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Using pharmacokinetic principles to optimize

pain therapy

Kay Brune, Bertold Renner and Burkhard Hinz

Abstract | Cyclo-oxygenase (COX) inhibitors are widely used to relieve musculoskeletal pain. These agents
block the production of prostaglandins (PGs) at sites of inflammation by inhibiting the activity of two COX
enzymes necessary for PG production and normal organ homeostasis. Inhibition of PG production at sites
unrelated to pain is associated with adverse drug reactions (ADRs). The degree of analgesic efficacy, as well
as the incidence and the localization of ADRs, are critically influenced by the pharmacokinetics (absorption,
distribution and elimination) of these drugs. Ideally, sufficient and permanent inhibition of COX enzymes
should be achieved in target tissues, with minimal ADRs. To minimize underdosing or overdosing, which
result in therapeutic failure or ADRs, the COX inhibitor with the most appropriate pharmacokinetic properties
should be selected on the basis of a thorough pharmacokinetic-pharmacodynamic analysis. In this Review,
the pharmacokinetics of the prevailing COX inhibitors will be discussed and enigmatic aspects of these

intensively used drugs will be considered.
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Introduction

Most drugs exert their effects only when they interact
with their targets, such as receptors, enzymes or ligand-
gated ion channels. This tendency implies that the target-
drug interaction is reversible or that targets are replaced
within a short time.! In general, overdosing does not lead
to more than a maximum effect (plateau), but rather
increases the propensity for adverse effects. However,
some pharmacological agents are known to initiate a
cascade of events that continues after the drug has left
the circulation."* An example of such a drug is cortisone,
which modulates intracellular transcription processes
leading to the activation or suppression of secondary
mediators that influence many body functions long after
the drug has been eliminated. This phenomenon is often
referred to as the ‘hit-and-run’ effect.!-* The pharmaco-
kinetics of ‘hit-and-run’ drugs will not be discussed here
as they are not predictive of the final drug effect.

In this Review, the pharmacokinetics of the prevail-
ing cyclo-oxygenase (COX) inhibitors are discussed.
As will be outlined in the following sections, the degree
of analgesic efficacy, as well as the incidence and the
localization of adverse drugs reactions (ADRs), are influ-
enced by the absorption, distribution and elimination
of these drugs. Furthermore, we provide suggestions for
the selection of a COX inhibitor on the basis of thorough
pharmacokinetic and pharmacodynamic analyses.
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COX inhibitors

In the early 1990s, the prostanoid-synthesizing enzyme
COX was demonstrated to exist as two distinct isoforms
(Figure 1a).*® COXI1 is constitutively expressed as a
‘housekeeping’ enzyme in nearly all tissues, and medi-
ates physiological responses, such as cytoprotection of
the stomach and platelet aggregation. By contrast, COX2
is expressed in cells that are involved in inflammation
(macrophages, monocytes, synoviocytes, etc.) and has
emerged as the isoform that is primarily responsible for
the synthesis of the prostanoids involved in pathological
processes, such as acute and chronic inflammatory
states. COX inhibitors, such as celecoxib, diclofenac,
etoricoxib, ibuprofen, naproxen, and piroxicam exert
their analgesic effects by blocking the production of
prostaglandins (PGs) (Figure 1b).° The degree and
duration of COX2 inhibition (and consequently the pro-
duction of PGE)) is the basis for their antihyperalgesic
(analgesic) effects,*” but might also effect the degree of
cardiovascular ADRs.®"

At present, there is no evidence to suggest that dif-
ferences in the selectivity of these agents towards one
COX isoenzyme is of importance with respect to analge-
sia, as currently all drugs used for analgesia are COX2
inhibitors. The selectivity of a compound towards COX1
or COX2 in vivo differs considerably from the in vitro
selectivity and must therefore be considered with respect
to pharmacokinetics (Table 1). Accordingly, substances
with preferential COX2 inhibitory activity can lose their
selectivity at higher doses.!

Aspirin seems to be an exception to most other
COX inhibitors as it mediates analgesic effects by its
major breakdown product salicylic acid, a weak inhibi-
tor of PGE, production." However, aspirin initiates a
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Key points

Cyclo-oxygenase (COX) inhibitors comprise substances with a broad spectrum
of pharmacokinetic characteristics

Rapid onset of analgesia requires administration of COX inhibitors with
fast absorption, such as solutions or uncoated tablets with salts of the
respective compound

Among the COX inhibitors, only acidic compounds are currently considered to
accumulate in the inflamed joint (deep compartment) and to confer long-term
inhibition of COX2 when given at therapeutic doses

To achieve acute analgesic effects and to avoid toxic drug accumulation
following long-term use, administration of a suitable initial loading dose
followed by a smaller maintenance dose should be considered

