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Gabapentin and Pregabalin Can Interact Synergistically
with Naproxen to Produce Antihyperalgesia
Robert W. Hurley, M.D., Ph.D.,* Debika Chatterjea, B.S.,† Meihua Rose Feng, Ph.D.,‡ Charles P. Taylor, Ph.D.,§
Donna L. Hammond, Ph.D.�

Background: Gabapentin and pregabalin are anticonvulsants
with antihyperalgesic effects in animal models of neuropathic
and inflammatory nociception. This study characterized the
manner in which gabapentin or pregabalin interacts with
naproxen to suppress thermal hyperalgesia and inflammation
in the carrageenan model of peripheral inflammation.

Methods: Gabapentin, pregabalin, naproxen, or a fixed-dose
ratio of gabapentin � naproxen or pregabalin � naproxen was
administered orally to rats after the induction of inflammation
by intraplantar injection of �-carrageenan in one hind paw.
Nociceptive thresholds were determined by the radiant heat
paw-withdrawal test. Paw edema was measured by plethys-
mometry. Drug plasma concentrations were determined by a
liquid chromatography–mass spectroscopy–mass spectroscopy
method.

Results: Gabapentin, pregabalin, and naproxen alone re-
versed thermal hyperalgesia with ED50 values of 19.2, 6.0, and
0.5 mg/kg, respectively. Mixtures of gabapentin � naproxen in
fixed-dose ratios of 50:1, 10:1, or 1:1 interacted synergistically
to reverse carrageenan-induced thermal hyperalgesia. How-
ever, 1:50 gabapentin � naproxen produced only additive ef-
fects. No combination of gabapentin � naproxen decreased
paw edema in a manner greater than additive. Plasma concen-
trations of gabapentin and naproxen were unaltered by the
addition of the other drug. The mixture of 10:1 of pregabalin �
naproxen interacted synergistically to reverse thermal hyper-
algesia on the inflamed hind paw, whereas mixtures of 1:1 or
1:10 produced additive effects.

Conclusions: These data suggest that gabapentin � naproxen
and pregabalin � naproxen can interact synergistically or ad-
ditively to reverse thermal hyperalgesia associated with periph-
eral inflammation. Therefore, the use of gabapentin or pregaba-
lin in low-dose combinations with naproxen may afford
therapeutic advantages for clinical treatment of persistent in-
flammatory pain.

GABAPENTIN and pregabalin are anticonvulsants that
were originally developed as spasmolytic agents and
adjuncts for the management of generalized or partial

epileptic seizures resistant to conventional therapies.1

However, subsequent single center and multicenter, ran-
domized double-blind trials established that gabapentin
is also effective for the management of pain of inflam-
matory and neuropathic origin, such as postherpetic
neuralgia and painful diabetic neuropathy.2,3 Although
pregabalin has not been as extensively investigated as
gabapentin, recent double-blind trials determined that it
is effective in the management of postoperative dental
pain4 and painful diabetic neuropathy.2 In animal models
of nociception, gabapentin reduces the mechanical or
thermal hypersensitivity associated with models of nerve
injury,5,6 incisional injury,7 inflammatory injury,6,8,9 and
formalin-induced injury.8,10,11 Pregabalin similarly re-
duces the mechanical or thermal hypersensitivity associ-
ated with models of nerve injury,12 incisional injury,7

inflammatory injury,8,9 and formalin-induced injury.8

Both compounds are without substantive effect in mod-
els of acute pain in uninjured animals.5,8,10 In these
respects, the actions of gabapentin and pregabalin in
animal models of nociception are similar to those of
nonsteroidal antiinflammatory drugs (NSAIDs) such as
naproxen. Thus, NSAIDs do not alter the nociceptive
threshold of uninjured animals13,14 but do normalize the
lowered nociceptive threshold induced by inflammatory
injury13,15 and formalin-induced injury.16

The present study examined whether the oral admin-
istration of gabapentin or pregabalin in combination
with the NSAID naproxen would yield more efficacious
or more potent relief in an animal model in which
peripheral inflammatory nociception is induced by the
intraplantar injection of �-carrageenan in the hind paw
of the rat. These experiments used an isobolographic
approach to examine the interaction of gabapentin and
naproxen administered in four different fixed-dose com-
binations and the interaction of pregabalin and naproxen
administered in three different fixed-dose combinations.
A separate set of experiments sought to determine if a
pharmacokinetic component contributed to the nature
of the interaction between gabapentin and naproxen.

Materials and Methods

Experiments were conducted according to a protocol
approved by the Institutional Animal Care and Use Com-
mittee of the University of Chicago where these studies
were conducted. Male Sprague-Dawley rats (Sasco, King-
ston, NY) weighing 250–300 g were used. Animals were
housed four/cage on a 12-h light–dark cycle with free
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access to food and water. Rats were only used once and
received only one dose of drug or drug combination.

Drugs
�-Carrageenan (lot no. 117H0380 and 118H0665) and

naproxen (lot no. 76H0435) were purchased from Sigma
Chemical Company (St. Louis, MO). Gabapentin (Neu-
rontin, 1-[aminomethyl] cyclohexanacetic acid; lot no.
38 and N) and pregabalin (S-(�)-3-isobutylgaba; lot no.
G) were provided by Parke Davis Pharmaceuticals (Ann
Arbor, MI). All drugs were dissolved in 0.9% saline
solution.

