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Purpose: Prescription and OTC non-steroidal anti-inflammatory drugs (NSAIDs) are ubiquitous
treatments for pain and inflammation; however, oral administration of these drugs may produce
gastrointestinal (GI) side effects. Transdermal (TD) administration of NSAIDs circumvents
these adverse events by avoiding the GI tract and, presumably, achieves regional drug levels of
therapeutic effect and thereby, fewer off-target complications.

Methods: A drug quantification method was developed for ibuprofen and celecoxib in canine
plasma and synovial fluid using liquid chromatography and mass spectrometry. This method
was employed to evaluate the penetrance of ibuprofen and celecoxib topical formulations in
dogs. Effectiveness of these topical NSAID formulations was compared to the equivalent oral
drug concentration in a canine sodium-urate model of acute joint inflammation. In this model,
pain was quantified using a modified Canine Brief Pain Inventory questionnaire and regional
inflammation using joint caliper measurements; the significance of intervention was evaluated
using linear mixed models for repeated measures along with Bonferroni corrections.

Results: After seven days of chronic topical administration, Delivra™ (DEL) formulations
of ibuprofen and celecoxib generated serum levels of 2.9ug/mL and 220ng/mL and synovial
fluid levels of 1.8 pg/mL and 203 ng/mL (respectively). In the canine model of acute inflam-
mation, the overall treatment effects as well as the treatment by time interactions were strongly
significant (P<0.001) for both drugs. Oral ibuprofen proved uniquely effective at the earliest
time point, while all ibuprofen formulations were effective at treating pain at 8.5 and 24.5 hours
post-induction. Similarly, all celecoxib formulations (oral and topical) were equally effective at
8.5 and 24.5 hours post-induction.

Conclusion: DEL formulations of ibuprofen and celecoxib successfully introduced these
NSAIDs into synovial fluid at concentrations similar to those observed in circulation. Further-
more, these formulations reduced symptoms of pain associated with acute inflammation. Oral
and transdermally delivered NSAIDs have similar pain relief effects; therefore, a replacement or
combinatorial treatment may provide a more stable pain relief profile. In conclusion, this work
supports further investigation of TD products in the treatment of regional inflammatory events.
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Introduction

Arthritis is the most common musculoskeletal disease, affecting millions of people
and pets worldwide.!? This chronic disease is characterized by symptoms of cartilage
loss, synovium inflammation, osteophytosis, reduced range of motion, and pain, which
eventually result in joint failure.’ The etiology of arthritis is multifactorial and linked
to inflammation, trauma, aging, obesity, chondrocyte differentiation, and genetic pre-
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disposition.? Therapeutics for disease reversal are limited,
and consequently the pharmaceutical industry continues to
focus on improvement of three critical and currently drug-
gable target endpoints: pain, function, and disease progres-
sion.? Pain and disability are the most common complaints
of arthritis patients,* symptoms that are primarily managed
with NSAIDs?

Classic NSAIDs like ibuprofen ((R,S)-2-(4-(2-methylpro-
pyl)phenyl)propanoic acid) have analgesic, anti-inflammatory
and antipyretic effects due to inhibition of prostaglandin
synthesis by non-specific inhibition of both COX-1 and COX-
2enzymes.® Inhibition of COX-1 is hypothesized to cause GI
side effects,”® which occur in approximately 15% of patients
and include (but are not limited to) nausea, diarrhea, and
constipation. Gastric upset and ulceration are even more pro-
nounced in dogs and cats; therefore, ibuprofen use is discour-
aged in companion animals.*!° GI adverse events associated
with oral ibuprofen use make topical formulation a promising
alternative for both human and veterinary medicine.'"'> By
contrast, celecoxib (4-[5-(4-Methylphenyl)-3(trifluoromethyl)
pyrazol-1-yl] benzenesulfonamide) is a COX-2 specific
inhibitor that was originally patented by Pfizer under the
brand names Celebrex and Celebra and is currently avail-
able as a generic under many other brands. Like ibuprofen,
celecoxib is used to treat pain and fever and has established
clinical efficacy for osteoarthritis, rheumatoid arthritis, and
acute postoperative pain.!*'” Unlike ibuprofen, celecoxib
has reduced instances of GI side effects, hypothetically due
to its limited COX-1 inhibitory activity.!#!* Celecoxib is
also linked to increased incidence of major vascular events,
including myocardial infarction and stroke, and is, therefore,
unlikely to become an OTC drug like ibuprofen.? In summary,
NSAID use may result in off-target adverse effects on the GI
and cardiovascular systems; therefore, administration via a
route that avoids or reduces systemic drug exposure, while
achieving targeted pain reduction, is desirable. TD NSAID
products may embody these advantageous criteria and have
been investigated in a variety of clinical trials with some (eg,
Voltaren® [diclofenac]) commercial success.!!!221-23

