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Abstract
Acetaminophen is widely used for pain management as an alternative to NSAIDs and selective COX-2 inhibitors, but its action
at a molecular level is still unclear. We evaluated acetaminophen’s eﬀect on PG release and the expression patterns of genes related
to PG production in a clinical model of tissue injury and acute inﬂammation. Subjects (119 outpatients) received either 1000 mg
acetaminophen, 50 mg rofecoxib (a selective COX-2 inhibitor), 30 mg ketorolac (a dual COX-1/COX-2 inhibitor), or placebo before
the surgical removal of two impacted mandibular third molars. Microdialysis was used to collect inﬂammatory transudate from the
surgical site for measurement of PGE2 and TXB2 levels at the site of injury. Biopsies were collected to investigate the expression
patterns of genes related to PG production at baseline prior to surgery and at 3 or 24 h following surgery. PGE2 release was
suppressed by ketorolac, rofecoxib and acetaminophen compared to placebo at 3 h coincident with increased COX-2 gene
expression in biopsies collected from the surgical site. TXB2 release was suppressed only by ketorolac. COX-2 gene expression
remained elevated at 24 h with continued ketorolac and acetaminophen treatment. COX-1 gene expression was signiﬁcantly
down-regulated at 24 h by ketorolac, rofecoxib and acetaminophen. Acetaminophen suppression of PGE2 without inhibiting
TXB2 release, when COX-2 gene expression is up-regulated, suggests that acetaminophen is a selective COX-2 inhibitor in vivo.
The up-regulation of COX-2 gene and down-regulation of COX-1 gene expression suggests that acetaminophen may result in
changes in COX-derived prostanoids with repeated doses.
Ó 2007 Published by Elsevier B.V. on behalf of International Association for the Study of Pain.
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1. Introduction
The analgesic ability of nonsterioid anti-inﬂammatory drugs (NSAIDs) is due to inhibition of the cyclooxygenase (COX) enzyme, which converts arachidonic acid
*
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to the PG precursor, PGH2. There are two isoforms of
the COX enzyme. COX-1 is expressed constitutively
and generally produces PGs to modulate physiological
processes while COX-2 is inducible and typically produces proinﬂammatory PGs in response to physiological
stresses such as infection and inﬂammation. These ﬁndings provided a rationale for developing selective COX-2
inhibitors, with anti-inﬂammatory eﬃcacy comparable
to traditional NSAIDs and reduced adverse eﬀects,

0304-3959/$32.00 Ó 2007 Published by Elsevier B.V. on behalf of International Association for the Study of Pain.
doi:10.1016/j.pain.2006.10.020

280

Y.-S. Lee et al. / Pain 129 (2007) 279–286

particularly on the gastrointestinal (GI) tract. However,
two selective COX-2 inhibitors were subsequently withdrawn due to increased risk of adverse thromboembolic
events.
Acetaminophen is widely used for pain management
and antipyresis as an alternative to aspirin, NSAIDs
and selective COX-2 inhibitors, but its action at the
molecular level is still poorly deﬁned. Although it does
not inhibit COX enzymes at therapeutic concentrations
in vitro, acetaminophen has been demonstrated to
inhibit a variant of COX enzymes in vivo. Simmons
et al. demonstrated a COX-2 variant which is especially
sensitive to acetaminophen (Simmons et al., 1999). Each
COX isoform has been reported to be diﬀerentially
activated according to arachidonic acid concentration:
COX-2 is 2- to 4-fold more active than COX-1 at
arachidonic acid concentrations below 0.5 lM; COX-1
is more active than COX-2 when arachidonic acid concentration is above 2.5 lM (Swinney et al., 1997; Chen
et al., 1999). Acetaminophen is a potent inhibitor of
PG synthesis in intact cells at low concentrations of
added arachidonic acid, but this eﬀect decreases with
increasing concentration, suggesting that it may inhibit
COX-2 function (Graham and Scott, 2003). It has also
been suggested that a splice variant of COX-1, named
as COX-3, is related to the mechanism of action of
acetaminophen (Chandrasekharan et al., 2002), but its
low expression level with genomic and kinetic analysis
indicates that this selective interaction is unlikely to be
clinically relevant (Graham and Scott, 2005; Kis et al.,
2005).
The surgical removal of impacted third molars is one
of the most frequently used methods in clinical trials for
evaluating analgesics for management of inﬂammatory
pain of moderate to severe intensity. It is also well suited
for the measurement of endogenous markers of inﬂammation (Hargreaves and Dionne, 1991), evaluating
peripheral mechanisms of drug action in vivo (Dionne
et al., 2001) and has been shown to be sensitive to the
eﬀects of NSAIDs (Cooper, 1984; Bjornsson et al.,
2003).
In this study, we hypothesized that acetaminophen
inhibits peripheral COX enzymes, resulting in decreased
PG release. To examine this hypothesis, we evaluated
acetaminophen’s eﬀect on PG release and the expression

