
KIDNEY FUNCTION AND PHARMACOKINETICS OF ROFECOXIB AND MELOXICAM 829

Copyright © 2008 John Wiley & Sons, Ltd. J. Appl. Toxicol. 2008; 28: 829–838

DOI: 10.1002/jat

JOURNAL OF APPLIED TOXICOLOGY
J. Appl. Toxicol. 2008; 28: 829–838
Published online 14 March 2008 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/jat.1342

Effect of inflammation on kidney function and
pharmacokinetics of COX-2 selective nonsteroidal
anti-inflammatory drugs rofecoxib and meloxicam

Sam Harirforoosh† and Fakhreddin Jamali*

Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2N8

Received 22 June 2007; Revised 2 January 2008; Accepted 7 January 2008

ABSTRACT: Chronic arthritis adversely affects glomerular function and nonsteroidal anti-inflammatory drugs (NSAIDs)

reduce electrolyte urinary excretion. In addition, both acute and chronic inflammations may alter clearance of drugs.

We studied (a) the effects of inflammation on the renal function and pharmacokinetics of rofecoxib and meloxicam;

(b) whether inflammation could exacerbate reduced electrolytes excretion changes observed with NSAIDs; and (c) the

influence of inflammation on distribution of these drugs into the kidney. Single oral doses of rofecoxib (10 mg kg−−−−−1),

meloxicam (3 mg kg−−−−−1) or placebo were administered to normal or pre-adjuvant arthritic rats. Blood and urine samples

were collected for the measurement of plasma nitrite, BUN and creatinine. The urinary excretion of sodium and potas-

sium was also determined. Nitrite, BUN and plasma creatinine were increased starting on day 9 in the groups with

inflammation. Sodium and potassium excretion rates were not affected by inflammation. Meloxicam did not alter the

electrolyte excretion in any of the groups. Rofecoxib significantly decreased sodium and potassium excretion in normal

rats and potassium excretion in inflamed rats. Inflammation significantly increased plasma concentrations of rofecoxib,

but not meloxicam. The ratios of the kidney:plasma concentrations were not significantly altered by inflammation follow-

ing either drug. Inflammation altered kidney function, demonstrated by increases in BUN and plasma creatinine.

However, it did not influence the urinary electrolytes excretion. Since we have observed similar patterns of the effect of

NSAIDs on kidney under healthy and inflammatory conditions, one may conclude that inflammation does not exacerbate

the adverse effect. Copyright © 2008 John Wiley & Sons, Ltd.
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the drug distribution in the kidney (Harirforoosh et al.,

2006). It is, however, not known whether inflammation

increases the extent of drug distribution in the kidney,

thereby increasing the severity of the side effect. It has

been reported that over-expression of the pro-inflammatory

mediators increases the permeability of the blood–brain

barrier (Didier et al., 2003).

Inflammation reduces clearance, hence it increases

the circulating concentration of drugs that are efficiently

cleared by hepatic anzymes (Piafsky et al., 1978;

Monshouwer et al., 1996; Mayo et al., 2000; Sattari

et al., 2003; Ling and Jamali, 2005). A reduced clearance

is also expected to proportionally increase the drug

concentration in the kidney and give rise to increased

renal side effects.

The present work was carried out to examine: (1)

whether in the absence of NSAIDs, inflammation causes

reduced renal function; (2) if inflammation exacerbates

the acute renal effect of rofecoxib and renders meloxican

effective in diminishing the electrolytes urinary excretion;

(3) whether inflammation influences the extent of distri-

bution of selective cyclooxygenase-2 (COX-2) inhibitors

into the kidney; and (4) the effect of inflammation on the

pharmacokinetics of these drugs.

Introduction

Rheumatoid arthritis (RA) is a prevalent autoimmune

disease which targets joints and results in pain, inflam-

mation and disability (Kvien, 2004; Ruderman, 2005).

Decreased glomerular filtration rate (GFR), elevated

urinary tubular enzyme levels and proteinuria are reported

in patients with RA (Boers et al., 1990). Since RA

patients are commonly on nonsteroidal anti-inflammatory

drugs (NSAIDs) or disease-modifying agents, it is difficult

to specifically identify the contribution of the disease

or the drugs in the manifestation of these side effects.

We have previously reported that NSAIDs, including

celecoxib and rofecoxib, but not meloxicam, reduce

sodium and potassium urinary excretion in healthy rats

(Harirforoosh and Jamali, 2005). The reduced electrolytes

excretion appears to be well correlated with the extent of
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We used a newly developed model of inflammation,

pre-adjuvant arthritis (Pre-AA), as previously described

(Ling and Jamali, 2005). The systemic signs of inflamma-

tion such as increased proinflammatory mediators concen-

trations and depressed drug metabolism emerge 6–8 days

post-adjuvant injection when the animal is still agile and

appears healthy. This allows a period of approximately

one week (Pre-AA) to study the effect of inflammation

on the desired factors in the absence of the pain and

stress associated with the fully developed adjuvant

arthritis (AA), which emerges approximately 14 days

after injection of Mycobacterium butyricum.