The development of novel treatments and formulations
for joint inflammation requires evaluation in relevant animal
models.? Large animals, such as dogs, are used to study
disease processes and treatment because of the similarity
of their anatomy with that of humans!® and because mod-
els in rodents do not accurately predict the incidence and
severity of arthritis related inflammation,* nor changes
in gait due to experiential pain.* Canine models of joint
inflammation attempt to mirror the most common human
diagnoses which are osteoarthritic, rheumatic, or gout and

each have an estimated prevalence of 19%, 1%, and 1.5%
in humans.?>? While the etiology of osteoarthritis is largely
idiopathic, rheumatoid arthritis and gout are unequivocally
linked to the immune system, with the latter disease yield-
ing an inflammatory response to sodium urate crystals.?’” %
The injection of sodium urate within the joint space causes
a similar inflammatory response and is established as a
model of joint pain in beagle dogs for the evaluation of
novel analgesics.!>*

In the current study, DEL topical formulations of ibupro-
fen and celecoxib were evaluated for their ability to introduce
the active drug into the synovial fluid of dogs. The analgesic
and anti-inflammatory effect of these test articles were also
evaluated in a sodium urate-induced model of acute joint
inflammation.

Materials and methods

Laboratory sample analysis

A liquid chromatography tandem mass spectrometry (LC-
MS/MS) method, operated in multiple-reaction monitoring
mode, was optimized using ibuprofen and celecoxib stan-
dards. The analysis also included a solid-phase extraction
method to extract ibuprofen and celecoxib from serum and
synovial fluid matrices. Optimized methods were used to
quantify ibuprofen and celecoxib in biological samples to
support penetration studies.

Chemicals, reagents, and instrumentation
Celecoxib (C251000) and rac-d,-ibuprofen (1140002) were
purchased from Toronto Research Chemicals, Toronto, ON,
Canada. d.-celecoxib (D-7317) was purchased from CDN
Isotopes, Pointe-Claire, QC, Canada. Rac-ibuprofen (14833),
ammonium acetate (A7330), and phosphoric acid (438081)
were purchased from Sigma Aldrich, St. Louis, MO, United
States. Methanol (6701-7-40), acetonitrile (1401-7-40) and
ammonium hydroxide (1525-1) were acquired from Caledon
Laboratories, Georgetown, ON, Canada. De-ionized water
was collected from a Millipore A10 Advantage system, Eto-
bicoke, ON, Canada. Formic acid (FX0440-5) was purchased
from EMD Millipore, Etobicoke, ON, Canada. DEL-SR
formulation base (13750-2) was provided by Delivra Corp.,
Hamilton, ON, Canada.

Solid phase extraction was performed on Oasis MAX
pElution Plates 30 um (186001829), Oasis HLB pElution
Plates 30 um (186001828BA), Oasis MAX 1 cc (30 mg)
Extraction Cartridge (186000366) and Oasis HLB 1 cc (30
mg) extraction cartridge (WAT094225) provided by Waters
Corporation, Milford, MA, USA. A 4000 QTRAP from AB
Sciex Instruments, Concord, ON, Canada, equipped with an
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1100 HPLC from Agilent Technologies, Mississauga, ON,
Canada, was used for the analysis.

Chromatographic conditions

Gradient chromatographic elution of ibuprofen and celecoxib
were performed on a HALO C18 HPLC column (2.1x100
mm x 2.7 um — Advanced Materials Technology Inc., Wilm-
ington, DE, USA). The ibuprofen solvent program was initi-
ated at 70:30 (5 mM ammonium acetate in water [A]: and 5
mM ammonium acetate in 5:95 water:acetonitrile [B]: and
raised to 100% B linearly in three minutes, held at 100%
B for 1 minute and reverted to starting conditions by 4.5
minutes. The column was then allowed to re-equilibrate for
5 minutes. The injection volume was 5 pL, the column was
maintained at 25°C and the flow rate was constant at 400
puL/min. The HPLC gradient conditions for celecoxib began
with 50: 50 (A:B) and were increased to 100% B over the
first three minutes, held at 100% B for 1 minute, reverted to
50:50 A:B by 4.5 minutes and re-equilibrated for 5 minutes.

Mass spectrometer conditions

The mass spectrometer was operated in negative ionization
mode for quantification of ibuprofen and d,-ibuprofen. The
curtain gas was 15 psi, electrospray voltage was —4500 V,
gas sources 1 and 2 were 50 psi, the heater interface was
100°C, CAD gas was high, the declustering potential was
—60 V; entrance potential —10 V, the collision energy was
—10V, and collision exit potential was —12 V. Quantification
was performed using the MRM transitions 205 — 161 for
ibuprofen, and 208 — 164 for d,-ibuprofen, both having a
dwell time of 100 msec.