patterns of the genes encoding enzymes related to PG
production, and compared to the eﬀects of a dual
COX-1/-2 inhibitor (ketorolac), a selective COX-2
inhibitor (rofecoxib) and placebo in the oral surgery
model.
2. Methods
2.1. Subjects
The study was approved by the Institutional Review Board
of the National Institute of Dental and Craniofacial Research
and informed consent was obtained from all subjects. A total
of 119 healthy subjects aged 16–35 (18.9 ± 3.3) undergoing
the surgical removal of two impacted mandibular third molars
were evaluated in this study (Table 1). Inclusion and exclusion
criteria were similar to those in a previous study (Khan et al.,
2002).
Subjects were randomly allocated to one of four treatment
groups and administered a dose of blinded medication or placebo: 1000 mg acetaminophen, 50 mg rofecoxib or placebo
administered orally 1 h prior to oral surgery; 30 mg ketorolac
or placebo was administered intravenously 30 min prior to
surgery (Table 2). All drugs and matching placebos were
randomized by the Pharmaceutical Development Service of
the Clinical Center (National Institutes of Health, Bethesda,
MD, USA). The number of subjects in the rofecoxib treatment
group is lower than the other groups as no subjects were
assigned to rofecoxib after it was withdrawn from the market.
After receiving premedication with intravenous midazolam
(4.7 ± 0.9 mg) and local anesthesia with 2% lidocaine
(173.8 ± 20.1 mg) with epinephrine 1:100,000, a mucoperiosteal ﬂap was raised and retracted, bone removed, and the teeth
were sectioned as needed to facilitate extraction of the impacted lower third molars. Fig. 1 summarizes the study timeline
schematically.
Oral mucosal punch biopsies (4 mm, Acu-punch, Acuderm, Inc., Fort Lauderdale, FL, USA) were taken from the
planned surgical site prior to surgical extraction for the
evaluation of baseline gene expression. For the evaluation of
gene expression induced by the surgical injury and medication, subjects within each treatment group were further
randomized into two groups for a second biopsy collection
done under local anesthesia from another surgical site at an
area immediately adjacent to the mucosal incision, either at
3 or at 24 h following surgery (Table 2). The biopsies were
immediately frozen in liquid nitrogen and stored at a
temperature of 70 °C.

Table 1
Summary of demographic characteristics of the sample population
Treatment
group
Placebo
Acetaminophen
Ketorolac
Rofecoxib
Total

No. of
subjects

Age
(year)

Sex
(M/F)

Mean time to re-medication
(minutes)

No. of subjects
medicated

Successful
No. of microdialysis collections

31
33
35
20

19.5 ± 3.7
18.5 ± 2.6
18.5 ± 2.5
19.2 ± 4.5

15/16
16/17
13/22
13/7

134.6 ± 47.5/18
139.0 ± 42.3/19
163.6 ± 29.2/10
142.3 ± 50.2/10

18/22
19/21
10/18
10/15

17
22
22
18

119

18.9 ± 3.3

57/62

145.7 ± 43.0/57

57/76

79
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Table 2
Drugs allocated to the treatment groups
Treatment group

Postoperative biopsy time

3 hour biopsy group
24 hour biopsy group

Placebo
Acetaminophen
Ketorolac
Rofecoxib

Preoperative drug PO
(1 h prior)

