. The sodium salicylate treatment
group displayed a decrease in plasma BHB, but an increase in
haptoglobin compared to control cows. In the 365-day window
that cows were assessed, control subjects were removed more
quickly from the herd than meloxicam-treated cows. The
daily milk production increases due to meloxicam and sodium
salicylate treatment groups were 4 and 3.5 kg/d, respectively. This
was not statistically significant until week seven of evaluation,
indicating an influence on peak milk (11).

Swartz et al. (8) compared meloxicam effects during and
after calving vs. control. Cows were further evaluated for calving
difficulty, using > 70min as the breakpoint for dystocia event.
Milk yields were evaluated for 15 weeks, as well as, behavioral
events tracked by an accelerometer. The results revealed that
dystocic animals that received meloxicam were less active than
the control group. The authors hypothesized that meloxicam
reduced activity and inflammation, which allowed animals that
were experiencing more chronic pain due to the dystocia event,
the ability to rest. They found no treatment effect for health
parameters, including rectal temperature and clinical disease
events. Most strikingly, a 6.8 kg/d milk yield increase was seen in
cows administered meloxicam prior to an eutocic calving relative
to control (P< 0.05). Both eutocic and dystocic calvings that were
administered meloxicam prior to parturition displayed higher
milk fat, protein and lactose than the control (8).

More recently, Shock et al. (12) evaluated the impact of
meloxicam oral suspension (1 mg/kg BW) when administered
at parturition on milk production and health. This large sample
set in Canada showed a 0.64 kg/d increase in milk yield over the
first three test days (90–120 days in milk), 0.75 times risk ratio
of subclinical mastitis and 0.46 times risk ratio of cull or death
rate within the first 60 DIM. The authors in alternative studies
suggested that differences in total effect on milk production in
the literature was likely due to the majority of effect occurring at
peak lactation (11). Both Swartz et al. (8) and Carpenter et al. (11)
assessed >weeks, whereas, Shock et al. (12) assessed the first 120
DIM, which has likely influenced the differences in production
effects reported.

Our group has previously noted that meloxicam persisted at
higher concentrations in the plasma for longer in post-partum
vs. mid-lactation dairy cattle following oral administration (20).
This finding was confirmed in the current study. In our previous
work, we hypothesized that the difference was due to an increased
bioavailability of the drug in post-partum cows (20). To test
this hypothesis, the current study was designed to compare
the pharmacokinetics of meloxicam between these two groups
following both intravenous and oral administration. The results
indicated a lower clearance in post-partum vs. mid-lactation
cows, independent of the mode of administration, resulting
in a longer estimated terminal half-life and increased systemic
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TABLE 4 | Plasma pharmacokinetic parameters for meloxicam from seven post-partum cows compared to five mid-lactation cows intravenously administered a single

dose of meloxicam at 0.2 mg/kg.

IV Mid-lactation Post-partum P-value

Cmax (µg/mL) 1.22 (0.92–1.55) 1.06 (0.84–1.34) 0.26

Tmax (h) 0.13 (0.08–0.19) 0.23 (0.08–4.01) 0.73

Vd (L/kg) 0.29 (0.24–0.35) 0.31 (0.19–0.48) 0.94

CL (L/kg/h) 0.03 (0.02–0.03) 0.01 (0.009–0.02) 0.009

AUC∞ (h x µg/mL) 8.26 (6.62–10.10) 16.30 (6.18–31.75) 0.009

AUC%extrapolated 1.65 (1.29–2.06) 1.68 (−11.13–29.84) 0.14

λz (h
−1) 0.08 (0.08–0.09) 0.04 (0.03–0.07) 0.006

AUMC∞ (h x µg/mL) 93.33 (72.00–118.95) 393.75 (115.22–3908.18) 0.009

MRT∞ (h) 11.30 (10.44–12.19) 24.16 (12.23–85.36) 0.006

T1/2 (h) 8.23 (7.90–8.58) 17.31 (8.59–64.05) 0.006

E 0.008 (0.006–0.01) 0.004 (0.003–0.006) 0.009

Results are presented in geometric means and 95% confidence intervals. P-values are based on non-parametric Wilcoxon Rank Sums 2-sample normal approximation.

Parameters include maximum plasma concentration (Cmax ), time of Cmax (Tmax ), area under the curve extrapolated to infinity (AUC∞), area under the first momentum curve extrapolated

to infinity (AUMC∞), area under the curve percent extrapolated (AUC%extrapolated ), slope of terminal phase (λz ), terminal half-life (T1/2), volume of distribution (Vd ), mean residence time

(MRT∞ ), and clearance (CL).

TABLE 5 | Plasma pharmacokinetic parameters for meloxicam from six post-partum cows matched to mid-lactation cows orally administered a single dose of meloxicam

at 1.0 mg/kg.