Nociceptive Testing
Thermal nociceptive thresholds were determined for

both hind paws using a radiant heat device as described
previously.17 Briefly, the rat was placed in a clear box
resting on an elevated glass plate that was maintained at
25°C. A beam of light was positioned under either hind
paw, and the time for the rat to remove the paw from the
thermal stimulus was recorded as the paw withdrawal
latency (PWL). The intensity of the stimulus was set to
produce a PWL between 8 and 12 s in a naive rat. If the
rat did not withdraw its paw from the stimulus by 20 s,
the test was terminated, and the rat was assigned this
cut-off value.

The rats were acclimated in the testing room for 1 h
and the testing chamber for 30 min before testing. After
determination of the baseline PWL, 100 �l of a 1%
solution of �-carrageenan was injected into the plantar
surface of one hind paw. Baseline PWLs were redeter-
mined 2.5 h later to confirm the presence of thermal
hyperalgesia. Vehicle, gabapentin (3.0–300.0 mg/kg),
naproxen (0.1–30.0 mg/kg), pregabalin (3.0–30.0 mg/kg),
or a mixture of gabapentin and naproxen (0.0001–
300.0 mg/kg total dose) or pregabalin and naproxen
(0.1–30.0 mg/kg total dose) was then administered via
gavage in a volume of 2 ml/kg body weight. Response
latencies for the ipsilateral and contralateral hind paw were
determined again 30, 60, 90, and 120 min after drug ad-
ministration. Gabapentin and naproxen were administered
in fixed-dose ratios of 50:1, 10:1, 1:1, and 1:50 based on
mass units. Pregabalin and naproxen were administered in
fixed-dose ratios of 10:1, 1:1, and 1:10. These fixed-dose
ratios were chosen to bracket a range that included the
ratio of the ED50 values of each drug and the reciprocal of
that ratio. The timing of drug administration was based on
earlier findings that the thermal hyperalgesia induced by
carrageenan was maximal at 2.5 h and remained stable for
at least another 2 h.

Measurement of Peripheral Edema
Paw volume was determined by plethysmometry (Ugo

Basile, Comerio, Italy) before the injection of carrageen,
2.5 h after the injection of carrageenan (just before the

injection of drug), and then again 2 h after drug
administration.

Measurement of Plasma Drug Concentration
After the measurement of paw volume, the rats were

deeply anesthetized with halothane, and 1.5 ml blood
samples were obtained by cardiac puncture. Blood sam-
ples were stored at �80°C until further processing. Ali-
quots (50 �l) of plasma samples or the prepared calibra-
tion standards in plasma were mixed with 250 �l of
internal standard solution in methanol (300 ng/ml). The
mixture was vortex-mixed and then centrifuged at
4,000 rpm. Aliquots (50 �l) of the supernatant were
mixed with 50 �l of water for analysis by liquid chroma-
tography–mass spectroscopy–mass spectroscopy meth-
ods. Liquid chromatography and mass spectrometry as-
says were performed on a PE Series 200 LC pump and
autosampler with a Micromass Quattro II triple-quadru-
ple mass spectrometer. For gabapentin and the internal
standard pregabalin, spectra were acquired in positive
ionization electrospray multiple reaction monitoring
mode. Chromatographic separation was achieved by us-
ing a column of Keystone AQ 2 mm � 100 mm � 5 �m
during isocratic conditions. The mobile phase was meth-
anol:water (30:70 v/v) at a flow rate 0.22 ml/min. The
injection volume was 2 �l. For naproxen and its internal
standard naphthoxyacetic acid, spectra were acquired in
negative ionization mode. The HPLC column was a YMC
basic 2 mm � 50 mm � 3 �m. The mobile phase consisted
of acetonitrile–methanol–0.02% ammonium hydroxide
with 10 mM ammonium acetate 20/20/40 (v/v/v) at a flow
rate of 0.22 ml/min. The sample injection volume was 3 �l.
The minimal quantitation limit was 0.01 �g/ml for gabap-
entin and naproxen; linearity was demonstrated up to
100 �g/ml. No measurements of the plasma concentration
of pregabalin in the presence of naproxen were made.

Statistical Analysis
A two-way analysis of variance for repeated measures

was used to compare the effects of gabapentin,
naproxen, pregabalin, and the combinations of these
drugs with those of the vehicle control. The Newman–
Keuls test was used for post hoc comparisons among the
individual group means. Dose–response relationships for
gabapentin, naproxen, pregabalin, and the mixtures of
gabapentin with naproxen and pregabalin with
naproxen were determined using the PWLs obtained
120 min after drug administration at the time of peak
effect. For concurrent administration, the dose was ex-
pressed as the total dose in mass units of gabapentin and
naproxen, or pregabalin and naproxen. The ED50 value
was defined as the dose that produced one half the
maximum possible increase in PWL. This value corre-
sponded to 7.0 s. Fieller theorem was used to determine
the 95% CI.