Since the effect of NSAIDs on the electrolytes excre-

tion appears following the first dose (Harirforoosh and

Jamali, 2005), we carried out the study after oral admini-

stration of single doses.

Methods

Chemicals

Tablets of rofecoxib (Vioxx; Merck Frosst, QC, Canada)

and meloxicam (Mobicox; Boehringer Ingelheim, ON,

Canada) were obtained from a local pharmacy in Edmonton.

Meloxicam powder was purchased from Unichem Labo-

ratories Limited (Mumbai, India). All solvents were

HPLC-grade and purchased from Caledon Laboratories

Ltd (Georgetown, ON, Canada). Methyl cellulose 4000

and ortho-phosphoric acid were purchased from BDH

pharmaceuticals (Toronto, ON, Canada). Asperigillus

nitrate reductase, sodium nitrate, sodium nitrite, nico-

tinamide adenine dinucleotide phosphate, lactate de-

hydrogenase, flavin adenine dinucleotide, pyruvic acid,

N-(1-naphthyl)ethylenediamine and sulfanilamide were

purchased from Sigma Chemical Co. (St Louis, MO, USA).

Hepes was purchased from FisherBiotech (Fair Lawn, NJ,

USA). Mycobacterium butyricum was purchased from

Difco Laboratories (Detroit, MI, USA). The immunoassay

kit for measurement of TNF-α was purchased from

Bio-Source International (Camarillo, CA, USA).

Dosage Selection and Administration

Tablets of Vioxx or Mobicox were crushed to make a

fine powder, suspended in 0.5% methyl cellulose suspen-

sion and administered via gastric intubations. Doses were

checked for their drug content using HPLC.

For rofecoxib, a single dose of 10 mg kg−1 was

chosen based on its effect on the electrolytes excretion

(Harirforoosh et al., 2006). Following repeated doses of

a series of NSAIDs, we observed that the urinary effect

appears following the first dose (Harirforoosh and Jamali,

2005). In addition, the recommended dose of rofecoxib

for chronic treatment of rheumatoid arthritis is 25 mg

once daily (Schwartz et al., 2002).The area under the

plasma concentration–time curve (AUC)0–24 following

a single 25 mg dose of rofecoxib is reported to be

2941 ng h ml−1 for healthy young male volunteers (Depre

et al., 2000). An oral dose of 10 mg kg−1 of rofecoxib to

the rat yields an AUC0–24 of 2963 ng h ml−1 (Halpin et al.,

2000). For meloxicam, a therapeutically equivalent dose

to 10 mg kg−1 rofecoxib is 3 mg kg−1 (Canadian Pharma-

cists Association, 2003).

Experimental Design and Sample Collection

All experiments were performed on male Sprague–

Dawley rats (270–300 g) and carried out within the

guidelines of the Animal Care Committee of University

of Alberta. In order to test the baseline urine volume,

sodium and potassium excretion, urine samples were col-

lected 0–8 h on day 0. In order to measure the baseline

nitrite, TNF-α, total protein, plasma creatinine and BUN,

0.5 ml blood was collected via tail vein from anesthetized

rats following the completion of the urine collection. The

treatment protocol is presented in Tables 1 and 2. Owing

to the large number of the animals required, the experi-

ment was carried out using groups of four to eight rats

consisting of one or two rats from each treatment group.

Meloxicam Study

As depicted in Table 1, after urine and blood collection,

rats were randomly divided into three groups: one

inflamed (MEL/INF, n = 7) and two control (PL/CONT,

n = 6; and MEL/CONT, n = 6) groups. Inflamed animals

received 0.2 ml of a 50 mg ml−1 of heat-killed Myco-

bacterium butyricum suspended in squalene into the tail

base. The same volume of sterile normal saline was

injected into the tail base of control rats. The animals

were transferred to standard rat cages, then fed with

standard commercial rat chow, and housed at ambient

temperature and humidity with a 12 h light–dark cycle.