Only >95% COX1 inhibition in platelets confers a clinically relevant inhibition
of platelet aggregation; moreover, correlation analyses suggest that 80% COX2
inhibition is necessary for pain relief

Overdosing increases the incidence of adverse effects, but does not enhance
analgesia

‘hit-and-run’ effect on COX1 in platelets, where the
enzyme is permanently acetylated and not replaced
owing to a lack of de novo protein synthesis in platelets
(Figure 1b).® Hence, although aspirin exemplifies both
analgesic and ‘hit-and-run’ effects, the pharmacokinetic
characteristics of this drug define the analgesic effect, but
not the cardioprotective action. This dual effect limits its
value as an everyday analgesic; aspirin at a dose of 1 g will
increase the risk of bleeding for days,'? but can alleviate
pain for only a few hours. Moreover, the antiaggregatory
effect of aspirin follows a nonlinear relationship.
Accordingly, only >95% COX1 inhibition in platelets
confers a clinically relevant inhibition of platelet aggre-
gation (Figure 2a).%’ This categorical effect explains why
moderate inhibition of COX1 production in platelets is
not accompanied by anticoagulative effects.

Inhibition of PGE, and PGI, (prostacyclin) production
leads to graded effects. The less these tissue-protective
PGs are produced, the more likely it is that organ-specific
ADRs will emerge, such as gastrointestinal ulcerations
and kidney dysfunction. In addition, the analgesic thera-
peutic plasma concentration of a COX inhibitor has been
shown to directly correlate with the inhibitory concen-
tration (IC),, (the concentration that leads to 80% inhibi-
tion) of the substance on COX2 in a human whole blood
assay,"® implying that approximately 80% inhibition of
COX2 results in analgesia (Figure 2b).

Pharmacodynamics of COX inhibitors

The selective and nonselective COX2 inhibitors com-
prise compounds with variable rates of absorption, dis-
tribution and elimination (Table 1). The onset of action
(conferred by both absorption and distribution) and the
speed of elimination (which determines the duration
of pain relief) are of major importance for analgesics.
Importantly, an effect greater than complete inhibition
of COX enzymes cannot be achieved. Therefore, over-
dosing, or combining two COX inhibitors, increases
the incidence of adverse effects, but is not expected to
enhance analgesia. In the following section, a pharmaco-
dynamic interaction of COX inhibitors is highlighted that

is critically influenced by a particular pharmacokinetic
characteristic (the short half-life of low-dose aspirin).

Nonselective COX inhibitors and aspirin

Ibuprofen or naproxen (at higher than nonprescription
doses) can interfere with the antiplatelet activity of
low-dose aspirin when they are coadministered.'*'
The underlying mechanism for this effect is thought
to be a competitive inhibition at the acetylation site of
platelet COX1—ibuprofen and aspirin target sites on
COX1 that are in close proximity. Importantly, when
these agents are coadministered, COX1 activity will
not be suppressed following dissociation of ibuprofen
from the binding site because aspirin will already have
been metabolized or eliminated. Although the clinical
implication of this interaction remains to be further
clarified, the cardioprotective effect of aspirin might
be decreased or discontinued if other competitive
COXI1 inhibitors are coadministered. Indeed, patients
who were discharged after first admission for cardio-
vascular disease and who were prescribed low-dose
aspirin plus ibuprofen had an increased risk of all-cause
mortality and cardiovascular mortality when compared
with patients who used aspirin alone.'® Therefore, the
FDA advise patients to use immediate-release aspirin
and take a single dose of 400 mg ibuprofen at least
30 min after aspirin ingestion, or more than 8 h before
aspirin ingestion."”