Oral Mid-lactation Post-partum P-value

Cmax (µg/mL) 1.45 (1.12–1.88) 2.61 (1.79–3.67) 0.02

Tmax (h) 10.48 (8.50–12.83) 16.75 (12.25–22.42) 0.02

Vz/F (L/kg) 0.39 (0.27–0.60) 0.22 (0.17–0.33) 0.02

CL/F (L/kg/h) 0.03 (0.02–0.04) 0.01 (0.007–0.019) 0.008

AUC∞ (h x µg/mL) 36.01 (24.29–51.02) 82.82 (50.55–126.77) 0.008

AUC%extrapolated 0.60 (−0.09–1.89) 0.47 (0.17–0.89) 0.69

λz (h
−1) 0.07 (0.06–0.08) 0.06 (0.05–0.07) 0.05

AUMC∞ (h x µg/mL) 733.95 (394.66–1194.39) 2287.61 (981.54–4354.35) 0.008

MRT∞ (h) 20.38 (17.16–24.02) 27.62 (21.56–34.90) 0.05

T1/2 (h) 9.55 (8.26–10.99) 12.28 (9.60–15.42) 0.05

F (%) 87.2 101.6 –*

Results are presented in geometric means and range. P-values are based on non-parametric Wilcoxon Rank Sums 2-sample normal approximation.

Parameters include maximum plasma concentration (Cmax ), time of Cmax (Tmax ), area under the curve extrapolated to infinity (AUC∞), area under the curve percent extrapolated

(AUC%extrapolated ), area under the first momentum curve to infinity (AUMC∞), slope of terminal phase (λz ), terminal half-life (T1/2 ), volume of distribution per fraction of drug absorbed

(Vz/F), mean residence time (MRT∞), clearance per fraction of drug absorbed (CL/F), and absolute bioavailability (Fabs).

*Statistical comparisons could not be made between treatment groups due individual animals receiving a single treatment and therefore clearance cannot be assumed to be consistent.

exposure in post-partum cows. The bioavailability determined
in this study is consistent with the literature showing that
meloxicam is extensively absorbed after oral dosing (14). The
difference in bioavailability between treatment groups are due
to absolute clearance differences between post-partum and mid-
lactation cows. The clearance in post-partum was approximately
half compared to mid-lactation cows. Accordingly, the systemic
exposure to meloxicam in post-partum cows was doubled.
Meloxicam is a low-extraction ratio drug (E < 0.3) and, like
many other NSAIDs, is primarily eliminated by the liver. Less
than 5% of unchanged drug is excreted through the renal system
(26). The results displayed a global extraction ratio of meloxicam
for intravenous administration as 0.008 (0.006–0.01) and 0.004
(0.003–0.006) for mid-lactation and post-partum treatment

groups, respectively. These results confirm that meloxicam is a
low extraction ratio drug in both post-partum and mid-lactation
conditions. Extraction ratio for meloxicam has been previously
reported in guinea pigs, as 0.0087, which is consistent with the
mid-lactation treatment group (27). Though there is a substantial
difference in the hepatic blood flow between post-partum and
mid-lactation cows (28), under the assumptions made by the
Well-Stirred model of hepatic drug clearance, changes in blood
flow have little impact on clearance of low-extraction ratio drug
(29). The Well-Stirred model can be reduced to two factors
that can influence hepatic clearance of meloxicam under the
assumption of a low extraction ratio drug. The first being
the unbound fraction or free fraction and alternatively, the
intrinsic clearance could be decreased. Therefore, clearance of
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drugs that have a low extraction ratio are determined by the
following equation:

CLhepatic = Funbound × CLintrinsic

Possible explanations for the observed decreased hepatic
clearance in our work include a decrease of the unbound fraction
(Funbound) of the drug to plasma proteins, such as albumin
availability, or changes in protein binding interaction. Decreased
hepatic intrinsic clearance (CLintrinsic) could have been due to
decreased metabolic enzymes. Future work on this topic should
evaluate protein binding capacity and hepatic enzymatic function
in the post-partum compared to mid-lactation animals.

Though the overarching objective was not to determine
efficacy to evaluate concentration-effect relationships, a possible
limitation to this study design was the void of detection
of bound vs. unbound fraction of meloxicam. We believe
that if differences in protein binding were present, they
would be reflective in volume of distribution following
intravenous administration. Additionally, concurrent evaluation
of meloxicam milk concentrations would have strengthened the
ability to assess pharmacokinetics across sample types.

CONCLUSION

In conclusion, differences in meloxicam bioavailability were
evident betweenmid-lactation and post-partumdairy cattle. Both
the 33% decrease in absolute clearance and ∼2-fold apparent
increase of meloxicam systemic exposure in post-partum cows
contributed to the increase oral bioavailability. Both clearance
and area under the curve directly impact bioavailability. This
reduction in clearance may necessitate a longer withdrawal
time when administered in the post-partum period vs. mid-
lactation period. Further research is necessary to determine
the underlying mechanism of delayed clearance, impact on
prescribed withdrawal periods and assessment into efficacy of
meloxicam at lower dosing in the post-partum period.
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