On day 9, blood samples were collected via the tail

vein for measurement of inflammation markers. On day

12, a silastic catheter was inserted into the right jugular

vein of rats anesthetized by halothane. Rats were then

allowed to recover overnight. On day 13, the PL/CONT

rats received methyl cellulose and MEL/CONT and

MEL/INF animals received 3 mg kg−1 meloxicam orally

via a gastric gavage. Plasma samples were collected at 0,

0.25, 1, 2, 4, 6, 8 and 24 h post-dosing. During the

dosing day, urine was also collected up to 8 h. We have

previously observed that the electrolytes excretion over

8 h urine collection reliably reflects that of over 24 h

(Harirforoosh et al., 2006). Twenty-four hours post-

meloxicam dosing, rats were anesthetized and blood sample

were collected for determination of proinflammatory

mediators by cardiac puncture. Animals were subsequently
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Table 2. Study protocol B: effect of inflammation and meloxicam

Day 0

Baseline test of biomarkers

and electrolytes

All animals

Total Protein, BUN and Plasma Creatinine
Analysis

Total protein, BUN, and plasma creatinine concentrations

were determined with a VetTest 8008 analyzer (Idexx

Laboratories Inc, Westbrook, MA, USA) as previously

described (Sterczer et al., 1999; Ngure et al., 2000). The

analyzer is a dry chemistry system that uses dry reagent

slides. Briefly, the blood sample is placed on the slide

containing several layers. After passing through the

spreading and filtrating layers, the blood sample reacts

with the reagent layer. Then, the reacted sample is col-

lected on the indicator layer for analysis. Subsequently,

an optical device is used to measure the intensity of the

reaction.

Nitrite Assay

Nitrite was measured in plasma of all rats using a method

reported by Grisham et al. (1996). Briefly, 100 μl of

plasma was incubated with Asperigillus nitrate reductase

and treated with flavine adenine dinucleotide and nico-

tinamide adenine dinucleotide phosphate dehydrogenase

to reduce all nitrate to nitrite. Then, lactate dehydro-

genase and pyruvic acid were added. Finally, the samples

were treated with the Griess reagent, and the absorbance

was measured at 540 nm using a Powerwave × 340 plate

reader (Bio-Tek Instruments, Fisher Scientific). Standard

curves, constructed using standard solutions of sodium

Table 1. Study protocol A: effect of inflammation and meloxicam

Day 0

Baseline test of biomarkers

and electrolytes

All animals

1

Induction of inflammation

and group designation

Inflamed (ROF/INF) group

received adjuvant:

Control (ROF/CONT)

group received saline:

9

Test of biomarkers

All groups

13

Test of biomarkers

and electrolytes

ROF/INF

14 (Post NSAID)

Dosing with rofecoxib; test of biomarkers

and electrolytes and pharmacokinetics

All groups

sacrificed and kidneys were excised stored at −70 °C until

analyzed for drug concentration measurement.

Rofecoxib Study

After the baseline urine and blood collection, rats were

randomly divided into two groups: inflamed (ROF/INF,

n = 6) and control (ROF/CONT, n = 7; Table 2). Control

and inflamed rats received 0.2 ml of either sterile normal

saline or a solution of 50 mg ml−1 of heat-killed Myco-

bacterium butyricum suspended in squalene into the tail

base, respectively. The animals were then handled as

described under ‘Meloxicam Study’.

On day 9, blood samples were collected via the tail

vein for measurement of inflammation markers. On day

12, a silastic catheter was inserted into the right jugular

vein of rats anesthetized by halothane. Rats were then

allowed to recover overnight. On day 13, to assess the

effect of inflammation on renal function in absence of

any NSAID effect, blood and urine samples were

collected from ROF/INF rats. On day 14, ROF/CONT

and ROF/INF animals received 10 mg kg−1 rofecoxib via

gastric gavage and blood samples were collected at 0,

0.25, 1, 2, 4, 6, 8 and 24 h. During the dosing day, urine

was also collected up to 8 h. Rats were anesthetized and

blood sample were collected 24 h post-rofecoxib dosing

for determination of proinflammatory mediators by car-

diac puncture. Animals were subsequently sacrificed and

kidneys were excised stored at −70 °C until analyzed for

drug concentration measurement.

1

Induction of inflammation

and group designation

Inflamed (MEL/INF) group

received adjuvant:

Control (CONT)    PL/CONT

groups received     MEL/CONT

saline:

9

Test of biomarkers

All groups

13 (Post NSAID)

Dosing; test of biomarkers and

electrolytes and pharmacokinetics

MEL/INF received meloxicam

PL/CONT received placebo

MEL/CONT received meloxicam
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nitrate and sodium nitrite, were linear over the range of

6.25–200 μM (CV < 20%).

Tumor Necrosis Factor-α Analysis

Tumor necrosis factor-α (TNF-α) was determined using

an immunoassay kit (rat TNF-α enzyme-linked immuno-

sorbent assay), according to the manufacturer’s instruc-

tions. Standard curves were used to determine the amount

of TNF-α in plasma. The minimum detectable concentra-

tion was less than 4 pg ml−1 (CV < 5.2%).

Rofecoxib Assay

Rofecoxib concentrations were determined in plasma

and kidney using a validated reverse-phase HPLC method

(Jamali and Sattari, 2000) with some modifications.

