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Abstract:
Objective: To establish a suitable
Pharmacokinetic / Pharmacodynamic
(PK/PD) model for the meloxicam’s anti-
inflammatory activity for predictions about
efficacy, potency and sensitivity by using a
complex indirect response model in the rat,
where carrageenin used as a inflammogen.
Methods: The rats were divided into
different groups and received 1, 3, 7 and 10
mg/kg of meloxicam, after sub-plantar
injection of carrageenin to the right hind
paw. The plasma concentrations of
meloxicam were determined by RP-HPLC-UV
method and pharmacodynamics (paw
edema volume) measured by
plethesmography.
PK/PD model: Before injection of
carrageenin, basal inflammatory mediator's
synthesis  (PEl,) is maintained by
physiological mechanism which is described
by a constant rate synthesis (K,,) and a first
order degradation (Kout). Ksyn is computed by
equation K, = Eq. Koy After injection of
carrageenin, the additional inflammatory
mediators' synthesis is regulated by input
rate (IR (t)). This process is governed by a
first order rate constant (Kyy), which can be
inhibited by meloxicam.
Results: The PK parameters showed dose
proportionality, with a Vd, 2101, 3761,
4754and 5321 ml/kg; CL, 774, 1738, 1872
and 1913mL/hr/kg; Cnax, 175, 290, 544and
731ng/mL. Indirect response PD model
(inhibitory E,.x model), estimated K, 1.24,
1.96, 1.95 and 1.89 1/hr; K,,; 0.012, 0.019,
0.021 and 0.025 1/hr; K, 0.0032, 0.0039,
0.0038, and 0.0026 h; estimates for ICs,
(concentration of meloxicam in plasama
eliciting half of maximum inhibition of IR(t)
or Ky were 4185, 565.91, 832.96 and
1482.7 ng/mL of group Il, group lll, group IV
and group V respectively.
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Conclusion: This hypothetical model
appropriately described the time course of
pharmacological response of meloxicam in
various doses.

Keywords: carrageenin, inflammogen,
inflammatory mediators, meloxicam,
Pharmacokinetic / Pharmacodynamic
modeling.

Abbreviations: Vd, volume of distribution;
Cmax, a maximum plasma concentration; CL,
clearance; COX-2, cyclo-oxygenase-2; RP-HPLC-
UV, reverse phase high performance liquid
chromatography-ultraviolet.

Introduction

Selection of effective and safe dose for a
dosage regimen is very crucial for clinical use. In
vivo preclinical pharmacokinetic /
pharmacodynamic (PK/PD) modeling is a
powerful  mathematical approach  which
determines the relationship of pharmacokinetic
and pharmacodynamic properties of a dosage
regimen and also explores the safe and effective
dose for clinical use [1]. Often, PK/PD studies
conducted for the determination of three
properties of a drug, they are sensitivity,
potency and efficacy. PK/PD modelling in a non-
human species offers a valuable approach to
dosage regimen predic-tion for human use.

Meloxicam, preferential cyclooxygenase-2
(COX-2) inhibitor, a enolic derived new NSAID
has 3-72 folds greater affinity towards COX-2
over the COX-1 [2, 3] and have less Gl toxicity [2,
4] cardiotoxicity[4] and more
neuroprotection.[5] Its therapeutic index is
relatively higher than that of other NSAIDs
including piroxicam, diclofenac, and
indomethacin [3]. Although meloxicam showed
advantageous pharmacodynamic effects but

Corresponding author :
dheerajgopu@gmail.com



International Journal of Therapeutic Applications, Volume 9, 2013, 1-10

prediction of an effective and safe clinical dose
regimen is essential for clinical use. Various
preclinical models available to relate the pk and
pd, but there is a limited insight on in-vivo
NSAIDs pharmacokinetics and
pharmacodynamics [2, 6-8], a few preclinical
researches conducted to model blood or plasma
concentration-time profiles.