Quantification of celecoxib and d.-celecoxib was per-
formed in negative ionization mode. The curtain gas was 15
psi, the electrospray voltage was —4500 'V, gas sources 1 and
2 were 50 psi, the heater interface was 100°C, the CAD gas
was high, the declustering potential was —70 'V, the entrance
potential —10 V, the collision energy was —35 V, and the col-
lision exit potential was —10 V. Quantification was performed
using the MRM transitions 380 — 316 for celecoxib, and 387
— 323 for d_-celecoxib both having a dwell time of 100 msec.

Standard solutions, calibration curves, and

quality control samples

Individual 5 mg/mL stock solutions of ibuprofen, cele-
coxib, d,-ibuprofen, and d,-celecoxib were prepared in
methanol. Stock solutions were further diluted with 1:1
methanol:acetonitrile to prepare a dilution with the following
concentrations of ibuprofen or celecoxib: 1, 5, 10, 50, 100,

500, 1000, 5000, and 10,000 ng/mL along with a constant
IS)concentration of 250 ng/mL. Ratio of analyte peak area
to IS peak area was plotted against concentration to give a
calibration curve that was fit with a linear regression equation
of the form y=mx+b.

Biological sample preparation

For the preparation of samples for ibuprofen quantification,
a MAX pElution plate was conditioned with methanol (200
uL) and then equilibrated with H,O (200 pL). Biofluid matrix
(serum or synovial fluid: 50 uL) was thawed and mixed with
H,O (200 pL) and 4% H,PO, (250 pL). The mixture was
loaded onto the plate and then passed drop wise through the
sorbent under vacuum. The solid phase was washed with
5% NH,OH (200 uL) and then with 5% methanol (2x25
pL). The analytes were then eluted into a clean 96 well plate
with 2% formic acid in acetonitrile (3x25 pL). The eluent
was combined with 75 pL of d,-ibuprofen (500 ng/mL in
methanol) mixed and injected for analysis. Quality control
samples were prepared from blank matrix at concentrations
of 100, 250, or 500 ng/mL.

For the preparation of samples for celecoxib quantifica-
tion, an HLB pElution plate was conditioned with methanol
(200 pL) and then equilibrated with H,O (200 pL). Biofluid
matrix (serum or synovial fluid 50 pL) was thawed and mixed
with H,0 (200 uL) and 4% H,PO, (250 uL), loaded onto the
plate, and eluted drop wise under vacuum. The solid phase
was washed with H,O (200 pL) followed by 5% methanol
(2x25 pL), and then the analytes were eluted into a clean 96
well plate with acetonitrile (3x25 pL). The eluent was com-
bined with 75 uL of d_-celecoxib (500 ng/mL in methanol),
mixed, and injected for analysis. Quality control samples
were prepared from blank matrix at concentrations of 100,
250, or 500 ng/mL.

Formulation construction

4% ibuprofen in DEL (16-031-018)

A topical formulation of ibuprofen was prepared by first
dissolving the drug (200 mg) in Transcutol CG (0.2 mL).
DEL-SR (4.6 g) was then added to the solution, and the
mixture was homogenized using vortexing, sonication, and
manual stirring. The pH of the formulation was 4.0-5.0.
The formulation was stored in an airtight, light-protected
container until tested.

8% celecoxib in DEL (15-640-253)
A topical formulation of celecoxib was prepared by first
dissolving the drug (400 mg) in Transcutol CG (0.8 mL).
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DEL-SR (3.8 g) was then added to the solution, and the
mixture was homogenized using vortexing, sonication, and
manual stirring. The pH of the formulation was 4.5-5.5.
The formulation was stored in an airtight, light-protected
container until tested.

4% ibuprofen-PLO (16-039-020)

A topical formulation of ibuprofen was prepared by first
dissolving the drug (200 mg) in Transcutol CG (0.2 mL).
PLO (4.6 g) was then added to the solution, and the mixture
was homogenized using vortexing, sonication, and manual
stirring. The pH of the formulation was 4.0-5.0. The for-
mulation was stored in an airtight, light-protected container
until tested.

8% celecoxib-PLO (16-037-020)

A topical formulation of celecoxib was prepared by first dis-
solving the drug (400 mg) in Transcutol CG (0.8 mL). PLO
(3.8 g) was then added to the solution, and the mixture was
homogenized using vortexing, sonication, and manual stir-
ring. The pH of the formulation was 4.5-5.5. The formulation
was stored in an airtight, light-protected container until tested.

Animal studies

The animal protocols for the studies were conducted by
a contract research organization (InterVivo Solutions,
Toronto, ON, Canada) and approved (approval number
2015Generic10-VRI58-16004-CE-2) by the facility’s ACC
in accordance with the principles of the Animal for Research
Act of Ontario and the guidelines of Canadian Council on
Animal Care CCAC. All animals survived the study and were
returned to the InterVivo canine colony at study conclusion.