Briefly, a 100 μl aliquot of various concentrations (50 –

10 000 ng ml−1) of rofecoxib standard solution was added

to 100 μl of blank rat plasma. After addition of 100 μl of

ketoprofen solution (1 μg ml−1) as internal standard and

100 μl of acetate buffer (pH = 4.5), plasma samples were

extracted with 6 ml of ethyl acetate. After vortex mixing

and centrifuging the result, the organic layer was separated

and evaporated to dryness. The residue was reconstituted

into 175 μl of mobile phase, water–acetonitrile–acetic

acid–triethylamine (72:28:0.1:0.05), and a 150 μL aliquot

injected into the column.

In order to determine rofecoxib concentrations in the

rat kidney, 2 volumes of HPLC-grade water were added

to the weighed tissue samples and the mixture was

homogenized using a Brinkmann Polytron homogenizer

(model PT10/35, Instruments Co., Switzerland). Standard

curve samples were prepared by adding 100 μl of various

concentrations of rofecoxib standard solutions to 100 μl

of blank homogenized kidney tissue mixture to make

the final concentrations of 25–5000 ng ml−1. Aliquots of

100 μl of 1 μg ml−1 internal standard solution, 100 μl of

acetate buffer (pH = 4.5) and 6 ml ethyl acetate were

added to each tube. The tubes were vortex-mixed for

90 s and centrifuged at 2500 g for 3 min. The organic

layer was transferred to a tube and evaporated to dryness.

The residue was dissolved in 175 μl of mobile phase

and an aliquot of 150 μl was injected into HPLC.

The minimum quantifiable concentrations were

50 ng ml−1 in plasma (CV < 7.2%) and 50 ng g−1 in

kidney homogenate (CV < 20.8%).

Meloxicam Assay

A validated reverse-HPLC method (Velpandian et al.,

2000) with some modifications was used to determine

the concentration of meloxicam in plasma and kidney.

Stock solutions were prepared by dissolving meloxicam

(100 μg ml−1) and piroxicam as an internal standard

(100 μg ml−1) in methanol. A 100 μl aliquot of blank

rat plasma was spiked with various concentrations of

meloxicam stock solutions to make the final concentra-

tions of 50–100 000 ng ml−1. Then, 200 μl of 2 μg ml−1

piroxicam solution, 200 μl of 0.6 M H2SO4 and 2 ml of

chloroform were added to each tube. The tubes were

vortex-mixed (2 min) and centrifuged for 2 min. A 1 ml

aliquot of the lower (organic) layer was removed and

evaporated to dryness. The residue was dissolved in

100 μl of mobile phase and a 50 μl aliquot injected into

the HPLC.

For determination of meloxicam in the kidney, 2

volumes of HPLC-grade water were added to the weighed

kidney samples. The mixture was homogenized for 45 s.

Standards curve samples were prepared by adding 100 μl

of various concentrations of meloxicam stock solutions

to 100 μl of homogenized mixture to make the final

concentrations of 50–100 000 ng l−1. A 100 μl aliquot of

5 μg ml−1 piroxicam solution, 200 μl of 0.6 M H2SO4,

and 2 ml of chloroform were added to each tube. After

vortex mixing and centrifuging of resultant, 1 ml of the

lower (organic) layer was removed and evaporated to

dryness. The residue was dissolved in 100 μl of mobile

phase and a 50 μl aliquot injected into the HPLC.

The minimum quantifiable concentrations were

500 ng ml−1 in plasma (CV < 5.9%) and 500 ng g−1 in

kidney homogenate (CV < 14.5%).

Electrolytes Analysis

Urine samples were analyzed for sodium and potassium

using instrumental neutron activation analysis as previ-

ously described in details (Harirforoosh et al., 2006).

Data Treatment and Statistical Analysis

Urinary electrolytes excretion (μmol min−1) was calcu-

lated from: CX* VX/T, where CX is the concentration of

urine electrolyte (μmol ml−1), VX is the urine volume (ml)

and T is the urine collection time (min). Urine flow rate

(ml h−1) was estimated from VX/T, where VX is the urine

volume (ml) and T is the urine collection time (h).

The non-compartment model contained in WinNonlin,

version 4.1 (Pharsight Corporation, CA, USA) was used

to estimate pharmacokinetic parameters. Pharmacokinetic

parameters, kidney/plasma concentration ratios and body

weights estimated for Pre-AA groups were compared

with those of respective controls using the two-tailed

Student t-test. For the biomarkers and renal excretion

data comparisons were made between the baseline and

post-treatment values with the two-way ANOVA using

the PROC MIXED procedure of SAS (SAS Institute Inc.,
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Cary, NC, USA). Statistical significance was set at

P < 0.05. All data are presented as mean ± standard

deviation.

Results

Emergence of Inflammation

Figure 1 depicts the serum concentration of the measured

pro-inflammatory mediators over the experiment period.