1264 HURLEY ET AL.

Anesthesiology, V 97, No 5, Nov 2002

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/97/5/1263/406259/0000542-200211000-00033.pdf by guest on 13 M
arch 2024



To determine the nature of the interaction, the exper-
imentally derived dose–response relationship for the to-
tal dose of gabapentin and naproxen was compared with
its theoretical dose–additive relationship by standard
parallel line assay methods.18 Because the slopes of the
dose–effect curves for pregabalin and naproxen dif-
fered, standard parallel line assays could not be used to
compare the slopes and intercepts of the experimental
mixture and the theoretical dose additive line. Rather, the
experimentally derived ED50 value was compared with the
theoretical dose–additive value at a specified level of effect,
in this case an increase in PWL to 7.0 s.18,19 For conven-
tional graphic presentation, isobolograms of the theoretical
dose–additive values for the combinations and the experi-
mentally derived ED50 values of the various drug combina-
tions were also constructed.18

Mean baseline paw volume ranged from 1.5 to 1.6 ml
among the different treatment groups. When measured
2.5 h after the injection of carrageenan, mean paw vol-
ume ranged from 2.5 to 3.0 ml among the different
treatment groups. Drug effects were expressed as a dif-
ference score in which the paw volume measured 2 h
after administration of the drug was subtracted from that
determined immediately before (i.e., 2.5 h after carra-
geenan). Negative values, therefore, represent a reduc-
tion in inflammation. A one-way analysis of variance and
Newman–Keuls test were used to compare the differ-
ence scores between treatment groups.

Results

Effect of Gabapentin, Pregabalin, and Naproxen
Administered Alone
Administration via gavage of 3.0–300.0 mg/kg gaba-

pentin after the induction of inflammation produced a
time- and dose-dependent increase in PWL of the ipsilat-
eral hind paw (fig. 1A). The peak effect consistently
occurred within 120 min. Response latencies of the
contralateral, noninflamed hind paw were unaffected
(data not shown). The ED50 value (and 95% CL) for
gabapentin given via gavage was 19.2 mg/kg (range,
5.5–43.1 mg/kg).

Administration via gavage of 3.0–30.0 mg/kg pregabalin
after the induction of inflammation also produced a time-
and dose-dependent increase in PWL of the ipsilateral hind
paw (fig. 1B). The ED50 value (and 95% CL) for pregabalin
given via gavage was 6.0 mg/kg (range, 2.3–10.2 mg/kg).
Unlike gabapentin, pregabalin increased the PWL of con-
tralateral hind paw. However, this modest effect was ob-
served only 90–120 min after administration of the
10 mg/kg (to 12.7 � 0.7 s) or 30 mg/kg (to 14.0 � 1.0 s)
doses.

Administration via gavage of 0.1–30.0 mg/kg naproxen
after the induction of inflammation produced a time- and
dose-dependent increase in PWL of the ipsilateral (fig. 1C)
but not the contralateral, noninflamed hind paw (data not

Fig. 1. Time course of the increase in PWL produced by intra-
gastric administration of gabapentin (A), pregabalin (B), or
naproxen (C) in rats that received an intraplantar injection of
carrageenan in the left hind paw 2.5 h earlier. The lack of effect
of saline (open square, dashed line) is depicted for comparison.
(A–C) depict the PWL of the hind paw in which carrageenan was
injected. BL-1 represents the baseline PWL determined before in-
traplantar injection of carrageenan. BL-2 represents the baseline
PWL after the intraplantar injection of carrageenan and before the
administration of gabapentin, pregabalin, or naproxen. Each sym-
bol represents the mean � SEM of determinations in 8–17 rats.
Asterisks indicate values that are significantly different from val-
ues at the corresponding time point in rats in saline-treated rats;
*P < 0.05, **P < 0.01.
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shown). As with gabapentin and pregabalin, the peak effect
of naproxen consistently occurred within 120 min. The
ED50 value (and 95% CL) for naproxen given via gavage
was 0.48 mg/kg (range, 0.05–1.38 mg/kg).

The dose–response relationships determined 2 h after
administration of gabapentin, pregabalin, or naproxen for
the ipsilateral hind paw are illustrated in figures 2 and 3.

Effect of Gabapentin Administered in Combination
with Naproxen
Figure 2 also illustrates the experimentally derived

dose–response relationship for each fixed-dose combina-
tion of gabapentin and naproxen determined 2 h after
drug administration and the corresponding theoretical
additive–dose response relationship constructed for that
fixed-dose combination. Each combination produced sig-
nificant reversal of the carrageenan-induced hyperalge-
sia. The time course of the antihyperalgesic effect was
similar for each fixed-dose ratio and was maximal within
120 min after oral administration (data not shown). No
combination of gabapentin and naproxen had an antino-
ciceptive effect on the contralateral, uninjured hind paw
(data not shown).