The main objective of the current study is to
assess and develop a suitable preclinical PK/PD
model for the anti-inflammatory effect of
meloxicam and characterization of the full
pharmacological profile to predict suitable
dosage regimen for animals and other clinical
use. To achieve this we used carrageenin
induced inflammation as a PD model and
meloxicam as a test substance, because of
preferential inhibition on COX-2. Injection of
different doses of carrageenin to the rat paw
showed time-dependent bi-phasic inflammatory
response. In first phase release of histamine, 5-
HT and bradykinin etc occurs where as in second
phase synthesis of inflammatory mediators like
PGE, PGIl, and other leukotrienes (LTs) by
inducing the release of COX-2 enzyme [7,8].
These mediators increase the vascular
permeability which enhances the edema
formation and leukocyte infiltration to the
inflamed region by increasing the blood flow to
the site. Most probably meloxicam inhibits the
second phase in inflammation by showing action
preferentially on COX-2.

To best of our knowledge there are only a
few reported studies on PK/PD modeling of
meloxicam in cat [9, 10], dog [11] and piglet [12]
but till- now there is no modeling studies in the
rat.

1. Materials and Methods
2.1 Chemicals

Meloxicam and Piroxicam (internal standard)
were kindly supplied by Dr.Reddy’s labs India.
Acetonitrile, methanol and acetic acid HPLC
grade solvents were purchased from Merk India
Itd. Carrageenin purchased from Sigma Aldrich,
India. All the materials used in this were
analytical grade.

2.2 Animals

Male Wistar rats, weighing 180 to 270 g
were used in this study. Animals were kept
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under laboratory standard conditions on a 12-
hlight/dark cycle with light from 6:00AM to
6:00PM, in a temperature (22°C) controlled
room, and were acclimatized for a minimum of
7days before experiment was performed. They
were housed in cages with free access to water.
Food was withheld forl2h before the start of
experiments.

2.3 Experimental Protocol

The study protocol was keenly observed and
approved by the Institutional Animal Ethical
Committee (IAEC20111/10/12).

2.3.1 Induction of paw inflammation:
Animals (n= 30) were randomly allocated into
five groups. For inflammation induction all
animals were injected subcutaneously with
0.1ml of a 1% carrageenin suspension in 0.9%
saline into right hind paw.

23.2 PD data collection: Induced
inflammation was measured by
plethysmography as described [7]. Paw swelling
was determined once just before and every
hour during the 6h to carrageenin and drug
administration.

2.3.3 Drug administration: Animals were
treated orally with meloxicam 1mg/kg (groupll),
3 mg/kg (grouplll), 7mg/kg (group IV) and
10mg/kg (groupV), suspended in 0.5% sodium
carboxy methyl cellulose suspesnsion just
before carragenin administration. Group |
(control) received only 0.5% sodium carboxy
methyl cellulose suspension.

2.4 Sample collection

From all groups, blood samples (n = 30) of
100 pl were withdrawn at selected times for 6h.
Group | (control) blood samples were taken to
study the influence of sampling on the time
course of paw swelling. Plasma was obtained by
centrifugation at1000g/20min, frozen, and kept
at -20°C until analysis. The same volume of
withdrawn blood was replaced with sterile
saline.

2.5 Sample extraction

Meloxicam was extracted from plasma
samples by adding 0.5mL of acetonitrile to
0.5mL of plasma in 1:1 ratio. This was subjected
to vortex mixing at high speed forlmin, and
then centrifuged for 10min at 9000xg. The clear
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supernatant thus obtained was transferred to
clean tube. To 0.5mL of supernatant, 0.5mL of
HPLC grade water was added and mixed well.
The aliquot was filtered through 0.22 um nylon
filter and 10 pl of the aliquot was injected into
HPLC system for the analysis.