Selective/preferential COX2 inhibitors and aspirin

With respect to COX2 inhibitors, trials assessing ex vivo
platelet aggregation did not report alterations in the anti-
platelet activity of aspirin by celecoxib,'®'? rofecoxib,'>*
or etoricoxib.”! However, the aspirin dosages used in
these trials were not comparable as doses of 81 mg were
used in the rofecoxib and etoricoxib studies, whereas
fourfold higher aspirin doses were administered in
the celecoxib trial. Apart from these ex vivo analyses,
all COX2 inhibitors have been shown to antagonize
the irreversible COX1 inactivation by aspirin in vitro
with a rank order of potencies (ibuprofen > celecoxib >
valdecoxib > rofecoxib > etoricoxib) paralleling that
obtained for platelet COX1 inhibition.”? Thus, it appears
that a low affinity for COX1 and a high degree of COX2
selectivity confers a low potential to block the ability of
aspirin to inhibit platelet COX1. This topic has gained
increased attention lately in view of a detailed in vitro
study showing that binding of celecoxib to COX1 at
pharmacologically relevant concentrations interferes
with the inactivation of COX1 by aspirin.?® The authors
presumed that celecoxib binds to the COX active site of
one monomer of COX1, thereby altering the binding
of aspirin to the partner COX1 monomer. In the same
study, administration of celecoxib to dogs was shown to
interfere with the antiplatelet action of aspirin which was
given at a dose equivalent to low-dose aspirin (81 mg)
administered to humans.?® Although an uncritical trans-
mission of this data to humans is unjustified, we feel
that it is timely to assess the impact of celecoxib on the
antiaggregatory action of low-dose aspirin in humans.
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Figure 1 | The pathway of prostanoid synthesis and the role of the COX enzymes. a | Arachidonic acid is released from
membrane phospholipids by phospholipase A,. COX1 and COX2 both catalyze the conversion of arachidonic acid into
PGH, via PGG,. PGH, is the common substrate for tissue specific prostanoid synthases, which catalyze the conversion
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of PGH, to PG, (vessels), prostaglandins (kidney, stomach, vascular, neuronal tissue) or TxA, (platelets). b | Inhibition of
COX enzymes by both nonselective tNSAIDs and COXIBs and the role of aspirin on platelet activity. PGl, and PGE, are the
major prostanoids in the vascular endothelium that prevent platelet aggregation and blood coagulation. TxA, is
synthesized in platelets and causes vascular muscle constriction and activation of further platelets. The nonselective
tNSAIDs inhibit COX2 and COX1 in vascular endothelium and platelets without any obvious tissue preference. The
selective COXIBs should not directly interfere with platelet function, since COX2 is not expressed in platelets. Aspirin is
able to inhibit the platelet COX1 irreversibly (‘hit and run’ effect), although the inhibitory effect is blocked when ibuprofen
is present at the COX1 binding site. Abbreviations: COX, cyclo-oxygenase; COXIB, COX2-selective inhibitor; PGD,,
prostaglandin D,; PGE,, prostaglandin E,; PGF, , prostaglandin F, ; PGG,, prostaglandin G,; PGH,, prostaglandin H,;

PGIQ, prostacyclin; tNSAID, traditional nonsteroidal anti-inflammatory drug; TxA2, thromboxane AQ. Figure 1b reproduced
with permission from the American Society for Clinical Investigation © Marnett, L. J. Annu. Rev. Pharmacol. Toxicol. 49,

265-290 (2009).

Pharmacokinetics of COX inhibitors

Among the nonselective COX2 inhibitors, a broad
spectrum of pharmacokinetic characteristics exists
(Table 1).>** This might contribute to both the intended
pharmacological effects as well as to the ADRs. These
differences are important for selecting the optimal drug,
the right dose and the best galenic formulation.

Absorption

The onset and speed of absorption is of major impor-
tance for analgesics, in particular when treating acute
pain. COX inhibitors, with a rapid absorption rate,
rapidly reach their sites of action, such as the dorsal horn
of the spinal cord or inflamed, traumatized or damaged
tissue, and are therefore preferred as a therapeutic option
by many patients.?® Several nonselective COX inhibitors
marketed as analgesics, such as diflunisal, did not achieve
commercial success owing to their slow absorption rate
and, consequently, the associated slow onset of pain
relief.”” Celecoxib also displays a slow absorption rate,
in addition to variable bioavailability, and is not, there-
fore, deemed to be an appropriate agent to treat acute
pain (Table 1).%

Ibuprofen

When ibuprofen was approved for over-the-counter
(OTC) sale in 1989, many patients complained about a
lack of pain relief following consumption of the drug.
At that time, the standard galenic formulations did not
allow for fast dissolution and absorption of the low
OTC doses (200-400 mg). We previously investigated
the pharmacokinetics of ibuprofen and observed that
peak concentrations were achieved only several hours
after administration.?® By contrast, the fast absorp-
tion of a water-soluble salt of ibuprofen was associated
with satisfying pain relief even at low doses.?® In agree-
ment with this finding, Laska et al.** observed a direct
correlation between ibuprofen plasma concentrations
and the onset of pain relief. A further consideration is
that low-dose ibuprofen (up to 3 doses of 400 mg per
day) is regarded as relatively nontoxic, but higher doses
(1.8-3.2 g per day) are relatively toxic. For example, the
relatively high incidence of cardiovascular events associ-
ated with ibuprofen use in the TARGET study? is likely
to be due to the high dose administered (800 mg three
times daily). Despite the fast elimination of ibuprofen,
this dosing regimen is expected to have inhibited COX2
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Table 1 | Pharmacokinetic characteristics of oral COX inhibitors

Selectivity Agent [ ()} t o () Fy (%) V, (I/kg)

Acidic COX inhibitors

Nonselective Ibuprofen 2 0.5-2.0 100 ~0.15
Ketoprofen 2-4 1-2 90 ~0.15
Lornoxicam 4-10 0.5-2.0 100 ~0.15
Naproxen* 12-15 2-4 90-100 ~0.15
Piroxicam* 30-60 3-5 100 ~0.15