For the 50:1 fixed-dose ratio (gabapentin:naproxen),
which approximated the ratio of ED50 values of the
drugs administered alone, total doses of 10 mg/kg or
higher significantly increased PWL of the inflamed hind
paw. The dose–response relationship for the combina-
tion was situated 14-fold to the left of the theoretical
dose–additive line (fig. 2A) and was significantly differ-
ent from the dose–additive line, consistent with a syner-
gistic interaction (table 1). For the 10:1 fixed-dose ratio
(gabapentin:naproxen), total doses of 1 mg/kg or higher
significantly increased PWL of the inflamed hind paw.
The dose–response relationship for the combination was
situated about fivefold to the left of the theoretical dose–
additive line (fig. 2B) and was significantly different from
the dose–additive line, consistent with a synergistic in-
teraction (table 1). For the 1:1 fixed-dose ratio (gaba-

Fig. 2. Dose–response relationships for gabapentin (open trian-
gle, solid line), naproxen (open square, solid line), and the
combination of the gabapentin and naproxen (filled-in circle,
solid line). The slopes of the dose–response curves for the drugs
did not differ significantly and are therefore drawn using the
common slope as described by Tallarida.18 This common slope
was then used to construct the theoretical dose–additive line
(dashed line) for the total dose of gabapentin and naproxen at
each fixed-dose ratio. (A) The dose–response relationship of the
50:1 gabapentin:naproxen (G:N) combination is shifted 14-fold
to the left of the theoretical dose–additive line (P < 0.05). (B)
The dose–response relationship of the 10:1 gabapentin:
naproxen combination is shifted 4.5-fold to the left of the the-
oretical dose–additive line (P < 0.05). (C) The dose–response
relationship of the 1:1 gabapentin:naproxen combination is
shifted more than 1,500-fold to the left of the theoretical dose–
additive line (P < 0.005). (D) The dose–response relationship of
the 1:50 gabapentin:naproxen combination is shifted 3.5-fold to
the left of the theoretical dose–additive line; however, this shift
is not significant (P > 0.05). Symbols represent the mean � SEM
response latencies from 8–16 rats.
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pentin:naproxen), total doses of 0.01 mg/kg or higher
significantly increased PWL of the inflamed hind paw.
The dose–response relationship for very low doses of
the combination was situated about 1,500-fold to the left
of the theoretical dose–additive line (fig. 2C) and was
significantly different from the dose–additive line, con-
sistent with a synergistic interaction (table 1). This en-
hancement was restricted to changes in the potency of
the drugs, not their maximum efficacy. Thus, adminis-
tration of a total dose of 10 mg/kg of the 1:1 dose ratio
produced no further increase in PWL than did the
0.1 mg/kg total dose, which was sufficient to completely
reverse the thermal hyperalgesia (fig. 2C). For the 1:50
fixed-dose ratio (gabapentin:naproxen), total doses of
0.1 mg/kg or higher significantly increased PWL of the
inflamed hind paw. Although the experimentally derived
dose–response relationship was situated threefold to the
left of the theoretical additive dose–response relation-
ship (fig. 2D), statistical comparison of the regression
lines and their variances indicated that they did not differ
significantly. These conclusions are supported by exam-
ination of the isobologram (fig. 4). Isobolographic anal-
ysis conducted using the 50:1, 10:1, and 1:1 (gabapentin:
naproxen) ratios revealed a synergistic interaction
between the two drugs, whereas analysis of the 1:50
(gabapentin:naproxen) ratio revealed only an additive
interaction.

Effect of Pregabalin Administered in Combination
with Naproxen
Figure 3 illustrates the experimentally derived dose–

response relationships for the concurrent administration
of each fixed-dose ratio of pregabalin and naproxen and
the theoretical additive dose–response relationship con-
structed for that dose ratio. Each combination produced
significant reversal of the carrageenan-induced hyperal-
gesia. The time course of the antihyperalgesic effect was
similar for each fixed-dose ratio and was maximal within
120 min after oral administration (data not shown). No
antinociceptive effect of any combination was observed
on the contralateral, uninjured hind paw (data not
shown).

For the 10:1 fixed-dose ratio (pregabalin:naproxen),
total doses of 0.1 mg/kg or higher significantly increased
PWL of the inflamed hind paw. The experimentally de-
rived ED50 value was 6.5-fold less than the ED50 value
predicted for an additive interaction of this mixture at
the specified level of effect (i.e., 7.0 s), indicating that
pregabalin and naproxen interacted in a synergistic man-
ner in this dose ratio (table 1). Because the dose–effect
curves for pregabalin, naproxen, and their mixtures
were not parallel, additional comparisons were made
between the experimentally derived doses and the the-
oretical additive doses at criterion latencies of 6 or 8 s.
These comparisons yielded the same conclusion. How-
ever, at response latencies greater than 9 s, the interac-