Topical NSAID penetration assessment

Seventeen aged beagle dogs (>6 years) of both sexes with
quantified radiographic evidence of bilateral shoulder osteo-
arthritis were used for the study. Six dogs were treated topi-
cally with 4% ibuprofen formulated in DEL-SR (1 g cream
per affected joint twice daily; 160 mg ibuprofen total/day),
six were treated topically with 3% celecoxib in DEL (1 g
cream per affected joint twice daily; 120 mg total celecoxib/
day) and five were treated with the DEL-SR (1 g cream per
affected joint twice daily), which served as the negative
vehicle control. The treatment cycle consisted of seven days
of treatment, followed by a seven-day washout period devoid
of treatment. Blood and synovial fluid samples were col-
lected 60 minutes post treatment on the seventh day of drug
application and on the seventh day of the washout period.

Synovial fluid was collected under sedation (medetomidine
[0.01 mg/kg] and butorphanol [0.1 mg/kg]) by IV. The fluid
was collected from stifle or shoulder joints by arthrocentesis
following aseptic surgical preparation of the area.

NSAID efficacy assessment using sodium

urate induced joint synovitis

A randomized, blind, controlled, preclinical study was
employed to evaluate various administrations of ibuprofen
and celecoxib in a sodium urate model in beagle dogs. Prior
to drug administration and sodium urate injection, the stifle
joints were shaved and aseptically cleaned. TD treatment
doses were measured in milligrams using an analytical scale
and then applied directly to the induced stifle joint. TD treat-
ments were rubbed into the dog’s skin for a minimum of 1
minute. Oral treatment doses were measured in milligrams
using an analytical scale and contained within gelatin cap-
sules. Administration of the capsule was conducted with
attention to complete delivery and retention of the entire
intended dose. Oral ibuprofen (4 mg/kg), 4% ibuprofen in
PLO (100 mg/kg), and 4% ibuprofen in DEL-SR (100 mg/kg)
were administered in equimolar dosages. Likewise, oral cele-
coxib (3 mg/kg), 8% celecoxib in PLO (37.5 mg/kg), and 8%
celecoxib in DEL-SR (37.5 mg/kg) were also administered
in equimolar dosages. Negative controls included untreated
animals and vehicle treatment (DEL-SR; 100 mg/kg). Each
treatment group consisted of eight animals with average
dispersion of age (6.312.8 years), weight (10.7 kgtl.5),
and sex (1:1.13; female:male) that were in good general
health as determined by historical health records. Subjects
had no clinical or radiographic signs of osteoarthritis and a
baseline cumulative pain score of 5 or less, as determined
using the previously validated CBPI questionnaire. Animals
were observed twice daily over the course of the study for
adverse events. The body weight of each dog was measured
and used to determine individual treatment doses of sodium
urate and orally administered drugs.

Anesthesia and sodium urate injection

Joint induction of synovitis by sodium urate injection
involved the following procedures. Anesthesia was induced
with propofol (8 mg/kg IV to effect). Then subjects were
intubated and anesthesia was maintained with an isoflurane-
oxygen mixture. The induction injectate was prepared with
sodium urate crystals that were mixed with sterile saline
to produce a solution with a concentration of 20 mg/mL.
The solution was sonicated for 60 minutes and the pH was
adjusted, with the addition of either hydrochloric acid or
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sodium hydroxide, to a suitable level (between 6.9 and 7.2)
for injection. Following aseptic surgical preparation of the
injection area, the joint was aspirated. The presence of syno-
vial fluid confirmed an accurate location for the injection. For
each animal, 1 mL of the sodium urate solution was injected
randomly into the stifle, either the right or the left.

Administration of test articles

Test and control article administration occurred 30 minutes
following synovitis induction with the sodium urate injection.
TD treatment doses were measured in milligrams using an
analytical scale and were then applied directly to the induced
stifle. These preparations were rubbed into the dog’s skin for
a minimum of 1 minute. Oral treatments were administered
with attention to complete delivery and retention of the entire
intended dose.

Pain questionnaire assessment

The pain questionnaire is a laboratory adaption of the vali-
dated CBPI questionnaire, which is a clinical questionnaire
used to evaluate pain level based on owner’s responses.
Modifications to the questionnaire account for differences
between owner pain evaluation of pets and pain evaluation
of laboratory dogs by technical staff. Specifically, the ability
of each dog to rise to standing from lying down, walk, run
and climb stairs, curbs, and doorsteps was replaced with their
ability to walk, trot, gallop, rear, jump over a low obstacle,
climb and descend stairs, and jump down from a perch.
The evaluation of general activity, with parallel subjective
evaluation of pain observed during each behavior remained
unchanged. Assessments were performed by the same-trained
technician across the study. All subjects were screened with
the pain questionnaire prior to the sodium urate injection.
On the days that sodium urate was injected, the animals were
assessed with the questionnaire at 4.5, 8.5, 24.5, and 30.5
hours (15 minutes) following induction of synovitis. At each
of these time points, the pain questionnaire was administered
immediately following measurement of the patella/patellar
tendon (knee cap) width as described below.