Preoperative drug IV
(30 min prior)

Postoperative drug PO qid
(ﬁrst 24 h)

Placebo
1 gm acetaminophen
Placebo
50 mg rofecoxib

Placebo
Placebo
30 mg ketorolac
Placebo

Placebo
1 gm acetaminophen
20 mg ketorolac
Placebo

Subjects randomized to have the post-operative biopsy at
3 h received a standard post-operative analgesic after the biopsy and received follow-up care as needed. If subjects requested
pain medication prior to the 3 h biopsy, they were given one
dose of 100 mg tramadol, which has no known eﬀect on
COX in peripheral tissues. Those subjects randomized to have
the post-operative biopsy at 24 h continued to receive the drug
that was randomly allocated prior to surgery: ketorolac 20 mg
PO Q6H or acetaminophen 1000 mg Q6H (Table 2). The
rofecoxib group did not receive any additional doses of this
drug as the recommended dosing is once daily (QD), but continued to take matching placebo medication Q6H. The placebo
group also received placebo medication Q6H. The ﬁnal doses
of testing drugs were received approximately 2 h prior to the
second 24 h biopsy. All subjects in the 24 h biopsy group
received an additional supply of tramadol 50 mg to be taken
at 4–6 h intervals if needed for pain.

boxane B2 (TXB2) (Cayman Chemical Company, Ann Arbor,
Mich). Detailed procedures were similar to those in a previous
study (Khan et al., 2002). PGE2 was interpreted as indicative
of both COX-1 and COX-2 activity, whereas TXB2, the stable
metabolite of TXA2, was used as a measure of COX-1 activity.
We measured TXB2 instead of TXA2 as TXA2 is rapidly
hydrolyzed to the inactive compound TXB2.
In a successfully collected microdialysis sample set, a total
of 9 vials of transudate samples are serially collected from
one surgical site and each vial contains approximately
200 lL transudate sample: 120 lL of the sample is assayed
to measure the level of PGE2; 60 lL of sample is assayed to
measure the level of TXB2 as it is usually detected at higher
concentrations than PGE2 and requires less sample volume
to stay within the recommended assay concentration range.
Therefore, all data used for PGE2 and TXB2 analysis originated from the same samples.

2.2. Microdialysis

2.3. Analysis of gene expression

Immediately after extraction of two lower third molars,
microdialysis probes (CMA/20 Microdialysis Probes, CMA/
Microdialysis, North Chelmsford, MA) were placed into both
surgical sites for collection of inﬂammatory transudate. The
probe ﬁber consists of a 10 mm ﬂexible, semipermeable dialysis
membrane with a 20,000 Da molecular cutoﬀ. Sterile Ringer’s
lactate solution is pumped at 10 lL/min and samples collected
in opaque vials placed extraorally for 3 h. The vials are changed every 20 min and each sample is assayed in duplicate by
enzyme immunoassay for immunoreactive PGE2 and throm-

Total RNA was isolated from frozen tissues using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) protocol. The
real-time PCR assays were performed in triplicate for each
sample in 96 subjects with eight diﬀerent sequence-speciﬁc
primer and TaqMan 6-FAM dye-labeled MGB probe sets
(Assay-on-Demand, Applied Biosystems, Foster City, CA,
USA). Seven primer and probe sets for genes encoding
enzymes related to PG production: COX-1 gene (PTGS1),
COX-2 gene (PTGS2), interleukin-1b gene (IL1B), cytosolic
PGE synthase gene (TEBP, also known as P23), microsomal