Fig. 3. Dose–response relationships for pregabalin (open dia-
mond, solid line), naproxen (open square, solid line), and the
combination of the pregabalin and naproxen (filled-in circle,
solid line). The slope of the dose–response curve for pregabalin
is significantly steeper than that of naproxen. Therefore, the
theoretical dose–additive line (dashed line) for the total dose of
pregabalin and naproxen at each fixed-dose combination was
constructed as described by Tallarida19 (A) The dose of the 10:1
pregabalin:naproxen (P:N) combination required to achieve the
specified level of effect (i.e., an increase in PWL to 7.0 s) is
significantly less than the theoretical dose–additive point (P <
0.05). In contrast, the doses of the 1:1 pregabalin:naproxen
combination (B) or the 1:10 pregabalin:naproxen combination
required to increase PWL to 7.0 s do not differ from their
respective theoretical dose–additive points (P > 0.05, both com-
binations). Symbols represent the mean � SEM response laten-
cies from 7–16 rats.
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tion became additive. For the 1:1 fixed-dose ratio (pre-
gabalin:naproxen), total doses of 1.0 mg/kg or higher
administered concurrently significantly increased PWL
of the inflamed hind paw. The ED50 value for the 1:1
mixture did not differ from the ED50 value predicted for
an additive interaction of this mixture (table 1), indicat-
ing that pregabalin and naproxen interacted in an addi-
tive manner in this ratio. The same conclusion was
reached for comparison of the experimentally derived
dose with the theoretical additive dose at other criterion
values of 6, 8, or 9 s. For the 1:10 fixed-dose ratio
(pregabalin:naproxen), total doses of 1.0 mg/kg or
higher administered concurrently significantly increased
PWL of the inflamed hind paw. The ED50 value for the
1:10 mixture was approximately the same as the ED50

value predicted for an additive interaction of this mix-
ture (table 1), indicating that pregabalin and naproxen
interacted in an additive manner. A comparison of the
experimentally derived doses with the theoretical addi-
tive doses at other criterion values of 6, 8, or 9 s yielded
the same conclusion. These findings are supported by
examination of the isobologram (fig. 5). Isobolographic
analysis of the 10:1 (pregabalin:naproxen) ratio revealed
a synergistic interaction between the two drugs,
whereas analysis of the 1:10 and 1:1 (pregabalin:
naproxen) ratios revealed only an additive interaction.
Although the ED50 value of the 1:10 (pregabalin:
naproxen) ratio is above and to the right of the dose–
additive line on the isobologram, it resides within the
standard error of that line and therefore does not differ
from additivity.

Effects of Gabapentin, Pregabalin, and Naproxen
Alone and in Combination on Paw Volume
Naproxen alone at 30 mg/kg decreased paw volume by

0.35 ml (a 12% decrease) as compared with saline vehi-

cle (fig. 6A). Lower doses of naproxen were ineffective
(data not shown). Gabapentin at a dose as high as
300 mg/kg was without significant effect. The highest
doses of the 50:1, 10:1, 1:1, and 1:50 fixed-dose combi-
nations of gabapentin and naproxen also caused no sig-
nificant decrease in paw volume (fig. 6A). It should be
noted that the amount of naproxen contained within
even the highest doses of any of the fixed-dose ratios did
not exceed 10 mg/kg and that the effects of the mixtures
did not exceed the effects produced by this dose of
naproxen alone (data not shown). Thus, it would appear
that the synergistic interaction of gabapentin and
naproxen does not extend to inflammation. Pregabalin
alone at 30 mg/kg had no significant effect on paw
volume. No combination of pregabalin and naproxen
caused a significant decrease in paw volume even at the
highest doses administered (fig. 6B).

Plasma Concentrations of Gabapentin and
Naproxen Alone and in Combination
In rats that received naproxen alone or gabapentin

alone, the plasma concentration of each drug increased
with dose in an orderly manner. The plasma concentra-
tion curves for naproxen determined for each of the four
different combinations of gabapentin and naproxen
were superimposed on that of naproxen alone (fig. 7A).
Statistical estimates of the dose of naproxen needed to
yield a plasma concentration of 1 �g/ml did not differ
among any of the treatment groups (table 2). Thus,
the additional presence of gabapentin did not alter the
plasma concentrations of naproxen. In general, the
plasma concentration curves for gabapentin determined
for each of the four different combinations of gabapentin
and naproxen did not differ from that determined for
gabapentin alone (fig. 7B). However, for the 50:1 dose
ratio, there was a small increase in the estimated dose of

Table 1. ED50 Values (and 95% Confidence Limits) for Gabapentin, Pregabalin, and Naproxen Administered Alone and in
Combination to Rats that Received an Intraplantar Injection of Carrageenan

Gabapentin, Pregabalin, or Naproxen Gabapentin � Naproxen Pregabalin � Naproxen

Drug Alone
ED50

(95% CL)
Drug Ratio

(Gabapentin:Naproxen)
ED50

(95% CL)
Drug Ratio

(Pregabalin:Naproxen)
ED50

(95% CL)

Gabapentin 19.2 (5.5–43.1) 50:1 (additive) 10.9 (2.7–19.1) 10:1 (additive) 2.95 (0.7–5.2)
Naproxen 0.48 (0.05–1.38) 50:1 (experimental) 0.78* (0.06–3.2) 10:1 (experimental) 0.45* (0.04–1.4)
Pregabalin 6.0 (2.3–10.2) 10:1 (additive) 4.3 (ND–8.6) 1:1 (additive) 0.89 (ND–1.95)

10:1 (experimental) 0.9* (0.2–2.3) 1:1 (experimental) 0.6 (0.12–1.39)
1:1 (additive) 0.93 (ND–2.1) 1:10 (additive) 0.53 (ND–1.2)
1:1 (experimental) 0.0005† (ND–0.001) 1:10 (experimental) 0.82 (0.22–2.4)
1:50 (additive) 0.49 (ND–1.1)
1:50 (experimental) 0.14 (0.02–0.5)

Data are expressed as mg/kg intragastric ED50, and 95% CL values for the combination studies represent the total dose of both drugs given in combination at
the fixed-dose ratio listed. The additive values represent the ED50 and 95% CL statistically derived for a theoretical additive interaction at the respective dose
ratio. The experimental values represent the ED50 and CL derived from the combination studies.