2.6 Drug analysis

Measurements of meloxicam
concentrations in plasma were carried out using
previously described RP-HPLC-UV method [13]
with some modifications. Briefly, meloxicam and
the internal standard (piroxicam) separation
were achieved by using a Waters 510 HPLC
pump, a Rheodyne injector with a 20 BL loop,
reversed phase C;g3 column ( 300mm X 3.9mm
I.D., 10 @m RBondapak) with a guard column [
Merk KGaA, Darmastadt, Germany] with a
ultraviolet detector. The mobile phase consisted
of a mixture of 65% water: aceticacid (99:1, V/V)

4°C. The working standard solutions of
meloxicam with internal standard (piroxicam) at
100pg mL* prepared daily were used to spike
blank plasma samples of rat. Plasma standards
at 1, 0.5, 0.25, 0.1, 0.05, 0.01, 0.005 and 0.001
pgmL-1 for meloxicam (external standard) were
prepared and extracted as described for the
experimental  samples. Meloxicam  and
piroxicam was detected at 360nm wavelength
(UV-detector). Meloxicam was quantified from
its respective peak area and the concentrations
in plasma samples were determined by means
of calibration curves obtained on analysis of
blank plasma samples spiked with meloxicam.
The retention time for meloxicam and piroxicam
were 5.90 and 5.0 respectively at 1mL min™.
Flow rate of mobile phase. The limits of
detection and quantificationin plasma for
meloxicam were 0.005 and 0.01 pgmlL-1
respectively. The signal showed linearity over

Carrageeenin

Inflammatory mediators

Meloxicam
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Figure-1: Schematic representation of the pharmacodynamic model used to describe the data of
anti-inflammatory study. IR(t), input rate function of inflammatory mediators; K, zero order rate
constant of formation inflammatory response; Ky, first order rate constant of release of
inflammatory mediators into the inflammation compartment; K.y, first order rate constant of

degradation of inflammatory response.

and 35% acetonitrile. The flow rate of the
mobile  phase was adjusted to 1.0
mLmin-1.0ven temperature was set at 35°C.
The method was validated prior to the analysis
of samples. Stock solution of meloxicam at
1ImgmL-1 concentration was prepared in
acetonitrile: acetic acid (1:1, v/v) and stored at
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the range 05 to1000 ng/ml with r’=0.986. The
intra-and inter day coefficients of variation of
the assay were 3.14 and 4.94%, respectively.
The respective limits of detection and
guantification were determined as 3 and 10
times the signal to noise ratio at the time of
elution of the meloxicam. No endogenous
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interferences  were  detected in  the
chromatograms of blank plasma samples of
control group at the retention time of
meloxicam.

2.7 Data analysis:

2.7.1 Pharmacokinetic model: A one
compartment model is enough to describe the
pharmacokinetic parameters of the meloxicam
when it is administered through oral route.
Pharmacokinetic = parameters for plasma
meloxicam were determined by nonlinear least
square regression analysis using Phoneix
WinNonlin® Professional version 6.2.0
(Pharsight Corporation, Cary, NC, USA) from the
obtained drug concentration vs time profile.

2.7.2 Pharmacodynamic model: In anti-

treated groups when compared with control
group.

Especially this model assumes that a)
carrageenin  injection  provoke transient
formation of inflammatory mediators (M),
which is described by the input rate function
IR(t). b) the mediatior induced inflammatory
response is governed by a first order rate
constane (K,y), which can be inhibited by
meloxicam in plasma; and c) in absence of
carrageenin and/or drug in the body, a certain
degree of inflammation (baseline level) is
maintained by the balance between the
production (represented by the first order rate
constant, K,,) and the degradation represented
by the first order rate constant, K,,) of
inflammatory  response. This model s
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Figure-2: Time course of plasma concentrations of meloxicam in different groups. line represents mean observed
data; Symbols represent typical model predictions, and vertical lines represent standard deviation.

inflammatory model (figure-1), after injection
with carrageenin control group showed a time-
varying response. It was modeled using indirect
pharmacodynamic  response  model. For
inflammation a more complex physiological
indirect response model is need to explain the
delayed increase in inflammation in drug
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represented by the following set of differential
equations:

d‘—+ = IR (t) —Knx (1-DRUG) x M (1)
This model assumes that meloxicam (DRUG)
exerts action by inhibition of the carrageenin

induced mediators and this drug effect (DRUG)



International Journal of Therapeutic Applications, Volume 9, 2013, 1-10

is included in equation 1 and the resulted
equation as follows.

dR
d_f' :KINX (1'DRUG) xM+ Ksyn - Kourx R (2)

Where dR/dt is the rate of change of
the response over time (T°), K, represents the
zero-order rate constant for production of the
response and K, the first-order rate constant
for loss of the response, IR(t) is the input rate
function representing the increase in the
formation of Inflammatory mediators
accounting for the temporal increase in
response. R is measured model response which
is assumed to be result from factors controlling
either the input or the loss of the measured
response. For this different models were tested
for the DRUG: linear, E,q and sigmoidal E,.y
models.