No significant change from baseline was observed in

either serum nitrate or TNF-α concentrations in control

groups. The adjuvant injection, however, elevated the

nitrite serum concentration on day 9 and days 13 or 14 in

all Pre-AA groups regardless of the treatment involved.

Serum TNF-α concentrations were also elevated by in-

flammation. The effect, however, reached a significant

level only on day 9 in MEL/INF and on days 13 or 14 in

MEL/INF and ROF/INF rats.

The mean body weight gain was significantly less in

the group with inflammation than controls on day 9 and

days 13 or 14 (Table 3).

Effect of Inflammation on Kidney Function

The effect of inflammation on the renal parameters is

depicted in Tables 4 and 5. Compared with the baseline

values, mean BUN was significantly increased on day 13

in MEL/INF group and on days 9 and 13 in ROF/INF

group. Plasma creatinine concentration was significantly

elevated in all groups with inflammation on day 9 and

days 13 or 14 post-adjuvant injection. Inflammation had

no significant effect on the total plasma protein concen-

tration, the urinary flow rate and the electrolyte excretion.

Effect of NSAIDs on Urinary Electrolytes
Excretion and Urine Flow Rate

Single doses of meloxicam had no significant effect on

the electrolytes excretion (Table 4). Rofecoxib, on the

other hand, significantly decreased the sodium excretion

Table 3. The effect of inflammation on the body weight of normal (CONT) rats treated with vehicle or inflamed
(INF) rats treated with Mycobacterium butyricum. Rats were treated with single doses of placebo (PL), meloxicam
(MEL) or rofecoxib (ROF) on the final day (n = 6–7/group)

Body weight, g

Day PL/CONT MEL/CONT MEL/INF ROF/CONT ROF/INF

Baseline 268 ± 2.58 273 ± 9.83 262 ± 3.36 265 ± 5.00 268 ± 2.58

Day 9 337 ± 8.16 331 ± 8.61 284 ± 14.6* 339 ± 6.27 298 ± 21.8*

Post NSAID 362 ± 18.9 346 ± 13.6 302 ± 22.0* 354 ± 13.0 323 ± 19.9*

Values are expressed as mean ± standard deviation; * significantly different from control.

Figure 1. Serum inflammatory mediators concentra-
tions 0 and 9 days after injection of vehicle (PL/CONT,
MEL/CONT and ROF/CONT) or killed Mycobacterium
butyricum (MEL/INF and ROF/INF) and on day 13 or 14
following a single oral dose of placebo (PL/CONT),
meloxicam (MEL/CONT and MEL/INF) or rofecoxib
(ROF/CONT and ROF/INF) (n = 6–7/group). Values are
expressed as mean ± standard deviation; significantly
different from baseline, ** p < 0.01, *** p < 0.001

rate in both the normal group and in individuals with

inflammation (Table 5). The urinary excretion of potas-

sium was also reduced by rofecoxib but reached sig-

nificance only in the normal group (Table 5). Neither

NSAID influenced urinary flow rate.

Effect of Inflammation on Pharmacokinetics
on NSAIDs

Inflammation resulted in a significant increase in rofec-

oxib plasma concentration (Fig. 2), as reflected by a
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Table 4. The effect of inflammation and a single dose of meloxicam on the renal parameters of normal rats
(PL/CONT and MEL/CONT) treated with vehicle or inflamed rats (MEL/INF) treated with Mycobacterium butyricum.
Rats were treated with single doses of placebo (PL/CONT) or meloxicam (MEL/INF and MEL/CONT) on day 13
(n = 6–7/group)

Group

Parameter Time PL/CONT MEL/CONT MEL/INF

Plasma

BUN, mmol l−1 Baseline 3.84 ± 0.93 4.24 ± 0.91 4.22 ± 1.06

Day 9 4.57 ± 1.05 4.79 ± 0.66 4.61 ± 0.88

Post NSAID 5.58 ± 0.69 5.33 ± 1.78 10.6 ± 9.3***

Creatinine, μmol l−1 Baseline 15.2 ± 3.43 26.5 ± 2.07 20.6 ± 2.88

Day 9 18.8 ± 3.42 29.2 ± 2.0 24.3 ± 2.43*

Post NSAID 21.7 ± 3.67 28.0 ± 5.4 39.4 ± 34.2*

Total protein, g l−1 Baseline 51.8 ± 1.64 52.5 ± 1.64 52.3 ± 1.11

Day 9 55.0 ± 1.67 54.7 ± 1.75 52.9 ± 1.95

Post NSAID 51.8 ± 4.75 53.8 ± 2.93 55.4 ± 0.89

Urine

Flow rate, ml h−1 Baseline 0.75 ± 0.11 0.54 ± 0.17 0.59 ± 0.30

Post NSAID 0.92 ± 0.4 0.63 ± 0.16 0.65 ± 0.26

Sodium excretion rate, μmol min−1 Baseline 1.83 ± 0.29 1.19 ± 0.53 0.89 ± 0.37

Post NSAID 1.37 ± 0.46 0.82 ± 0.50 0.76 ± 0.37

Potassium excretion rate, μmol min−1 Baseline 2.81 ± 0.87 2.08 ± 0.55 1.81 ± 0.64

Post NSAID 2.10 ± 0.72 2.27 ± 0.78 1.41 ± 0.46

Data are mean ± standard deviation; significantly different from baseline, * P < 0.05, *** P < 0.001.