Footnote symbols indicate ED50 values for the combinations that differ from that of the theoretical additive point: *P � 0.05, †P � 0.05. Because the dose–effect
lines of pregabalin and naproxen were not parallel, the statistical analysis was performed for a specific level of effect—in this case, an increase in paw withdrawal
latency to 7.0 s. See Tallarida et al.19 for additional details.

ND � too small to determine reliably.
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gabapentin needed to yield a plasma concentration of
1 �g/ml (table 2). Although statistically significant, the
magnitude of this increase was small and unlikely to be
biologically relevant, particularly in light of the 50-fold
predominance of gabapentin in this mixture. These data
indicate that the additional presence of naproxen did not
consistently alter the plasma concentrations of gabapentin.

Discussion

This study used an isobolographic approach to charac-
terize the nature of the interaction of gabapentin or
pregabalin with naproxen in an animal model of inflam-
matory pain. Carrageenan-induced thermal hyperalgesia
is a well-established behavioral correlate that reflects the
induction of central sensitization of spinal cord neurons
as a result of the repetitive activation of primary afferent
neurons20 that are themselves sensitized as a conse-
quence of peripheral inflammation. This study examined
a range of different fixed-dose ratios because the nature
of the pharmacologic interaction can differ as a function

of the dose ratio administered.18,21 A consistent finding
was that gabapentin and naproxen interact in a synergis-
tic manner to produce antihyperalgesia when gabapen-
tin is in equal proportion or the predominant compo-
nent of the drug mixture. The interaction changed to
additive when naproxen was the predominant compo-
nent. Pregabalin also was found to interact in a synergis-
tic manner with naproxen when it was the predominant
component of the drug mixture. However, unlike gaba-
pentin, this interaction became additive when pregaba-
lin was in equal proportion or the lesser component.
The mechanism responsible for the synergistic interac-
tions of gabapentin with naproxen is unlikely to be
pharmacokinetic because measurements of the plasma
concentrations of each drug demonstrated that each did
not significantly alter the levels of the other.

Mechanism of Action of Gabapentin, Pregabalin,
and Naproxen
An understanding of the sites and mechanisms that

mediate the effect of these drugs alone is a useful pre-

Fig. 4. Isobologram of the experimentally determined ED50 val-
ues for gabapentin and naproxen administered concurrently
and their comparison to theoretically derived ED50 values based
on an additive interaction. Arrows on the axes represent ED50

values for gabapentin (abscissa) or naproxen (ordinate) alone.
The ED50 values for the experimental mixtures were obtained
from their dose–response relationships. The theoretical dose–
additive point for the 50:1 (filled-in circle), 10:1 (filled-in trian-
gle), 1:1 (filled-in diamond), and 1:50 (filled-in square) gaba-
pentin:naproxen mixtures are depicted on the line that con-
nects the ED50 values on the abscissa and ordinate, which rep-
resents the line of additivity. The respective experimentally
determined ED50 values are indicated by open symbols. The
diagonal lines from these symbols represent the standard error
of the ED50 value. The experimentally derived ED50 values for
the 50:1, 10:1, and 1:1 fixed-dose ratios are less than their
respective theoretical dose–additive values (P < 0.05), whereas
that for the 1:50 fixed-dose ratio is not different from the the-
oretical dose–additive value (P > 0.05). The standard error bars
for the 1:1 ratio are obscured by the symbol.

Fig. 5. Isobologram of the experimentally determined ED50 val-
ues for pregabalin and naproxen administered concurrently
and their comparison to theoretically derived ED50 values based
on an additive interaction for a specified level of effect, in this
case an increase in PWL to 7.0 s. Arrows on the axes represent
ED50 values for pregabalin (abscissa) or naproxen (ordinate)
alone. The ED50 values for the experimental mixtures were
obtained from their dose–response relationships. The theoret-
ical dose–additive point for the 10:1 (filled-in circle), 1:1 (filled-
in square), and 1:10 (filled-in triangle) pregabalin:naproxen
mixtures are depicted on the line that connects the ED50 values
on the abscissa and ordinate, which represents the line of
additivity. The respective experimentally determined ED50 val-
ues are indicated by open symbols. The diagonal lines from
these points represent the standard error of the ED50 value. The
experimentally derived ED50 for the 10:1 fixed-dose ratio is less
than the theoretical dose–additive point (P < 0.05), whereas
that for the 1:1 or 1:10 ratio is not different from its respective
theoretical dose–additive point (P > 0.05).
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lude to any discussion of the mechanisms that may
subserve their synergistic or additive interaction.