Preferential* Meloxicam 20 5-6 ~90 ~0.15
Diclofenac 1-2 0.5-12.08 ~60 ~0.15

Selectivel Lumiracoxib 2-6 1-3 74 ~0.15

Nonacidic COX inhibitors

Nonselective Propyphenazone 1.0-2.5 0.5-1.5 ~100 2
Dipyronef 2-4 1-2 ~100 ~1

Preferential* Acetaminophen 1.5-2.5 0.5-1.5 70-100 ~1
Celecoxib* 6-12 2-4 20-60 4

Selectivel Rofecoxib 15-18 2-4 93 1.5
Etoricoxib 20-26 1 100 ~2

*Enterohepatic circulation. *Preferential for COX2. SDepending on the galenic formulation. Selective for
COX2. fActive metabolite is 4-methylaminophenazone. *Depending on CYP2C9 status. Abbreviations: COX,
cyclo-oxygenase; t.,, plasma elimination half-life; t .o time to maximal plasma concentration; F, oral
bioavailability; V,, volume of distribution.
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Figure 2 | Discordant dose-response relationships between aspirin and
the inhibition of platelet COX1 or analgesia related to COX2 inhibition. a | The
platelet effect is categorical in that >95% suppression of COX1 enzyme activity is
necessary to confer inhibition of platelet aggregation. b | The analgesic
therapeutic plasma concentration of a COX inhibitor is directly correlated with the
ICg,, implying that 80% COX2 inhibition is necessary for pain relief. Abbreviations:
COX, cyclo-oxygenase; IC, , inhibitory concentration leading to 80% inhibition.
Reproduced with permission from the American Society for Clinical Investigation ©
Grosser, T. et al. J. Clin. Invest. 116, 4-15 (2006).

activity in the vascular wall throughout the body. We
hypothesize that ibuprofen, when given at OTC doses,
would impair COX2 activity in the vascular wall for only
several hours per day, thus allowing for recovery.

Diclofenac

Similarly to ibuprofen, diclofenac does not cause fast
pain relief in many patients.*"** This monolithic, large,
acid-resistant, film-coated tablet can be retained in the
stomach for hours before being passed into the small
intestine for subsequent dissolution and absorption.
Consequently, in one study several patients felt that the
drug did not work in a reliable manner and instead they
preferred to use solutions or uncoated tablets, includ-
ing diclofenac potassium salts or resinate formula-
tions, which have a fast onset of action, or a protracted
absorption rate, or both.”

Rofecoxib

Rofecoxib was launched at a dose of 50 mg for the treat-
ment of acute pain in 2001. As this drug is considered to
have a relatively slow absorption rate, and does not provide
rapid pain relief when given at low doses as a tablet or
solution (time-to-peak of about 3h with 12.5-25mg),* it
was administered in high doses to reduce the time taken
to achieve pharmacologically active concentrations.
Obviously, such a high dose (50 mg) led to considerable
inhibition of COX2 within one hour of administration.
The high, sustained plasma concentrations of rofecoxib are
typical of drugs that are eliminated slowly (¢, ,, of approxi-
mately 15h) and used for a prolonged period of time. It
is not surprising, therefore, that in several studies that
addressed the cardiovascular risk of rofecoxib, long-term
use of rofecoxib at 50 mg was revealed to be particularly
dangerous in terms of cardiovascular toxicity.****

Etoricoxib

Although the slow absorption of previous ibuprofen or
diclofenac preparations can be remedied by improved
galenic formulations (solutions, fast-dissolving tablets or
soluble salts), the slow absorption of rofecoxib seems to
be a substance-specific problem that cannot be improved
by galenic manipulations. The producer of rofecoxib
eventually discovered that the alternative COX inhibi-
tor, etoricoxib, displays pharmacokinetic characteristics
more suited to the treatment of acute pain relief than
rofecoxib (Table 1). The absorption of etoricoxib is much
faster than that of rofecoxib, and peak plasma concentra-
tions are reached within 1 h of administration in both
healthy volunteers and patients who had undergone
hip surgery.”® In another study addressing the analgesic
effect of single oral doses of etoricoxib in the treatment
of pain after dental surgery, the median time to onset of
analgesia was 24 min for etoricoxib 120 mg, 180 mg, and
240 mg, and 30 min for etoricoxib 60 mg.*

Distribution
COX inhibitors have therapeutic targets in both trauma-
tized tissue and the central nervous system;” however,
they can interfere with the activity of COX enzymes
throughout the body.*” The therapeutic goal, therefore,
is to concentrate and maintain the active drug at strat-
egic sites and to keep the concentrations in other body
compartments as low as possible.* Indeed, it has been
shown that acidic, highly protein-bound, amphiphilic
compounds, including diclofenac, ibuprofen, keto-
profen, but also the selective COX2 inhibitor lumira-
coxib, accumulate and persist in inflamed tissue, such
as in the synovial fluid of inflamed joints.*-*°