Caliper measurements

Within thirty minutes of synovitis induction and 4.5, 8.5,
24.5, and 30.5 hours (15 minutes) following induction, the
width of the patella and the patellar tendon were measured in
millimeters using Venier 150 mm plastic gage calipers which
measured in increments of 1 mm. Measurements of both the
left and right stifle were performed by the same technician,
who took three separate caliper measurements of each joint.

The mean of the three measurements from each joint was
used for analysis.

Statistical analysis

Graphpad Prism 6 software was used for all data analysis
and figure generation. For the comparison of drug penetra-
tion data (i.e., treated vs washout), paired #-tests were used
to evaluate the significance. For the analysis of treatment
efficacy in the sodium urate model, linear mixed models
for repeated measures on subjects over time were fitted with
Stata version 15 software. The analysis included responses
at 4.5, 8.5, and 24.5 hours where pain scores were above
negligible levels. Linear contrasts were used to assess the
comparisons of primary interest between effects of each
drug, averaged across its three formulations, compared to
control (average of no intervention and vehicle groups), with
a Bonferroni adjustment of the significance level for testing
at 3 time points. Additionally, pairwise comparisons were
performed among the formulations at these 3 time points,
also with Bonferroni adjustments for multiple testing within
each drug.

Results
Optimization of LCMS conditions and

sample preparation

HPLC conditions were optimized using reversed-phase
separation and MS parameters for each analyte separately
to obtain optimal sensitivity. Deuterated IS: d,-ibuprofen
d_-celecoxib were used in the analysis. After a series of opti-
mization experiments, it was found that ibuprofen was best
extracted using anion exchange sorbent and celecoxib using
a reversed phase sorbent, both methods achieving recovery
greater than 79%.

Calibration curves, LLOQ and extraction

recovery

The calibration curves for ibuprofen and celecoxib were lin-
ear from 5 to 10,000 ng/mL (ibuprofen: y=0.0047 x+0.0064,
R?=0.9996, celecoxib: y=0.0025 x+0.0725, R>=0.9998).
The LLOQ was 2.5 ng/mL for both analytes. Extraction of
analytes from biological matrices was optimized using SPE.
Extraction recovery was evaluated at three concentrations
with optimized methodology for each analyte calculated
using the equation below. The results are summarized in
Table 1.

analyte

ratio —c— peak area of matrix spiked with analyte
Extraction recovery =

ratio % peak area of matrix extract spiked with analyte
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Serum and synovial levels of NSAIDs

following topical administration
Average serum concentrations of ibuprofen after 7 days of
topical administration were 2.910.5 pg/mL (mean + SEM)
(Figure 1). Similarly, the average ibuprofen level in synovial
fluid was 1.84+0.3 pg/mL (mean = SEM) after the treatment
period. Following a washout period of seven days without
treatment, drug levels were significantly decreased, ~40-fold,
in serum and synovial fluid to 67.6£13.2 and 37.8+£10.0 ng/
mL, respectively (Figure 1).

Average serum concentration of celecoxib after 7 days of
topical administration was 220.9192.7 ng/mL (mean = SEM)

(Figure 2). Similarly, the average celecoxib level in synovial
fluid was 203.01£0.3 ng/mL (mean £ SEM) after the treatment
period. Following a washout period of seven days without
treatment, drug levels decreased in serum and synovial fluid
to 4.242.2 and 16.8+£15.5 ng/mL, respectively (Figure 2),
however this decrease was not significant.

The efficacy of topical NSAIDs in acute
joint inflammation

The efficacy of each intervention was evaluated by measuring
changes in swelling using caliper diameter measurements and
CBPI pain scores at baseline and at 4.5, 8.5, 24.5, and 30.5

Table | Extraction recoveries of ibuprofen and celecoxib from serum and synovial fluid

Analyte Concentration Extraction recovery from Extraction recovery from
(ng/mL) serum (%) (mean * SEM) synovial fluid (%) (mean * SEM)
Ibuprofen 100 91+6 139*
250 92+7 11345
500 797 128*
Celecoxib 100 98+4 -
250 90+3 104+4
500 10114 81*

Notes: Extraction recovery values from serum and synovial fluid are expressed as % nominal value along with the standard error of the mean (SEM). *Denotes a single
replicate due to limited sample matrix.
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Figure | Serum and synovial fluid ibuprofen concentration after chronic topical administration and washout.