Fig. 1. Schematic of study timeline.
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PGE synthase-1 gene (PTGES), prostaglandin I2 (prostacyclin)
synthase (PTGIS) and thromboxane A synthase 1 (TBXAS1)
and one set for 18S rRNA as an endogenous control. Relative
quantitation of gene expression was determined by standard
2( DDCt) calculations (Livak and Schmittgen, 2001).
There are two transcriptional variants of thromboxane A
synthase: isoform I (TXS-I) and isoform II (TXS-II). TXS-I
is the full-length transcript; its encoded protein has thromboxane A synthase activity. However, TXS-II lacks 163 nucleotides between exon 12 and exon 13 of TBXAS1 which
encodes the heme binding site, and its protein product has a
distinct C-terminus due to a change in reading frame and does
not have thromboxane A synthase activity. Therefore, primers
for TBXAS1 were designed between exon 12 and exon 13 to
avoid nonspeciﬁc ampliﬁcation of TXS-II.
2.4. Statistical analysis
Data were analyzed with SPSS version 11.5 (SPSS Inc.,
Chicago, IL, USA) and statistical signiﬁcance was set at
p < .05. Statistical diﬀerences between treatment groups for
PGE2 and TXB2 levels were analyzed by use of repeated-measures ANOVA followed by a Tukey post hoc comparison. To
compare levels of gene expression at baseline prior to surgery
and either at 3 or at 24 h following surgery, a paired-samples
t-test was used. A sample size of 20 subjects per group for
analysis of PG release and gene expression was calculated on
the basis of previous studies that used the oral surgery model
(Gordon et al., 2002; Khan et al., 2002).

3. Results
3.1. PG measurements in microdialysis
We could not compare the PGE2 and TXB2 level
change to the baseline values since it was not possible
to collect microdialysis samples before tooth removal.
Hence, the ﬁrst evaluation of PGE2 and TXB2 levels
was at 20 min post-surgery when comparatively high
levels of both PGE2 and TXB2 levels were seen in placebo, acetaminophen, and rofecoxib groups compared to
placebo control (Figs. 2A and B). Ketorolac suppressed
both PGE2 and TXB2 levels to nearly unmeasurable levels through the 3 h microdialysis period.
In the placebo, acetaminophen, and rofecoxib groups,
PGE2 release at the site of injury in the placebo group
gradually decreased during the ﬁrst hour, and then
increased over time (Fig. 2A). PGE2 levels after ketorolac, rofecoxib and acetaminophen administration were
signiﬁcantly suppressed compared to placebo (p < .05).
Ketorolac suppressed PGE2 levels through the post-operative period; rofecoxib and acetaminophen had no eﬀects
on PGE2 levels at the earlier time points (<60 min) but suppressed PGE2 levels at the later time points (80–180 min;
p < .05). PGE2 suppression by acetaminophen was less
than ketorolac (p < .05) but comparable to rofecoxib.
TXB2 levels, used as a measure of COX-1 activity,
were maximal at 20 min following surgery in the

Fig. 2. Eﬀects of pretreatment with acetaminophen, ketorolac, rofecoxib or placebo on levels of immunoreactive (i.r.) PGE2 (A), TXB2 (B)
and pain intensity (C). (A) PGE2 levels; PGE2 suppression by
acetaminophen was less than ketorolac but comparable to rofecoxib.
*Ketorolac suppressed PGE levels through the post-operative period;
2
rofecoxib and acetaminophen had no eﬀects on PGE2 levels at the
earlier time points (<60 min) but suppressed PGE2 levels at the later
time points (80–180 min). (B) TXB2 levels; TXB2 was suppressed only
by *ketorolac. (C) Pain ratings. *Ketorolac group showed lower pain
intensity compared to placebo group after the local anesthetics oﬀset
while rofecoxib and acetaminophen groups rated the pain intensity in
between. LA: local anesthetics Error bars: standard error of means.

placebo, acetaminophen, and rofecoxib groups, then
gradually decreased during the 180 min after surgery
(Fig. 2B). Compared to placebo, TXB2 levels were signiﬁcantly suppressed only by ketorolac (p < .01). The
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eﬀects of rofecoxib and acetaminophen on TXB2 levels
did not diﬀer from that of placebo.

(58.1%), acetaminophen (57.5%), rofecoxib (50%) and
ketorolac (28.6%) group.