There are a number of reasons for this distribution
phenomenon. First, the local acidic microenvironment
caused by inflammation might promote uptake and
retention of the drug by causing a shift of acidic com-
pounds into cell membranes and intracellular space (a
process termed ion trapping).*' Second, during inflam-
mation the concentrations of albumin in inflamed
tissue and synovial fluid are greatly augmented leading
to increased concentrations of acidic COX inhibitors in
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Figure 3 | Distribution of acidic and nonacidic COX >

inhibitors. a | The anatomy of the rat following
subcutaneous injection of carrageenan into the neck
region to induce inflammation. The differential distribution
of b | (*C) phenylbutazone (acidic COX inhibitor) and

¢ | (*C) propyphenazone (nonacidic COX inhibitor) is
indicated as determined by autoradiographic localization.38
Following 5 h phenylbutazone treatment, high radioactivity
(black) is observed in the neck, the stomach wall, the liver,
kidney and in the blood. Homogeneous radioactivity
distribution is evident following propyphenazone treatment,
with high concentrations of metabolites in the kidney and
bladder. d | In humans, drug accumulation of ibuprofen was
measured in an ‘effect compartment’ (synovial fluid and
surrounding tissue cell layers).%° Initially, plasma
concentration exceeds the drug concentration measured in
synovial fluid (segment A), whereas the opposite is
observed as time progresses (segment B). Moreover, the
concentration of ibuprofen required for 90% COX inhibition
in the synovial fluid lasted longer compared to plasma, and
persistent short half-life drug concentrations are observed
in the effect compartment. Similar compartmental kinetics
are reported for other acidic short half-life drugs, as
diclofenac’® and ketoprofen.”” Abbreviation: COX, cyclo-
oxygenase. Panels a—c reproduced with permission from
Taylor & Francis Group http://www.informaworld.com ©
Brune, K. Persistence of NSAIDs at effect sites and rapid
disappearance from side-effect compartments contributes
to tolerability. Curr. Med. Res. Opin. 23, 2985-2995
(2007). Panel d reproduced with permission from Oxford
University Press © Brune, K. & Furst, D. E. Combining
enzyme specificity and tissue selectivity of cyclooxygenase
inhibitors: towards better tolerability? Rheumatology
(Oxford) 46, 911-919 (2007).

the synovial fluid. Furthermore, the acidic environment
of the inflamed tissue inhibits the binding of proteins
to acidic COX inhibitors, allowing for increased dif-
fusion of the drug into the intracellular space where the
therapeutic effect takes place.*? Finally, changes in the
hemodynamics of tissue during inflammation, including
increased localized blood flow and capillary ‘leakiness,
also contribute to increased concentrations of acidic
COX inhibitors in the synovial fluid.**

In addition to data from several animal models
confirming that acidic COX inhibitors accumulate and
persist in inflamed tissue, there is also evidence for a com-
parable distribution of these compounds in humans.***
Scott et al.*” evaluated the steady-state pharmacokinetics
of lumiracoxib, an acidic, selective COX2 inhibitor, in the
plasma and the synovial fluid of patients with rheumatoid
arthritis (RA). They demonstrated that at 5-28 h follow-
ing drug administration, concentrations of lumiracoxib
were higher in the synovial fluid than in the plasma, with
peak drug concentration in the synovial fluid occurring
3-4h later than the peak plasma concentration. These
findings suggest that the distribution kinetics of lumira-
coxib in the synovial fluid are likely to prolong the thera-
peutic action of the drug beyond that expected from
analysis of plasma pharmacokinetics.

41,44,45

Short halflife acidic compounds
The pivotal role of the distribution of COX inhibitors in
the relationship between pharmacological effects and
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adverse effects is highlighted by short half-life, acidic
compounds. In addition to their enrichment in the
inflamed tissue, these drugs also achieve high concen-
trations in the stomach wall, the blood and the kidney
(Figure 3a—c). This seems to be a contributing factor to
the typical organ toxicity elicited by these compounds.
In particular, they interfere with gastrointestinal, renal
and vascular endothelial function.** By contrast, when
administered at low doses and with a dosing interval of
up to 8h, these short half-life, acidic compounds rapidly
leave the central compartment (the blood and the vascu-
lar endothelial layer), allowing for the recovery of COX2
activity (Figure 3d). Consequently, such a dosing regimen
allows for the production of vasoprotective COX2-
dependent prostacyclin at the end of each dosing interval,
while hyperalgesia resulting from PGE, production in the
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Figure 4 | Doubling the dose of a COX2 inhibitor already eliciting full COX2
inhibition does not produce additional pharmacological effects but rather enhances
dose-related ADRs. a | Oral administration of lumiracoxib to human volunteers at
50mg, 100 mg and 200 mg produces peak plasma concentrations 29-fold, 65-fold
and 131-fold higher than the concentration that caused half maximal COX2
inhibition ex vivo. b | Despite a lower plasma concentration, administration of