Notes: Aged beagles received | g cream per shoulder joint twice/day, either 4% ibuprofen formulated in Delivra™ SR or vehicle only (Delivra™ SR) for 7 days. Serum (A)
and synovial fluid (B) were collected 60 minutes post final administration. The same bio-fluids were sampled again after a seven-day washout period. Ibuprofen concentrations
measured by LC-MS/MS were 2,910£544.2 ng/mL (mean +SEM), 67.6%13.2 ng/mL (mean +SEM), 5.3+2.1 ng/mL (mean £SEM) for BLQ in serum (A) for Delivra™-ibuprofen
(n=6), Delivra™-ibuprofen washout, Delivra™ SR (n=2) and Delivra™ SR washout, respectively. Ibuprofen concentration in synovial fluid (B) was 1,8174262.0 ng/mL (mean
1+SEM), 37.8£10.0 ng/mL (mean £SEM), BLQ, and 4.940.1 ng/mL (mean £SEM) for Delivra™-ibuprofen, Delivra™-ibuprofen washout, Delivra™ SR and Delivra™ SR washout,
respectively. Paired t-tests demonstrated a significant reduction in ibuprofen levels between chronic treatment and washout periods for (A) serum (*P=0.008) and (B)
synovial fluid (**P=0.004).

Abbreviations: DEL, Delivra™; DEL-SR, Delivra™ slow release; SEM, standard error of the mean; BLQ, below the limit of quantification; LC-MS/MS, liquid chromatography
tandem mass spectrometry.
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Figure 2 Serum and synovial fluid celecoxib concentrations after chronic topical administration and washout.

Notes: Aged beagles received | g cream per shoulder joint twice/day, either 3% celecoxib formulated in Delivra™ SR (Delivra™ celecoxib) or vehicle (Delivra™ SR) for
7 days. Serum (A) and synovial fluid (B) were collected 60 minutes post final administration. The same bio-fluids were sampled again after a seven-day washout period.
Celecoxib concentrations were measured by LC-MS/MS and were 220.9£92.7 ng/mL (mean +SEM), 4.2+2.2 ng/mL (mean £SEM), 7.0+£2.5 ng/mL (mean *SEM), below the
limit of quantification (BLQ) in (A) serum for Delivra™-celecoxib (n=6), Delivra™-celecoxib washout, Delivra SR (n=3) and Delivra™ SR washout, respectively. Celecoxib
concentration in (B) synovial fluid was 203.0£67.3 ng/mL (mean+SEM), 16.8£15.5 ng/mL (mean+SEM), BLQ and BLQ for Delivra™-celecoxib, Delivra™-celecoxib washout,
Delivra™ SR and Delivra™ SR washout, respectively. Paired t-tests demonstrated that the reduction in celecoxib levels between chronic treatment and washout periods for
(A) serum (P=0.07) and (B) synovial fluid (P=0.09) were not significant.

Abbreviations: DEL, Delivra™; DEL-SR, Delivra™ slow release; LC-MS/MS, liquid chromatography tandem mass; BLQ, below the limit of quantification; SEM, standard

error of the mean.

hours after synovitis induction. For the analysis of treatment
efficacy in the sodium urate model, a linear mixed model for
repeated measures on subjects over time was employed and
analysis included responses at 4.5, 8.5, and 24.5 hours where
pain scores were above negligible levels. A significance level
of P<0.05 was used in the analysis along with a Bonferroni
adjustment for multiple comparisons. Oral ibuprofen was
the only treatment that moderated pain at the earliest time
point, demonstrating a significant improvement in observed
pain compared to no treatment at 4.5 hours (Figure 3A). For
further time points, the contrasts comparing overall drug
effects to control at 8.5 and 24.5 hours were all statisti-
cally significant and no significant differences were found
between drug formulations (Figure 3A). Overall, oral ibu-
profen yielded significant pain reduction at the earliest time
point while all ibuprofen formulations proved effective and
statistically indistinguishable at 8.5 and 24.5 hours (Figure
3A) In contrast to CBPI scores, caliper measurements failed
to show a significant reduction in edema. Results from the
ibuprofen-PLO and DEL-ibuprofen groups suggested that the
test articles had an anti-nociceptive effect. However, none of
the intervention groups observed demonstrated a significant
improvement in synovitis related edema (Figure 3B).

Unlike oral ibuprofen, oral celecoxib did not yield a sig-
nificant reduction in CBPI score in the first 4.5 hours. Regard-
less of route or formulation, celecoxib proved ineffective for
early (4.5 hour) pain reduction whereas all three interventions
were significant at 8.5 and 24.5 hours and all three celecoxib
formulations proved effective and statistically indistinguish-
able at these time points (Figure 4A). With respect to joint
width and swelling, only oral celecoxib suggested a trend of
symptom reduction, albeit this intervention (like all others)
failed to yield a statistical effect (Figure 4B).