3.2. Clinical pain ratings

3.3. Expression of genes encoding enzymes related to PG
production

During the 3 h post-operative period, pain intensity
gradually increased in all four groups (Fig. 2C).
Remaining local anesthetic eﬀect started to wear oﬀ with
the change of lip numbness to a tingling sensation after
the surgery (mean 133.5 min; 95% CI, 126–141) and
patients requested medication (mean 146 min; 95% CI,
138–154). At 3 h following surgery, signiﬁcant diﬀerence
was found in pain intensity among four groups
(ANOVA, p = .047). Pain intensity at 3 h was higher
in placebo group (mean 43.6; 95% CI, 35.8–51.5)
compared to ketorolac group (mean 28.6; 95% CI,
20.3–36.8). The acetaminophen group (mean 38.9; 95%
CI, 32.2–40.2) and the rofecoxib group (mean 32.3,
95% CI, 19.1–45.4) rated their pain intensity in between.
However, the percentage of patients who took rescue
medicine was inversely related to pain at 3 h: placebo

No subjects were assigned to rofecoxib after it was
withdrawn, resulting in only nine biopsy samples at
3 h and 11 samples at 24 h. We ﬁrst analyzed gene
expression changes compared to baseline levels in the
pre-operative samples. Overall, changes in gene expression from baseline appear to represent the inﬂammatory
response and its modulation by drug administration. At
3 h following surgery, PTGS1 expression was slightly
decreased (p < .01) compared to pre-surgical levels in
all groups (non-signiﬁcantly for rofecoxib) while PTGS2
markedly increased (p < .01) in all groups (Fig. 3A).
PTGS2 expression remained elevated in the ketorolac
and acetaminophen groups at 24 h (Fig. 3B) but
decreased towards baseline expression in the rofecoxib
and placebo groups. PTGS1 expression remained

A

B

Fig. 3. Eﬀects of treatment with 1000 mg acetaminophen, 30 mg ketorolac or placebo on gene expression levels at 3 h (A) and at 24 h (B) following
surgery. *p < .01 compared to pre-surgical levels of each gene. Error bars: standard error of means.
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slightly below baseline at 24 h in the three drug groups
(Fig. 3B). IL1B expression was signiﬁcantly elevated in
all groups at 3 h (p < .01) but returned to pre-surgical
levels by 24 h. P23 and TBXAS1 expression increased
at 3 and 24 h (p < .01), but there was no diﬀerence in
the gene expression pattern among the treatment
groups. PTGES and PTGIS did not change appreciably
by 3 h, but PTGES was signiﬁcantly increased at 24 h in
all groups except for the rofecoxib group (p < .01).
Rofecoxib did not have a detectable eﬀect on PTGES
or PTGIS expression other than a signiﬁcant decrease
in PTGIS at 3 h.
Comparison of gene expression changes among treatment groups revealed that ketorolac induced signiﬁcantly higher expression of P23 and TBXAS1 than rofecoxib
at 3 h post-operatively (p < .05). The down-regulation in
PTGIS gene expression at 3 h by rofecoxib was also signiﬁcantly diﬀerent (p < .05) from the ketorolac eﬀect.
Gene expression among the drug treatments and placebo did not diﬀer for the other genes at 3 h or for any
of the genes at 24 h.
Total amount of rescue drug (tramadol) medication
in placebo group was signiﬁcantly (p < .05) greater
(mean 175.0 mg, 95% CI, 123.7–226.3) than in the ketorolac group (mean 108.8 mg, 95% CI, 66.9–150.7). Tramadol use was similar for the rofecoxib group (mean
113.6 mg, 95% CI, 97.9–129.3) and the acetaminophen
group (mean 115.6 mg, 95% CI, 67.3–164.0).
4. Discussion
The time course of PG production in this clinical
model of acute inﬂammation is consistent with early
synthesis by constitutive COX-1 followed by induction
of COX-2 leading to enhanced PG production (Gordon
et al., 2002; Khan et al., 2002). These observations are
supported by the time course of PG production in the
placebo group, reduced PGE2 and TXB2 levels by the
non-selective NSAID ketorolac and selective suppression of PGE2 but not TXB2 at later time points by rofecoxib. Acetaminophen suppressed PGE2 release at time
points associated with COX-2 activation similar to
rofecoxib without aﬀecting TXB2 release, used as a measure of COX-1 activity, or thromboxane A synthase
expression. This suggests that acetaminophen inhibits
COX-2 function in vivo and that its analgesic eﬀect, at
least in part, may be attributed to decreased peripheral
PGE2 release in addition to centrally mediated analgesic
eﬀects of acetaminophen (Bjornsson et al., 2003). It is
also suggested that the analgesic eﬀect of acetaminophen
is due to activation of descending serotonergic pathways
(Pelissier et al., 1996; Alloui et al., 2002; Chen and
Bazan, 2003), but that its primary site of action may still
be inhibition of PG synthesis (Muth-Selbach et al., 1999;
Botting and Ayoub, 2005). The action of acetaminophen
could be related to the production of reactive metabo-