50 mg lumiracoxib to hu

man volunteers inhibits COX2 to a comparable degree as

100 mg or 200 mg ex vivo. Abbreviations: ADRs, adverse drug reactions; COX,
cyclo-oxygenase. Reproduced from Hinz, B. et al. Lumiracoxib inhibits cyclo-
oxygenase 2 completely at the 50 mg dose: is liver toxicity avoidable by adequate
dosing? Ann. Rheum. Dis. 68, 289-291 (2009) with permission from BMJ

Publishing Group Ltd.

inflamed tissue can be continuously inhibited. In addi-
tion, it is hypothesized that these compounds might exert
a lower overall toxicity compared with drugs that dis-
tribute equally throughout the body, including in organs
such as the heart, the brain and the endocrine glands.

Nonacidic compounds
As mentioned previously, only acidic drugs are con-
sidered to show accumulation in the inflamed joint when
given at therapeutic doses. Due to their lack of acidic
structure, other COX inhibitors, such as phenazone,
propyphenazone and acetaminophen (paracetamol), dis-
tribute homogenously throughout the body (Table 1 and
Figure 3¢).* We hypothesize a comparable pattern of dis-
tribution for the nonacidic COX2 inhibitors rofecoxib,
celecoxib and etoricoxib, although experimental evidence
is currently lacking in this respect. Interestingly, however,
Biachi et al.*! compared the impact of a 2-week treatment
with the acidic COX inhibitor nimesulide and the non-
acidic celecoxib in patients with osteoarthritis (OA), and
they observed a considerable reduction of substance P
concentrations in the synovial fluid following nimesulide
treatment only, consistent with a faster analgesic action of
this compound in comparison with celecoxib. However,
more experimental and clinical data are necessary to
confirm this finding. In the case of celecoxib, a sequestra-
tion into fat tissue by virtue of its extreme lipophilicity?®
has been suggested to further delay its analgesic effect.
The question of whether the accumulation of celecoxib in
human cells might explain the ability of the drug to inter-
act with non-COX2 targets in vivo, despite comparatively
low plasma concentrations, has been raised** and needs
to be investigated in future studies.

At therapeutic doses, nonacidic drugs seem to achieve
only analgesic effects, but no anti-inflammatory effects.

Indeed, for decades, it was believed that acetaminophen
and dipyrone were pure analgesics, and not that they
operate via inhibition of peripheral COX enzymes. In
comparison to acidic COX inhibitors, dipyrone, pro-
duces a less pronounced anti-inflammatory action in
different animal models.>*** However, both drugs block
COX2 sufficiently (>80%) at therapeutic doses to achieve
analgesic effects.”

Acetaminophen deserves special discussion. Not-
withstanding its low concentration in inflamed tissues,
the lack of an anti-inflammatory effect of acetamino-
phen in patients with RA®”*® might also be explained
by the high extracellular concentrations of arachidonic
acid and peroxide at the sites of inflammation; both sub-
stances diminish the redox-sensitive inhibitory effect
of acetaminophen on PG synthesis.””*° By contrast,
acetaminophen has been shown to considerably suppress
COX2-dependent PG synthesis in human whole blood,
which might be explained by the various enzymatic and
nonenzymatic antioxidant components present in plasma.
Acetaminophen at 1 g single oral doses does not inhibit
platelet function.'>$' However, sufficiently high concen-
trations for blocking >95% COXI1 activity can be achieved
at higher doses. Accordingly, clinical trials that reported
inhibition of platelet function by acetaminophen used
high parenteral doses of the drug.®>**

As both acetaminophen and dipyrone are effective
COX2 inhibitors, combining them with other COX
inhibitors is not expected to increase the effect, since
a plateau is reached by sufficient doses of either drug.
Combining different COX inhibitors will simply increase
the propensity for ADRs.5%

Elimination

COX inhibitors are associated with a range of different
elimination half-lives (Table 1). For all four groups of
COX inhibitors (acidic, nonacidic, selective and non-
selective), drugs with fast or slow elimination rates are
currently in clinical use.

Short half-life compounds

Diclofenac, ibuprofen, ketoprofen, and acetaminophen
have an elimination half-life of approximately 1-4 h.
However, prolonging the active concentration of short
half-life drugs in the blood by either high doses or
retardation takes away the advantage of the short half-
life. In order to allow for a single daily administration,
lumiracoxib, a short half-life compound, was introduced
with a 400 mg dose to treat acute pain.