Studies of the sites at which gabapentin and pregabalin
may act to produce antihyperalgesia have identified the
spinal cord as an important locus. Support for a spinal
site of action is provided by several electrophysiologic,22

behavioral,8,10,23,24 and anatomic11 investigations. Al-
though a peripheral site of action also has been suggest-
ed,25 efficacy by this route may depend on the measure of
nociception and the relative time of drug administration.8

Fig. 6. Paw volumes of the ipsilateral hind paw after the admin-
istration of the drugs alone or in combination. The effect of the
highest dose of each individual drug or combination is illus-
trated with the dose indicated in parentheses. Difference scores
were calculated for each animal by subtracting the paw volume
obtained 2 h after the administration of the drug from the
baseline paw volume obtained 2.5 h after the induction of
inflammation with carrageenan. Therefore, negative values rep-
resent a decrease in inflammation. Asterisks indicate values that
are significantly different from values in rats in saline-treated
rats; *P < 0.05. Bars represent the mean � SEM of 8–16 rats.
G:N � gabapentin:naproxen; P:N � pregabalin:naproxen.

Fig. 7. Plasma concentrations of naproxen (A) or gabapentin (B)
after administration via gavage of the drug alone or in combi-
nation. Symbols represent the mean � SE of determinations in
8–16 rats. The doses on the abscissa represent the actual dose of
naproxen (N) or gabapentin (G) administered alone or in the
mixture. Only the plasma concentration of gabapentin for the
highest dose of the 1:50 gabapentin:naproxen (G:N) mixture is
illustrated because lower doses yielded plasma concentrations
below the limit of detection of this assay method.
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Gabapentin and pregabalin were originally designed as
structural analogs of the inhibitory neurotransmitter
�-aminobutyric acid (GABA).26 However, neither drug is
an agonist at GABAA or GABAB receptors27,28 (but see29),
and neither drug acutely alters GABA uptake.26 It is likely
that their antihyperalgesic effects result from an action at
the �2�1 subunits of voltage-dependent Ca2� channels
(VDCC) for which gabapentin has substantial affinity30

and which are upregulated in the dorsal root ganglia and
spinal cord after peripheral nerve injury.31,32 The N- and
P/Q-types of VDCC are implicated in the development of
enhanced pain states after the induction of inflamma-
tion.33 Initial studies of the effect of gabapentin on neu-
ronal Ca2� currents evoked by voltage steps yielded
disparate conclusions. The inhibition of N- and P/Q-type
Ca2� channel activity was only modest, and the effect on
the L-type channel was not consistent.34–36 However,
subsequent studies of dorsal root ganglion neurons indi-
cated that gabapentin reduced whole cell Ca2� currents
most effectively when test pulses were preceded by
depolarization37,38 or activation of protein kinase A.38

Further, gabapentin decreased Ca2� currents in a larger
proportion of dorsal root ganglion neurons obtained
from rats with chronic constriction or sham surgery of
the sciatic nerve compared with unoperated rats.39 En-
hanced excitability and sustained membrane depolariza-
tion are hallmarks of injury-induced central sensitization
of spinal cord neurons. Such a condition-selective action
of gabapentin may explain the ability of these drugs to
alleviate the allodynia and hyperalgesia produced by
inflammatory injury (seen in this study and oth-
ers),6,8,9,22 or neuropathic injury5,6,12 and their lack of
efficacy in models of nonrepetitive, acute noxious stim-
ulation.5,9,23 Gabapentin may also produce antihyperal-
gesia by its ability to decrease glutamatergic transmission
in the spinal cord presumably by inhibition of presynap-
tic VDCC.40–42 Therefore, gabapentin and pregabalin
may inhibit central sensitization and its behavioral cor-
relate of thermal hyperalgesia through an action at
VDCC that results in a direct postsynaptic inhibition of
Ca2� influx or a presynaptic inhibition of Ca2� influx

that decreases excitatory amino acid neurotransmission
and its sequelae.

Nonselective NSAIDs, such as naproxen, inhibit cyclo-
oxygenase I and II enzymes and thereby decrease the
production of prostaglandin E2 (PGE2). Several studies
have highlighted the importance of a peripheral site of
action for NSAIDs. Administration of PGE2 directly into
the hind paw produces edema and hyperalgesia.43,44

Systemic administration of monoclonal antibodies to
PGE2 decreases carrageenan-induced paw edema and
hyperalgesia.45 Systemically administered NSAIDs re-
duce inflammation and hyperalgesia, and inhibit the ex-
pression of c-Fos by spinal cord dorsal horn neu-
rons.43,46,47 This latter effect suggests that NSAIDs
attenuate hyperalgesia by their ability to decrease noci-
ceptive drive by primary afferents onto dorsal horn neu-
rons. More recent studies have highlighted a central
component of NSAID action. In the spinal cord, PGE2

can act presynaptically to increase the release of gluta-
mate from primary afferent C-fibers48,49 and postsynap-
tically to directly excite dorsal horn neurons by activa-
tion of nonselective cation currents.50 Both effects
would promote the development and maintenance of
central sensitization and enhanced pain states. Intrathe-
cal administration of NSAIDs prevents the development
of hyperalgesia13,51 and inhibits the release of PGE2.52

Taken together, these findings indicate that NSAIDs act
centrally and peripherally through an inhibition of PGE2

synthesis to produce antihyperalgesia and reduce
inflammation.