Table 5. The effect of a single dose of rofecoxib on the renal parameters of normal rats (ROF/CONT) treated with
vehicle and inflamed rats (ROF/INF) treated with Mycobacterium butyricum. Rats were treated with single doses of
rofecoxib on day 14 (n = 6–7/group)

Group

Parameter Time ROF/CONT ROF/INF

Plasma

BUN, mmol l−1 Baseline 4.78 ± 0.81 4.48 ± 0.83

Day 9 4.42 ± 0.66 6.22 ± 0.63***

Day 13 8.04 ± 0.78*

Post NSAID 7.69 ± 0.82 7.33 ± 2.79

Creatinine, μmol l−1 Baseline 26.4 ± 2.88 14.33 ± 3.78

Day 9 26.9 ± 3.98 28.8 ± 3.43***

Day 13 32.2 ± 4.96*

Post NSAID 34.2 ± 5.85 48.2 ± 32.7***

Total protein, g l−1 Baseline 54.3 ± 2.14 53.5 ± 4.18

Day 9 53.0 ± 2.16 50.8 ± 1.60

Day 13 56.8 ± 2.32

Post NSAID 55.2 ± 3.43 52.7 ± 2.58

Urine

Flow rate, ml h−1 Baseline 0.61 ± 0.13 0.44 ± 0.21

Day 13 0.71 ± 0.20

Post NSAID 0.55 ± 0.23 0.31 ± 0.13

Sodium excretion rate, μmol min−1 Baseline 1.62 ± 0.95 1.38 ± 0.41

Day 13 1.57 ± 0.61

Post NSAID 0.98 ± 0.56* 0.62 ± 0.41*

Potassium excretion rate, μmol min−1 Baseline 2.55 ± 0.95 1.58 ± 0.61

Day 13 2.18 ± 0.80

Post NSAID 1.63 ± 0.82* 1.08 ± 0.53

Data are mean ± standard deviation; significantly different from baseline, * P < 0.05, *** P < 0.001.

significant elevation of AUC0–24 and a corresponding

decrease in the oral clearance of the drug (Table 6).

The peak concentration time (tmax) was also significantly

delayed by inflammation (P < 0.014; Table 6). There

was no significant difference in any other measured

pharmacokinetic indices between the control rats and

those with inflammation.

Since the plasma concentrations of meloxicam did

not become log–linear within the 24 h sample collection

period, we were not able to estimate t1/2, which is needed
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Table 6. The pharmacokinetic indices of rofecoxib (10 mg kg−1, p.o.) and meloxicam (3 mg kg−1, p.o.) in the
absence and presence of inflammation

Rofecoxib Meloxicam

Parameter Normal (n = 7) Inflamed (n = 6) Normal (n = 6) Inflamed (n = 7)

AUC0–24 (μg�h ml−1) 21.60 ± 3.4 30.51 ± 4.03* 367 ± 44 326 ± 82

Cmax (μg ml−1) 2.60 ± 0.52 2.41 ± 0.37 19.70 ± 3.75 16.85 ± 3.96

tmax (h) 2.7 ± 1.2 5.6 ± 1.7* 6.70 ± 1.6 6.8 ± 1.8

CL/F (ml h kg−1) 470 ± 75 331± 42* ND ND

Vd/F (l kg−1) 3.9 ± 0.77 3.9 ± 0.76 ND ND

t1/2 (h) 5.2 ± 0.9 6.5 ± 2.6 ND ND

Values are expressed as mean ± standard deviation; * significantly different from normal rats.

Figure 2. Plasma concentration-time profile of rofec-
oxib (10 mg kg−1, p.o.) and meloxicam (3 mg kg−1, p.o.)
in the absence and presence of inflammation (n =
6–7/group). Values are expressed as mean ± standard
deviation

Figure 3. Twenty-four-hour post-dose concentrations
of rofecoxib (10 mg kg−1, p.o.) and meloxicam (3 mg kg−1,
p.o.) in plasma and kidney of normal and inflamed
rats following a oral dose (n = 5–7/group). Values are
expressed as mean ± standard deviation

for calculation of Vd and CL/F. None of the measured

pharmacokinetic indices (AUC0–24, tmax and Cmax), how-

ever, was influenced by inflammation (Fig. 2, Table 6).