To stimulate more research on the use of lumira-
coxib at relevant doses for pain therapy, we conducted a
comparative analysis in 2009 on the pharmacokinetics,
dose-dependence and duration of COX2 inhibition in
volunteers following oral administration of lumiracoxib
at single doses of 50 mg, 100 mg or 200 mg.* The peak
plasma concentrations of lumiracoxib were 29-fold
(50mg), 65-fold (100 mg) and 131-fold (200 mg) higher
than the concentration that caused half maximal COX2
inhibition ex vivo (Figure 4a). Despite the disparate peak
plasma concentrations, 50 mg lumiracoxib inhibited
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Figure 5 | Simulation of the pharmacokinetic profile of a short half-life (ibuprofen, t,,: 2h) and long half-life (etoricoxib,

t.,: 24 h) COX-inhibitor. a | A sufficient dose (400 mg ibuprofen) hits the analgesic window (therapeutic range) after the first
and second dose. Low doses, given repeatedly, allow for putative recovery phases (such as in the endothelium of the
vasculature) as the plasma concentration falls below substantial COX2 inhibition. This might be associated with a loss of
analgesic activity, which can be compensated for by increasing the dose to 800 mg ibuprofen. However, prolonged effect
time might be associated with more ADRs (when the concentrations exceed the therapeutic range) and the disappearance
of the recovery phases. b | Slow accumulation of a long half-life drug. When a maintenance dose of 30 mg etoricoxib is
given once daily (blue line), it takes 2-3 days to reach the therapeutic window. However, using a loading dose of 90 mg
etoricoxib at day one will ensure immediate onset of action and speed up the time to reach steady state conditions

(black line). ¢ | Plasma concentrations of etoricoxib were simulated for a case when high maintenance doses of etoricoxib
(120 mg) are used. The simulation indicates fast onset of action, the development of critically high concentrations and the
lack of recovery phases. Simulation was performed using a two compartment model with 15t order input and 1%t order
elimination rate (WinNonlin® Vers. 3.3, Pharsight Corp., USA). Pharmacokinetics data for ibuprofen simulation were derived
with t,,=2 h.”® Pharmacodynamic data for therapeutic range (ibuprofen) were taken from Laska et al.?® Data for etoricoxib

were adopted from Dallob et al.?* Abbreviations: ADRs, adverse drug reactions; COX, cyclo-oxygenase.

monocyte COX2 activity to a comparable degree as 100
mg or 200 mg lumiracoxib for at least 5h (Figure 4b). On
the basis of these findings, 50 mg or 100 mg is probably
a sufficient dose for this drug; indeed, the 400 mg dose
causes hepatic toxicity.”

Medium half-life compounds

The use of naproxen, which is representative of medium
half-life compounds, has been associated with a poten-
tial cardioprotective effect. Indeed, evidence suggests
that continuous and regular administration of naproxen
(500 mg administered twice daily) can affect plate-
let COX1 activity and subsequent platelet aggregation
throughout the dosing interval in some, but not all,
patients.®® In line with this notion, a meta-analysis of 138
(published and unpublished) randomized trials® con-
cluded that the incidence of serious vascular events was
similar between a COX2 inhibitor and any non-naproxen
COX inhibitor and that the risk of naproxen was in the
placebo range. A similar tendency was reported in
the TARGET study where lumiracoxib and naproxen
elicited myocardial infarction, stroke or cardiovascular
death in 40 out of 67 patients.*® Naproxen also enhances
the risk of ulcer bleeds at therapeutic doses, similar to
low-dose aspirin in combination with selective COX2
inhibitors. Ulcer bleeds are seen more frequently with
naproxen than with ibuprofen, which does not cause
lasting platelet inhibition.”® Indeed, the risk of peptic
ulcers in high-risk patients taking a COX inhibitor can
be significantly reduced by concomitant administration

of proton-pump inhibitors.”>”> This combination, how-
ever, does not provide protection against damage caused
by COX inhibitors in the lower gastrointestinal tract.
Accordingly, a double-blind, placebo-controlled trial
using capsule endoscopy revealed celecoxib to be associ-
ated with considerably fewer small bowel mucosal breaks
than naproxen plus omeprazole.”

Long half-life compounds

Other COX inhibitors, including piroxicam, tenoxicam
and phenylbutazone, have elimination half-lives of up
to 6 days. In order to achieve acute analgesic effects and
to allow long-term use of these long half-life drugs, it is
assumed that a suitable initial loading dose, followed by
a smaller maintenance dose would be a useful approach
to avoid toxic drug accumulation.