Discussion
NSAIDs are almost universally administered by oral capsule
or solution in both human and veterinary applications. Like-
wise, in both human and veterinary systems, NSAIDs can
produce GI upset, which begs the development of products
with alternative routes of administration.”® In the context of
joint inflammation, particularly gout, delivery of the NSAIDs
to the site of pain is paramount, which is represented in this
study by the measurement and comparison of the synovial
fluid and circulating concentrations of the drug.

The present study compared the distribution of ibuprofen
in beagle dogs after chronic topical administration (14.5 mg/

Journal of Pain Research 2018:11

submit your manuscript

2815

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Baranowski et al Dove
A 25 * o B 10
20 s 8
£E
2
o cE 6
§ 15 ok §\'§
£
o 28 4
210 S v
o 2 2
g =
o
5 0
0 -2
0.0 4.5 8.5 24.5 30.5 0.0 4.5 8.5 24.5 30.5

Time (hours) Time (hours)

Figure 3 A comparison of oral and TD ibuprofen to alter pain and swelling in a model of acute joint synovitis.

Notes: A study design involving beagle dogs (N=8 per group) involved baseline (0.0) and post-synovitis measures at 4.5, 8.5, 24.5, and 30.5 hours for (A) pain levels using
the CBPI and (B) swelling using stifle width (mm) for the ipsilateral and contralateral joints. Inflammatory synovitis was induced by injection of 1.0 mL of 20 mg/mL sodium
urate (under anesthesia). Animals received no intervention (m), vehicle Delivra™ SR (100 mg/kg; ), or equimolar interventions consisting of oral ibuprofen (4 mg/kg; ), PLO-
ibuprofen (4% at 100 mg/kg; ), or Delivra™-ibuprofen (4% at 100 mg/kg ). Results are graphically represented as the average CBPI score, average joint width along with SEM
error bars for each group. Linear mixed models for repeated measures and Bonferroni adjustment for multiple comparisons demonstrated significant pain reduction (A) for
oral ibuprofen (*P<0.001) at 4.5 hours with all interventions yielding significant (**P<0.02) and indistinguishable effects at 8.5 and 24.5 hours.

Abbreviations: PLO, pluronic lecithin organogel; DEL, Delivra™; DEL-SR, Delivra™ slow release; CBPI, canine brief pain inventory; TD, transdermal.
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Figure 4 A comparison of oral and TD celecoxib to alter pain and swelling in a model of acute joint synovitis.

Notes: A study design involving beagle dogs (N=8 per group) involved baseline (0.0) and post-synovitis measurements at 4.5, 8.5, 24.5, and 30.5 hours for (A) pain levels
using the CBPI and (B) swelling using stifle width (mm) for the ipsilateral and contralateral joints. Inflammatory synovitis was induced by injection of 1.0 mL of 20 mg/mL
sodium urate (under anesthesia). Animals received no intervention (m), vehicle Delivra™ SR (100 mg/kg; ), or equimolar interventions consisting of oral celecoxib (3 mg/kg; ),
PLO-ibuprofen (8% at 37.5 mg/kg; ), or Delivra™-ibuprofen (8% at 37.5 mg/kg ). Results are graphically represented as the average CBPI score and average joint width along
with SEM error bars for each group. Linear mixed models for repeated measures and Bonferroni adjustment for multiple comparisons demonstrated all interventions yielding
significant (*P<0.02) and indistinguishable pain reduction (A) at 8.5 and 24.5 hours.

Abbreviations: PLO, pluronic lecithin organogel; DEL, Delivra™; DEL-SR, Delivra™ slow release; CBPI, canine brief pain inventory; SEM, standard error of the mean; TD,
transdermal; ipsi, ipsilateral; contra, contralateral.

kg/day) which resulted in pg/mL levels in both serum and
synovial fluid (2,910 ng/mL and 1,817 ng/mL, respectively,
— Figure 1) one hour after the fourteenth administration.
No comparable study of ibuprofen in canine synovial fluid
could be identified; however, several human pharmacokinetic
studies®' have yielded pg/mL concentrations in circulation
and synovial fluid with at a ratio of 0.5-1.5 for normal and