Effect of Inflammation on the Distribution of
Rofecoxib and Meloxicam into the Kidney

Inflammation did not alter kidney–plasma rofecoxib con-

centration ratio as the rise in the concentration in the

kidney was proportional to that in plasma (Fig. 3). The

kidney to plasma concentration ratio, however, remained

unchanged between the groups (P > 0.79).

Inflammation had no effect on the plasma and kidney

concentrations of meloxicam measure 24 h post single

doses (Fig. 3).

Discussion

It has been shown that the levels of nitric oxide (Mayo

et al., 2000) and TNF-α (Arend and Dayer, 1990) increase

in RA patients. Indeed, Mayo et al. (2000) have demon-

strated that nitrite concentration is a predictive marker of

the disease severity in RA. In this study, the significant

increases in serum concentrations of nitrite and TNF-α
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observed on day 9 or days 13 or 14 post-adjuvant injec-

tion (Fig. 1) confirms the presence of inflammation with-

out full emergence of adjuvant arthritis and its associated

pain, as reported by Ling and Jamali (2005) for the Pre-

AA rat model of inflammation. Another characteristic of

Pre-AA is a less body weight gain during the period of

study, as our data indicate (Table 3).

The present data suggest that, indeed, inflammation, at

least as it is manifested in the Pre-AA, is associated with

reduced kidney function as indicated by increases in both

plasma BUN and creatinine concentrations independent

of the NSAID use (Table 5). Both plasma creatinine

(Perrone et al., 1992) and BUN (Schnellmann, 2001)

reflect the glomerular filtration rate. Our observation in

Pre-AA rat model is consistent with that reported for the

full adjuvant arthritis (DiJoseph et al., 1993). This lends

support to the suggestion (Ling and Jamali, 2005) that

these types of experiments can be carried out before the

development of the full adjuvant arthritis and its associ-

ated pain and stress.

As expected (Harirforoosh et al., 2006), single doses of

rofecoxib decreased sodium and potassium excretions in

healthy rats (Table 5). Expression of COX-2 in the thick

ascending limb cells containing Na-K-ATPase proposes a

role for the enzyme in regulation of sodium in rat kidney

(Vio et al., 1997; Ferreri et al., 1999; Roig et al., 2002).

A decrease in GFR has also been linked to the inhibition

of COX-1 since it has been observed following admini-

stration of indomethacin to healthy elderly subjects (Catella-

Lawson et al., 1999). NSAIDs may change potassium

balance by suppression of the renin–aldosterone axis and/

or a reduction in GFR (Breyer and Harris, 2001). The

NSAIDs’ effect on the electrolytes excretion in both

humans (Harirforoosh and Jamali, 2005; Harirforoosh

et al., 2006) and rats appears shortly after the therapy

commencement, even following the first dose (Harirforoosh

and Jamali, 2005). For subsequent studies, therefore, we

limited the treatment to a single dose (Harirforoosh et al.,

2006).

Interestingly, inflammation did not exacerbate the

effect of rofecoxib on electrolyte excretion (Table 5),

despite its diminishing effect on renal function measured

as increased plasma creatinine and BUN. We cannot rule

out the possibility of a more extensive effect upon pro-

longed exposure to the NSAID in more severely afflicted

forms of inflammation.

The present data confirm our previous observation

(Harirforoosh and Jamali, 2005) that meloxicam does

not influence electrolyte urinary excretion in healthy rats

following a single dose (Table 4). Indeed, rofecoxib,

celecoxib, diclofenac and flurbiprofen but not meloxicam

significantly reduce the electrolyte excretion (Harirforoosh

and Jamali, 2005). We have subsequently reported

(Harirforoosh et al., 2006) that the effect of rofecoxib

and celecoxib on electrolyte excretion is associated with

kidney to plasma concentration ratios of greater than the

unity. For meloxicam, on the other hand, a relatively

small amount of the drug is found in the kidneys 24 h

post-dose. One of the objectives of the present study was

to investigate whether inflammation alters the extent of

the drug distribution into the kidney, thereby, causing a

significant effect on the electrolyte excretion. It has pre-

viously been shown that expression of pro-inflammatory

cytokines such as TNF-α, may change the permeability

of the blood–brain barrier (de Vries et al., 1996). Inflam-

mation, at least in the form of Pre-AA, does not appear

to render meloxicam effective in reducing the electrolytes

excretion (Table 4). Our data on rofecoxib and meloxi-

cam also suggest that inflammation does not alter rela-

tive distribution of these drugs into the kidneys (Fig. 3).

Pharmacokinetics of both rofecoxib and meloxicam are

linear following therapeutic doses (Davies and Skjodt,

1999), i.e. proportional elevation of concentration with

increases in dose. An altered kidney drug concentration

caused by inflammation, therefore, is expected to be detec-

table following single doses. We measured the kidney drug

concentrations 24 h post-dose, allowing the attainment of

pharmacokinetic pseudo-equilibrium phase, when the absorp-

tion and distribution phases are expected to be completed.