Advantages and disadvantages of drug half-life

As is usual in pharmacology, both fast and slow elimina-
tion rates can have advantages and disadvantages, depend-
ing on the individual patient and the disease. Although
drugs with fast elimination rates generally achieve the
required concentration range with the first dose, the effect
can vanish rapidly (Figure 5a). In cases where a prolonged
duration of action of short half-life drugs is desired, two
possibilities can be considered: galenic retardation or an
increase of dose. However, under these conditions, the
associated advantages of recovery phases and the produc-
tion of vasoprotective prostacyclin will be lost. In fact, an
association study between the frequency, the dose and the
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duration of COX2 inhibition by several analgesics and
the risk of myocardial infarctions revealed a relative risk
of 1.60 for those drugs that suppress COX2 by >90%.7
Moreover, the same study concluded that myocardial
infarctions are more likely to be caused by COX2 inhibi-
tors when given as sustained release products as opposed
to normal tablets.”

In contrast to drugs with fast elimination rates, slow
elimination allows for the maintenance of stable, effec-
tive, plasma drug concentrations. This seems to be
particularly important for patients suffering from per-
sistent pain. If a maintenance dose is given without a
loading dose, the first (or second) dose might not be suf-
ficient to reach the necessary therapeutic concentration
(Figure 5b), and the patient might complain about a lack
of pain relief. However, if a patient is treated with a dose
that causes fast pain relief, the continued administration
of this dose will increase the risk of toxicity (Figure 5¢)
given that long-term administration of a drug can
result in drug accumulation and steady-state plasma
levels after four or five elimination half-lives. A drug
such as phenylbutazone (including the active metabo-
lite oxyphenbutazone), which in some patients has an
overall elimination half-life of up to 5 days will reach the
plateau only after several weeks. Thus, in order to com-
pensate for this delay, these drugs can be administered
with a high concentration loading dose followed by low
concentration maintenance doses (Figure 5b).

The sustained administration of high doses of long
half-life COX inhibitors is both unnecessary and dan-
gerous. For the same reason, benoxaprofen, isoxicam,
oxyphenbutazone, phenylbutazone, and tenoxicam
were all removed from the market or are restricted in
use due to apparent high toxicity. Piroxicam is still on
the market, but is suspected to be particularly danger-
ous, and in 2007 the European Medicines Agency issued
recommendations to further limit the use of this drug.”
As a general rule with respect to long half-life drugs, a
dose that is effective on the first day will be dangerous if
taken continuously for more than five half-lives.”

Conclusions

COX inhibitors remain important agents in pain therapy.
Among this group of compounds, a broad spectrum of
pharmacokinetic characteristics exists that contributes
to the intended pharmacological effects, as well as to the
ADRs. According to clinical and experimental evidence,
pharmacokinetic differences are critical for selecting
the optimum drug, the right dose and the best galenic
formulation. To gain fast pain relief, for instance, the

administration of COX inhibitors with fast absorption
(such as solutions or uncoated tablets with salts of the
respective compound) should be preferred. A particu-
larly beneficial property of the acidic COX inhibitors
is their tendency to accumulate in the inflamed joint,
which confers long-term inhibition of COX2 in this deep
compartment. In addition, high concentrations of acidic
COX inhibitors are also achieved in the stomach wall, the
blood and the kidney—a characteristic that appears to
contribute to the typical organ toxicity elicited by these
compounds. Importantly, however, acidic COX inhibitors
with a short half-life administered at low doses, and with
a dosing interval of up to 8 h, show a fast clearance from
the central compartment (blood, vascular wall, heart and
kidney), thus allowing for the recovery of COX2 acti-
vity in this adverse effect compartment. However, this
advantage is lost when the active concentration of these
drugs in the blood is prolonged by either high doses
or retardation.

Administration of COX inhibitors with a slow elimi-
nation rate allows for the maintenance of stable effective
plasma drug concentrations in patients experiencing
‘breakthrough’ pain, but is unavoidably associated with
drug accumulation following long-term use. To achieve
acute analgesic effects and to avoid toxic drug accumula-
tion following long-term use, a suitable initial loading
dose followed by a smaller maintenance dose should
be administered.

With respect to the relationship between extent of
inhibition of COX enzymes and pharmacodynamic
output, the evidence indicates that only >95% COX1
inhibition in platelets confers a clinically relevant inhibi-
tion of platelet aggregation. In addition, correlation
analyses suggest an 80% inhibition of COX2 as neces-
sary for pain relief, and so overdosing or combining two
COX inhibitors (including acetaminophen) increases
the incidence of adverse effects, but is not expected to
enhance analgesia. This becomes increasingly impor-
tant in view of studies suggesting that the nonacidic
analgesic acetaminophen is a member of the family of
COX inhibitors. Collectively, COX inhibitors for diverse
indications should be selected on the basis of thorough
pharmacokinetic and pharmacodynamic analyses.

Review criteria

Published articles for inclusion in this Review were
identified form the authors’ extensive records of papers
on data on COX inhibitors based on their long-standing
interest in this area.
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