Mechanisms by which Gabapentin and Pregabalin
May Interact with Naproxen
As just described, the sites at which gabapentin and

pregabalin act to produce antihyperalgesia (predomi-
nantly the spinal cord) and the sites at which naproxen
acts (spinal cord and periphery) appear to be comple-
mentary. Further, the mechanisms by which these two
classes of compounds act to suppress pain transmission
differ (inhibition of VDCC vs. inhibition of cyclooxygen-
ase). This profile could be the basis for a synergistic
interaction of these compounds. Central sensitization
and the behavioral correlate induced by peripheral in-
flammation are mediated in part by an action of gluta-
mate at NMDA receptors, which results in an influx of
Ca2�, increased neuronal excitability, and the eventual
upregulation of prostaglandins.51,53,54 Gabapentin and
pregabalin may decrease Ca2� influx by several mecha-
nisms, including presynaptic inhibition of glutamate re-
lease via Ca2� channel inhibition and postsynaptic inhi-
bition of VDCC on dorsal horn neurons. Naproxen may
synergize with these effects through its inhibition of
PGE2 synthesis, which would cause presynaptic neurons
to release less glutamate and thereby reduce the excit-
ability of postsynaptic dorsal horn neurons. Thus, there

Table 2. Estimated Dose and 95% Confidence Limits of
Gabapentin or Naproxen to Yield a 1 �g/ml Plasma
Concentration When Administered Alone or in a Fixed-dose
Combination with the Other Drug

Fixed-dose Ratio of
Gabapentin to

Naproxen
Gabapentin

(mg/kg intragastric)
Naproxen

(mg/kg intragastric)

Alone 1.34 (1.10–1.60) 0.32 (0.29–0.35)
50:1 2.37* (2.09–2.62) 0.41 (0.34–0.51)
10:1 2.4 (1.37–4.09) 0.32 (0.16–0.61)
1:1 1.81 (1.20–2.97) 0.30 (0.21–0.46)
1:50 ND 0.29 (0.24–0.33)

*P � 0.05 compared to gabapentin alone.

ND � not determined because only the highest dose in this treatment group
yielded consistently quantifiable plasma concentrations of gabapentin.
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is a basis for a synergistic interaction of these drugs
within the spinal cord.

Intrathecally administered NSAIDs block the develop-
ment of hyperalgesia when given before the induction of
inflammation but are ineffective when administered after
the development peripheral inflammation,13,55 suggest-
ing that spinal PGE2 is responsible for the development
but not the maintenance of hyperalgesia. However,
when systemically administered, NSAIDs are able to al-
leviate hyperalgesia after the development of inflamma-
tion.13 Thus, it is possible that the effects of NSAIDS
during the maintenance phase of hyperalgesia may be
preferentially mediated by a peripheral site of action.
With conditions of an established inflammatory hyperal-
gesia, as in this study, synergism may occur because the
predominant action of gabapentin or pregabalin is ex-
erted centrally in the spinal cord, whereas naproxen acts
predominantly in the periphery to decrease inflamma-
tion and excitatory drive to the spinal cord. Just as
synergism can occur between two distinct sites in the
spinal cord (vide supra), it may also occur between two
disparate anatomic sites that converge to have the same
functional outcome.56,57

Ibuprofen and gabapentin were recently reported to
interact in an additive manner to suppress pain behav-
iors in the formalin test.16 Aside from the use of a
different NSAID, numerous differences in the design of
these two studies may underlie the disparate results.
First, the use of a single fixed-dose ratio does not permit
full characterization of a complex pharmacologic inter-
action.18,21 Second, the formalin and carrageenan mod-
els differ in terms of the stimulus intensity and time
course, the type of behavioral measures made, and pos-
sibly in the mechanisms of hyperalgesia (this study) and
spontaneous pain behaviors (formalin test). Several stud-
ies have demonstrated that the nature of the pharmaco-
logic interaction of two compounds will depend on the
test measure21 and the intensity of that measure.58 Fi-
nally, the former study administered the compounds
before the induction of the injury, whereas in the
present study, the compounds where given after the
development of hyperalgesia. Pretreatment can prevent
the development of central sensitization. It is possible
that the synergism of gabapentin or pregabalin with
naproxen may only be present during conditions in
which central sensitization has previously been induced
and in which the activity of primary afferents and dorsal
horn neurons has been greatly enhanced.

Summary and Implications
The synergistic interactions of gabapentin or pregaba-

lin with naproxen are reflected as an increase in potency
rather than an increase in efficacy. Therefore, the prin-
cipal advantage of this mixture lies in the ability to
administer very low doses of each drug in combination
to achieve significant reductions in thermal hyperalgesia.

The development of a low-dose combination could af-
ford an important therapeutic advantage for the manage-
ment of chronic pain, particularly among the elderly
population at heightened risk for the adverse renal and
gastrointestinal effects of NSAIDs. These results suggest
that combination therapies based on mixtures of gaba-
pentin or pregabalin with NSAIDs like naproxen could
be an effective approach to the relief of pain of inflam-
matory origin.

The authors thank Robert Pratt, B.S. (Research Assistant), and Ken Park, B.S.
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University of Chicago, Chicago, Illinois, for their assistance with this study.
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