lites by the peroxidase function of COX-2, which could
deplete glutathione, a cofactor of enzymes such as PGE
synthase (Bonnefont et al., 2003; Graham and Scott,
2005). Considering the similar behavior of acetaminophen and rofecoxib on PGE2 and TXB2 levels following
surgery, these data indicate that acetaminophen inﬂuences peripheral COX-2 function during acute inﬂammation similar to rofecoxib.
The eﬀects of the dual COX-1/-2 inhibitor ketorolac
on gene expression of PTGS1 and PTGS2 are similar
to a previous report (Khan et al. submitted) with elevated expression in biopsies collected in the immediate
post-operation and at 24 h. Similarly, acetaminophen
slightly decreased PTGS1 expression (p < .01) and
markedly increased PTGS2 (p < .01) at both 3 and
24 h. Rofecoxib induced similar changes in gene expression for PTGS1 at both 3 and 24 h, and for PTGS2 at
3 h. However, rofecoxib’s eﬀect on PTGS2 expression
was similar to placebo at 24 h in this study. A previous
study (Lee et al., 2006) showed that repeated rofecoxib
administration increased PTGS2 expression at 48 h
compared to placebo. The non-signiﬁcant eﬀect in the
present study may have been due to the small sample
size following rofecoxib’s withdrawal and 24 h that
elapsed from the pre-operative dose and biopsy without
any additional rofecoxib administration, only indicated
for one dose per 24 h. In general, these data suggest that
continued administration of COX inhibitory drugs
increases PTGS2 expression, possibly altering the analgesic and adverse eﬀects of these drugs over time. While
it is generally accepted that a single or repeated doses of
acetaminophen have no eﬀect on the cardiovascular or
respiratory system, platelet function or coagulation
(Brunton et al., 2006), the similarity of acetaminophen’s
actions on PTGS1 and PTGS2 to the eﬀects of rofecoxib
during acute inﬂammation is suggestive of the need for
further investigation.
An inducible form of PGE synthase, microsomal PGE
synthase-1 (mPGES-1), has been demonstrated in vitro
to be functionally coupled with COX-2 (Jakobsson
et al., 1999) and this coupling is crucial for the delayed
synthesis of PGE2 in response to proinﬂammatory
stimuli (Dieter et al., 2000; Murakami et al., 2000). In
contrast to mPGES-1, cytosolic PGE synthase (cPGES)
is functionally coupled with COX-1 (Tanioka et al.,
2000) and is responsible for basal synthesis of PGE2
and the immediate release of PGE2. However, expression
level of mPGES-1 gene (PTGES) in this study was not
changed while PTGS2 expression was signiﬁcantly
increased at early time point, but was signiﬁcantly
increased at later time point except for the rofecoxib
group. Conversely, expression level of cPGES gene
(P23) was signiﬁcantly increased at early time point
and even more at later time point except for the rofecoxib
group. This ﬁnding suggests that the COX-1-cPGES
coupling may be crucial for the immediate early synthesis
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of PG while the COX-2-mPGES-1 coupling may account
for the delayed synthesis of PG in response to inﬂammatory stimuli.
COX-1 and COX-2 have a common function, at least
in part (Breder et al., 1995; Wilborn et al., 1995; Diaz
et al., 1998), to produce PGE2. The increase in COX-2
activity and PTGS2 expression after the surgical injury
was paralleled by a decrease of PTGS1 expression. In
general, increased gene expression in response to pharmacologic inhibition of the encoding enzymes is consistent with an inverse relationship between the product of
enzymatic activity and the expression level of the encoding genes. While there are other mechanisms interacting
molecularly with the COX-2 pathway such as iNOS
(Kim et al., 2005), the reciprocal relationship between
COX-1 and COX-2 gene expression may be modulated
by inhibition of their activity by administration of
COX inhibitory drugs.