1.8 Statistical analysis:

Results are shown as mean data with their
corresponding standard deviations.
Comparisons of the observed response of
different groups were made by one way ANOVA

followed by Tukey’s posteriori test with Graph
Pad Prsim V 5.0. Statistical significance was set
at p<0.05.

2. Results
3.1 Pharmacokinetics:

A one-compartment model was used to
describe the kinetics of meloxicam in plasma
when the drug was given orally. Estimates of the
typical pk parameters and their values of inter-
animal variability are listed in table-1. Mean
observed and typical model predicted plasma
concentration versus time profiles are shown in
figure-2. Mean observed maximum plasma
concentrations of meloxicam was observed after
2hr of the drug administration in all groups with
the wvalues 175.73413.89, 290.29+30.43,
544.74+44.13 and 731.64+13.12 ng/mL for the
1, 3, 7 and 10 mg/kg respectively.

3.2 Pharmacodynamics:

Figure-3 shows the mean observed paw
swelling versus time profiles for all groups
injected with carrageenin. Baseline group
showed a constant basal body inflammation
over a 6h period. Mean basal swelling values did
not differ statistically among groups | to V (p
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Figure-3: Time course of inflammation of after carrageenin injection and meloxicam administration;
line represents mean observed data; Symbols represent typical model predictions; and vertical lines

represent standard deviation.
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>0.05). In addition, at the times paw selling were
recorded between Carrageenin injection and the
start of the drug administration no statistical
differences in T° (p >0.05) were found among
groups | to V. A mean maximum of paw swelling
of 0.36 + 0.05, 0.356 +0.15, 0.36+0.04,
0.375+0.16 and 0.22+0.04 after carrageenin
injection was found for group |, group Il, group
I, group IV and group V respectively; then paw
volume returned gradually to baseline in group
V at 6h after carrageenin injection remaining
groups taken time to come baseline paw
volume. The onset of the anti-inflammatory
effects was fast in the four groups. However,
base line paw volume returned to baseline with
a 2-to3-h delay with respect to time to peak
plasma concentrations, indicating that observed
effects and plasma drug concentrations could
not be related directly.

3.3 Pharmacokinetic/Pharmacodynamic
Modeling:

Figure-3 showed the typical model-
Table 1

predicted time course of inflammation response
in all groups using the model described in figure-
2 (top) and by equations.1 and 2. It can be
observed that model predictions for groups I,
I, IV and V are almost superimposable; the fact
that plasma drug concentrations for both groups
at early times after administration of doses
were 9 to 11 times higher than the estimated
value of I1Cs (per group), together with the high
inter-individual variability, could explain this
issue. This result should be interpreted as an
almost instantaneous increase in the synthesis
of fever mediators after the carrageenin
injection. The effect of meloxicam plasma
concentrations on the inhibition of IR (t) was
described by an inhibitory E,,,, model. Estimates
of the parameters of the linear spline and
pharmacodynamic parameter with their inter-
animal variability were listed in table-2 with an
adequate precision. During the model building
process E.., was estimated close to the 1; for
that reason, its value was fixed. At times before
Carrageenin injection dT/dt=0=Ksyp-Kour. Eo,

Pharmacokinetic parameter estimates of meloxicam given in to group I, group lll, group IV and group V
with 1mg/kg, 3mg/kg, 7mg/kg and 10mg/kg respectively.
Estimates of inter animal variability (IAV) expressed as coefficients of variation (%). Precision of the
estimates is expressed as relative standard error in parentheses. Relative standard error is standard error

divided by the parameter estimate.