We have also shown that inflammation alters the

pharmacokinetics of rofecoxib but not meloxicam (Fig. 2,

Table 6). It has been reported that inflammatory condi-

tions alter the clearance of drugs which are efficiently

metabolized in the liver (Laethem et al., 1994; Piquette-

Miller and Jamali, 1995; Guirguis et al., 2001). We cal-

culated the hepatic extraction ratio of rofecoxib in the rat

using data following intravenous doses by Halpin et al.

(2000) to be 0.50–0.55. Rofecoxib, therefore, can be con-

sidered as an intermediate extraction ratio dug in the rat;

hence, its clearance depends on the liver blood flow,

plasma unbound drug fraction and intrinsic clearance

(Emami et al., 1998). It is known that inflammation does

not influence the liver blood flow (Walker et al., 1986).

In addition, inflammation results in elevated α1-acid

glycoprotein (Piafsky et al., 1978), but reduced albumin

concentration in plasma (Moshage et al., 1987). Since

rofecoxib is mainly bound to plasma albumin (Warner

et al., 2006), an elevated α1-acid glycoprotein concen-

tration is not expected to slow down its clearance.

Moreover, Pre-AA and other inflammatory conditions are

associated with reduced cytochrome P450 (CYP) enzyme

activity (Chen et al., 1994) or content (Ling and Jamali,

2005). The inhibitory effect of inflammatory cytokines

such as TNF-α, interleukin-1α (IL-1α), interferon-γ and

IL-6 on activity of CYP and glucuronosyl transferase

enzymes has been previously reported (Monshouwer

et al., 1996). It is, therefore, reasonable to suggest that

the increased rofecoxib plasma concentration in the rats

with inflammation (Fig. 2, Table 6) is likely due to

decrease in the intrinsic clearance of the drug.

We have also noticed that inflammation causes a

significant delay in the attainment of the peak rofecoxib
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concentration (Fig. 2). This may be due to a delayed

gastric empting caused by inflammation. Indeed, admini-

stration of proinflammatory cytokines results in signifi-

cant delayed gastric emptying in mice. It has also been

shown that induction of inflammation by intraperitoneal

injection of acetic acid blocks gastric empting via activa-

tion of neurokinin receptors and release of calcitonin

gene-related peptides (Julia and Bueno, 1997).

We cannot extrapolate our observation of increased

rofecoxib concentration in the inflamed rat to humans

since the absolute bioavailability of drug in human is not

known (Davies et al., 2003). To the best of our knowl-

edge, the only set of human bioavailability data available

has been generated following radio-labeled drug and sug-

gests 93% exposure following oral doses (Halpin et al.,

2002).

For meloxicam, using published data (Aghazadeh-

Habashi and Jamali, 2003), we calculated the hepatic

extraction ratio; it was less than 0.1. This places meloxi-

cam in the list of low-extraction drugs. Pharmacokinetics

of these drugs are not expected to be influenced by in-

flammation (Guirguis et al., 2001). Not surprisingly,

inflammation did not affect the systemic exposure of

meloxicam (Fig. 2, Table 6). Meloxicam is a low-

extraction drug (99% bioavailable) in humans as well

(Busch et al., 1995). Therefore, it is reasonable to ex-

trapolate our observation in the rat to humans and sug-

gest that inflammation is unlikely to influence human

pharmacokinetics of meloxicam.

In this study, the lack of exacerbating effect of inflam-

mation on the ability of rofecoxib to reduce electrolytes

urinary excretion was observed following single doses.

The effect of repeated NSAID administration remained to

be examined. Although the previous reports indicate that

the effect is maximal shortly after the commencement

of the therapy (Stichtenoth and Frolich, 2000) and

even after single doses (Harirforoosh and Jamali, 2005;

Harirforoosh et al., 2006), a more prolonged treatment

period will be required to examine the potential augmenta-

tion of the NSAID effect on the GFR.

In summary, inflammation in the form of Pre-AA pro-

duces altered renal function measured in plasma BUN

and creatinine concentrations without any effect on the

urinary sodium and potassium excretion. Inflammation

does not exacerbate the diminishing effect of rofecoxib

on the electrolytes urinary excretion. Oral clearance of

rofecoxib, but not meloxicam is decreased by inflamma-

tion. This reflects the difference between the two drugs in

their degree of first-pass hepatic metabolism in the rat.

The extent of distribution of rofecoxib and meloxicam

into the kidney is not influenced by inflammation. How-

ever, for rofecoxib, a trend for higher concentration in the

kidney of inflamed rats is observed, reflecting a propor-

tionally greater concentration in plasma.
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