arthritic individuals.’! In our study, we observe a similar
level of total ibuprofen concentration as well as a serum
to synovial fluid ratio consistent with this range (Figure
1). As such, DEL-SR can introduce ibuprofen to an extent
similar to that of common oral dosages. The bioavailability
of DEL-ibuprofen remains to be determined; however other
topical formulations have yielded broad bio-availabilities
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of 0.5%—-22%.%63% Celecoxib levels in serum and synovial
fluid (220 ng/mL and 203 ng/mL) were demonstrably lower
than for ibuprofen (Figures 1 and 2). Hunter et al reported
peak synovial fluid celecoxib concentrations of 515 ng/
mL in greyhounds 1 hour after the fifth daily oral dose of
approximately 11.8 mg/kg and plasma C___ values of 3,907
ng/mL.* Despite this, DEL-celecoxib yielded a similar serum
to synovial fluid ratio of ~1.0 (Figure 2) to DEL-ibuprofen,
suggesting that the mechanism of drug distribution may be
equivalent across a broad spectrum of small pharmacological
molecules. Whereas ibuprofen levels decreased significantly
following a seven day washout period (Figure 1), celecoxib
levels decreased but without achieving statistical significance
(Figure 2). This suggests celecoxib may have a reduced clear-
ance rate as compared to ibuprofen in canines. This initial
penetration data supports the concept of TD NSAID applica-
tion; however, a direct comparison between TD and oral with
pharmacokinetics would provide a stronger understanding of
bioequivalence and comparative bioavailability. Future stud-
ies will incorporate comparative pharmacokinetics during
acute and chronic drug administrations for various routes.

The eligibility criteria employed in this animal model was
consistent with those in prior clinical and pre-clinical studies
that involved the induction of joint inflammation in test sub-
jects; all prior studies included the confirmation that the test
unit/subject have no prior history of osteoarthritis. Similar to
the current study, Steele and McCarty used a sodium urate
solution of 20 mg/mL of isotonic saline injected into the
knees of male human volunteers with no history of arthritis.
Symptoms of induced synovitis were observed within 1-2
hours and for some lasted for 8—10 hours post induction.*

Ibuprofen is known to result in significant GI issues in
canines and is therefore not recommended for treating pain
in dogs.' This poses the question “how do you determine
if the observation of pain and limitation in function in
the oral ibuprofen group is a result of synovitis induction,
rather than ibuprofen induced GI distress?” Symptoms of
GI distress (nausea, vomiting, diarrhea, gastric ulceration,
and abdominal pain) can be seen in doses of 50 to 125 mg/
kg'* and the dose administered in this study was far less. It
should be noted that the animals were monitored for adverse
events with no signs of GI distress reported. Also, the mean
pain score for the PO ibuprofen group was ~37%—-38% of
that reported for the untreated and vehicle control group at
8.5 hours (Figure 3). It is therefore unlikely that GI distress
from ibuprofen ingestion was a confounder in this study.

In this animal model, interference with daily func-
tions started at 4.5 hours and therapeutic amelioration was

observed at 4.5, 8.5, and 24.5 hours (Figures 3 and 4).
Administration of PO ibuprofen was the only intervention
that showed a significant improvement in pain relief at 4.5
hours and all interventions significantly reduced pain at 8.5
and 24.5 hours, when compared to “no treatment.” Due to the
inevitable GI side effects associated with oral COX inhibitor
use, adjunct therapy that combines a single oral and TD dose
ofa NSAID, extending pain relief up to 24 hours is a desirable
and feasible alternative to current arthritis pain management
options. This type of combination therapy should be further
investigated in a human model. The advantage of the current
model is that it permits rapid assessment that can be used to
evaluate the time-course effects of an acute dose. The major
limitation is that the pain is induced by sodium urate injec-
tion and reflects only acute pain. Confirmation of efficacy in
a chronic model of gout, rheumatoid, or osteoarthritic pain
models may offer further support for human clinical utility
wherein NSAIDs are commonly used to treat chronic pain.

Conclusion

While several COX-2 selective NSAIDs have been tested
and approved for use in dogs (e.g., deracoxib, mavacoxib,
and firocoxib), the TD applicability of these drugs has not
been investigated to date. To our knowledge this is the first
evaluation of a COX-2 selective NSAID tested using a TD
delivery platform for the alleviation of pain and edema in
dogs. This warrants further development of TD NSAID for-
mulations for treatment of arthritis in dogs. Topical vs oral
NSAIDs have been assessed in numerous clinical studies in
the treatment of arthritis and sports injuries. They frequently
find analogous outcomes in patient pain and edema and topi-
cal treatments generate reduced instances of GI related side
effects. The results of those studies and the current model
support the assertion that DEL formulations of NSAIDs may
have a comparable analgesic effect to that of oral administra-
tion of the same drug while limiting the negative off-target
effect of active ingredients due to systemic exposure. These
novel topical formulations of NSAIDs in DEL-SR should
be further investigated as alternatives or as adjuncts to oral
NSAID therapy in a controlled clinical experiment.

Abbreviations

BLQ, below the limit of quantification; C__, maximum
concentration; CBPI, canine brief pain inventory; COX-1/2,
cyclooxygenase enzymes 1/2; DEL, Delivra™; DEL-SR,
Delivra™ slow release; GI, gastrointestinal;; IS, Internal
Standard; LC, liquid chromatography; LC-MS/MS, liquid
chromatography tandem mass spectrometry; LLOQ, lower
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