Group v 1AV cL 1AV Tonax 1AV Conax IAV  AUCO- 1AV
(mL/kg) (mL/hr (hr) (ng/mL) oo
/kg) (hr*ng
/mL)
Il 2101 11 774 34 2.7 9 175 790 1290 34
(Img/kg)  (0.12) (2.1)  (0.034) (0.77) (0.09)  (0.03) (0.08)  (1.75) (0.34)  (12.9)
Il 3761 4454 1738 29.46 2.18 19.7 258 1048 1725 29.43
(3mg/kg) (0.38) (0.02)  (1.73) (0.19)  (0.02) (0.10)  (2.90) (0.29)  (17.25)
(0.04)
v 4754  10.68 1872 38.63 2.83 9.32 544 8.10 4184 38.68
(7mg/kg) (4.75)  (0.04)  (1.67) (0.09)  (0.03) (0.08) (5.44) (0.38) (41.84)
(0.11)
v 5321  57.06 1913 24.81 2.37 25.28 731 17.93 4517 52.62
(10mg/kg)  (0.63)  (0.59) (0.024) (15.13) (0.25)  (0.02) (0.17)  (7.31) (0.52)  (45.17)

V, volume of distribution; CL, total plasma clearance; T, time taken to reach maximum concentration;
Cmax, Maximum plasma concentration observed; IAV inter animal variability.
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where E, is the basal paw volume; then K=
Kout- Eo. The typical value of the K, is computed
using the estimates of K,,; and E, and listed in
table-2.

3. Discussion
4.1 Pharmacokinetics:

The estimates obtained for pharmacokinetic
parameters are difficult to compare across
different study of the compound in the rat
model because of different design and doses.
Computed area under the plasma
concentrations (AUCy..) of the mean plasma
concentration of the different doses versus time
profile showed linearity when they were plotted
AUC4e against dose administered. These
AUC,.. predicted values are 1290.32, 1725.34,
4184.34 and 4517.23 ng.hr/mL for 1, 3, 7 and
10mg/Kg dose respectively. Obtained results
slhowed that the time (T..) to reach peak
plasma concentrations (C...,) achieved rapidly in

Table 2

Pharmacodynamic results obtained from the Pharmacokinetic/pharmacodynamic modeling of the anti-
inflammatory effect of meloxicam given to different groups of rats; group IlI, group I, group IV and group V

showing linearity and these are have dose
dependent bioavailability where the lowest does
has low bioavailability when compared with
higher doses which indicating that high AUC
values showed longer duration of action.

4.2 Pharmacodynamics:

It is well elucidated that preferential COX-2
inhibitor exert their pharmacological action
through a reversible inhibition of COX-2 over
COX-1. By basing on previous studies that COX-
2 expression was experimentally induced in the
footpad by carrageenin and that the elicited
inflammation could be blocked by a selective
COX-2 inhibitor [8]. Meloxicam does not affect
the rate of synthesis and release of COX-2
enzyme it only competes with the arachidonic
acid for binding to COX-2 preferentially over
COX-1. This hampers the formation of
inflammatory mediators’ synthesis by expressed
COX-2, such as prostaglandins [3].

The Carrageenin induced edema has long

with 1mg/kg, 3mg/kg, 7mg/kg and 10mg/kg respectively.

Estimates of inter animal variability (IAV) expressed as coefficients of variation (%). Precision of the estimates
is expressed as relative standard error in parentheses. Relative standard error is standard error divided by the

parameter estimate.

Group Kin IAV Kout IAV Keyn IAV IAV ICso IAV
(1/hr) (1/hr) (hr) (mL) (ng/mL)

I 124 731 0012 137 000329 NE 027 24.4 4185  37.35
(Img/kg) (0.45) (0.08) (0.57) (0.005) (0.007) (0.28)  (0.003)  (0.18)  (2.59)
I 196 204 0019 493 00039 NE 020 4932 56591 17.88
(3mg/kg) (0.44) (0.043) (0.45) (0.002) (0.041) (0.49) (0.002)  (0.08) (2.08)
\Y; 195 1930 0.02 524 00038 NE 019  59.48 83296 14.18
(7mg/kg)  (0.45) (0.045) (0.58) (0.002) (0.043) (0.59)  (0.002)  (0.07) (4.16)
Vv 1.89 2602 0019 390 00026 NE 014 4166 14827 20.69
(1omg/kg) (0.45) (0.032) (0.58) (0.003)  (0.70) (0.42) (0.0014)  (0.09)  (6.63)