Surgical injury increases the expression of the inducer
of COX-2, IL1B. At both early and later time points,
IL1B expression showed a signiﬁcant positive correlation with PTGS2 expression (data not shown), suggesting that IL-1b is the inducer of COX-2 upregulation not
only at central sites (Samad et al., 2001) but also in the
periphery.
Although TXB2 levels gradually decreased in the
placebo group during the 3 h after surgery, expression
level of thromboxane A synthase 1 gene (TBXAS1)
was signiﬁcantly increased at 3 h and even more in the
24 h biopsy. The arachidonic acid endogenously
released via phospholipase catalyses is usually less than
1 lM (Shitashige et al., 1998; Chen et al., 1999) and its
intracellular concentration is limited. Therefore, lower
expression of TBXAS1 may be due to the lack of
arachidonic acid as inﬂammatory cascade progresses in
addition to the decreased expression of COX-1 as
demonstrated in the 3 h biopsies.
Pain intensity induced by the surgery during the ﬁrst
3 h period increased gradually in all four groups as the
eﬀects of the local anesthetics dissipated. The pain rating
at 3 h after surgery was minimally confounded by the
residual local anesthetic eﬀects and demonstrated diﬀerence between ketorolac and placebo groups in pain
intensity. Ketorolac suppressed both TXB2, a product
of COX-1, and PGE2, produced by both COX-1 and
COX-2 coincident with lower levels of pain as the local
anesthetic wore oﬀ and the underlying inﬂammatory
pain was being reﬂected in the pain reported by subjects.
Considering the mean of the onset time of the post-operative pain was 146 min, it is not surprising that the eﬀects
of medication on pain intensity during most of the 3 h
period are not consistent with the level of PGE2 at the
surgery site. Over the last two observations taken after
the anesthetics oﬀset, acetaminophen reduced PGE2 level
as much as rofecoxib and had a similar eﬀect on pain,
although both were well diﬀerentiated from placebo.
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Because we used standard 2( DDCt) calculations for
the relative quantitation compared to 18S rRNA, our
result suggests that gene expression at the surgery site
changes regardless of increasing cell numbers or inﬁltration of speciﬁc cell types. As gene expression prior to
surgery was compared to that after surgery, inﬁltration
of inﬂammatory cells could contribute to the increased
expression of PTGS2. However, some patients showing
decreased expression of PTGS2 following surgery which
indicated there must be other factors contributing to
PTGS2 expression. Here, we can only say the expression
pattern changed following surgery and medication but
we cannot say how much inﬁltrated inﬂammatory cells
contribute to this change.
Peripheral PG release and related changes in gene
expressions cannot fully explain diversity of clinical
responses to analgesic medications as acetaminophen
(Bonnefont et al., 2003; Altman, 2004), NSAIDs
(Bjorkman, 1995) and selective COX-2 inhibitors (Ibuki
et al., 2003; Muller et al., 2004) which also have central
eﬀects. Conversely, peripherally mediated eﬀects by
NSAIDs and coxibs on both COX-dependent and
COX-independent pathways may provide an alternative
explanation for adverse eﬀects associated with these
drug classes. Tissue inhibitor of metalloproteinase
(TIMP) level, for example, is signiﬁcantly associated
with myocardial infarction (Cavusoglu et al., 2006)
and rofecoxib alters the expression of matrix metalloproteinase pathway genes including TIMP (Wang
et al., 2006). Further studies are necessary to investigate
the eﬀect of long-term administration of acetaminophen
on PG release and PTGS2 expression and determine
whether inhibition of COX-2 function by acetaminophen results in similar eﬀects that are attributed to
COX-2 inhibition by NSAIDs and coxibs (Kearney
et al., 2006).
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