Ky, first order rate constant for release of inflammatory mediators per hour; Kout, first order degradation of
inflammatory mediatiors; K, duration of inflammation mediators synthesis, Eq, baseline paw volume of
respective group animals; ICs,, meloxicam plasma concentration eliciting half of maximum IR(t) inhibition;

IAV, inter animal variability.

all the doses ranging from 2-3hrs. These results
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been used to evaluate the anti-inflammatory
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effect of the NSAIDs. The time profile of the paw
swelling found for the control group in our study
was similar to that of published previous studies
[7 & 14] on the same strain, sex, and age
received same dose of carrageenin. They found
maximum paw swelling increase of 38% located
after 4hr [15] and 46.2% after 4h [14] after
carrageenin injection, whereas we observed
36.4% after 4hr after injection of carrageenin. At
the end of experiment, average paw volume had
been declined to 32.8% in our study, 35% [14]
and 34.3% [15].

Ideally, drug effect, production of the
absolute endpoint should be solely related to its
pharmacodynamic properties (efficacy, potency
and sensitivity). These pharmacodynamic
properties may be influenced by inflammation
induction, progression and recovery. This
confusing factor deserves special attention for
the drugs such as meloxicam. In present study,
anti-inflammatory  effect of  meloxicam,
decrease in the paw swelling of 1mg/kg
meloxicam treated group is less than that of
3mg/kg, 7mg/kg and 10mg/kg treated group
and the observed pharmacodynamic effect of
1mg/kg and 10mg/kg treated groups very
similar to that of published study [15].
Reduction in the paw edema volume by
meloxicam is a time and dose dependent
manner. However this significant inhibition in
the paw volume observed after 1hr of
carrageenin injection by meloxicam because
carrageenin elicits inflammation in two phases,
where first phase (0-1hr) of edema (attributed
to release of 5-HT, hisatamine and bradykinin) is
not inhibited by NSAIDs. In contrast, the second
phase (1-6hr) has been correlated with the
elevated synthesis of the inflammatory
mediators (PGs) {drug} and more recently due to
the induction of COX-2 enzyme this will be
inhibited by meloxicam and along this
meloxicam also inhibit the leukocyte migration
[16].

While linking  pharmacokinetics  with
pharmacodynamic we  adapted indirect
response model where the drugs acts through
the inhibition of input rate function of fever
mediator synthesis (Ky). Our PK/PD model
assumes that delay in the synthesis of
inflammatory mediators is computed by model
which is earlier explained equation and it is
denoted by K,,,. The robustness of the model
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was confirmed by both the accuracy and
precision of the estimates. Best of our
knowledge there is no PK/PD model on the
meloxicam in the rat, however estimates of 1Csq
values were found to be very significant.

It is important to notice that our
hypothetical and validated model was unable to
explain the raise in the first peak of paw
swelling. As earlier discussed this effect may be
due to the local histamine, bradykinin or 5-HT
effect whose activity is insensitive to the
meloxicam. Therefore lack of the predictability
of this model is irrelevant to the
pharmacodynamic parameters of the
meloxicam.

In summary, the use of PK/PD modeling
enables accurate assessment of the anti-
inflammatory effect, considering a more
complex indirect response model to describe
the delay in the anti-inflammatory effect of
meloxicam by including the another parameter
(Kgyn).  All the estimated pharmacodynamic
(efficacy, potency and sensitivity) and
pharmacokinetic parameters describing
meloxicam properties were in a dose dependent
manner. This comparison in different doses
demonstrated that the usefulness of preclinical
PK/PD modeling approach for predicting a
dosage regimen. It is foreboded that PK/PD
modeling can provide a more robust rationale
for dose selection of COX inhibitors, not only in
the target species but also in the humans.
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