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Abstract

Common cyclooxygenase (COX)-inhibiting drugs enhance resistance exercise induced muscle mass and strength gains in older individuals. The 
purpose of this investigation was to determine whether the underlying mechanism regulating this effect was specific to Type I or Type II muscle 
fibers, which have different contractile and metabolic profiles. Muscle biopsies (vastus lateralis) were obtained before and after 12 weeks of 
knee-extensor resistance exercise (3 days/week) from healthy older men who consumed either a placebo (n = 8; 64 ± 2 years) or COX inhibitor 
(acetaminophen, 4 gram/day; n = 7; 64 ± 1 years) in double-blind fashion. Muscle samples were examined for Type I and II fiber cross-sectional 
area, capillarization, and metabolic enzyme activities (glycogen phosphorylase, citrate synthase, β-hydroxyacyl-CoA-dehydrogenase). Type I 
fiber size did not change with training in the placebo group (304 ± 590 μm2) but increased 28% in the COX inhibitor group (1,388 ± 760 μm2, p 
< .1). Type II fiber size increased 26% in the placebo group (1,432 ± 499 μm2, p < .05) and 37% in the COX inhibitor group (1,825 ± 400 μm2, 
p < .05). Muscle capillarization and enzyme activity were generally maintained in the placebo group. However, capillary to fiber ratio increased 
24% (p < .1) and citrate synthase activity increased 18% (p < .05) in the COX inhibitor group. COX inhibitor consumption during resistance 
exercise in older individuals enhances myocellular growth, and this effect is more pronounced in Type I muscle fibers.
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Daily cyclooxygenase (COX) inhibitor consumption enhances the 
gains in muscle mass and strength obtained during 12 weeks of resist-
ance exercise in older individuals (1). Subsequent studies have started 
to delineate the underlying mechanism for this effect, which appears 
to be related to the prostaglandin/COX pathway effects on cellular 
regulators of protein synthesis and degradation (2–4). However, it is 
unclear whether this mechanism regulates myocellular metabolism and 
adaptations differently between slow (Type I) and fast (Type II) muscle 
fibers. Indeed, slow and fast muscle-specific regulation of prostaglan-
din production, and the associated protein metabolism response, has 
been shown in animals (5,6). Recent evidence also suggests that human 
Type I and Type II muscle fibers have different levels of the PGE2/COX 
pathway enzymes and receptors (7). Thus, an orally consumed prosta-
glandin/COX inhibitor may differentially influence the exercise train-
ing adaptations in Type I and Type II muscle fibers in humans.

A muscle fiber type–specific COX inhibitor effect on exercise train-
ing adaptations could be important, considering the substantial differ-
ences in the contractile function and metabolic profile of Type I and 
Type II muscle fibers (8–11). Type I fibers have a greater mitochondrial 
capacity and capillary blood supply (8,9), and a COX inhibitor effect 
specific to this fiber type may be beneficial for the reduced skeletal mus-
cle endurance and increased fatigability associated with sarcopenia (12). 
Conversely, Type II fibers produce substantially more power than Type 
I fibers (10,11), and a Type II fiber type–specific effect may be beneficial 
for targeting a key component of sarcopenia, the loss of skeletal muscle 
strength and power (12). Of course, enhancement of myocellular adap-
tations in a nonfiber type–specific manner could be beneficial for both 
skeletal muscle metabolism and contractile performance.

The purpose of the current investigation was to examine whether 
the previously reported COX inhibitor enhancement of whole 
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muscle growth in response to resistance training in older individuals 
(1) was targeted to Type I or Type II muscle fibers. Based on the exist-
ing human and animal data related to the PGE2/COX pathway and 
the mixed fiber type distribution in human muscle, we hypothesized 
that the COX inhibitor would influence the hypertrophic adapta-
tions to resistance training in both fiber types, with a preferential 
impact on the Type I  muscle fibers. A  secondary purpose was to 
determine whether the COX inhibitor effects on muscle also influ-
enced the capillary or the metabolic enzyme adaptations to resist-
ance exercise training.

Materials and Methods

Overall Study Design and Subject Characteristics
This study was a randomized, placebo-controlled, double-blind, 
12-week investigation that examined a subset of male participants 
from a previous investigation (1). During the 12 weeks, participants 
completed a progressive resistance training program of the knee-
extensor muscles three times per week and consumed a placebo 
(n = 8; 64 ± 2 years, range: 60–73 years) or COX inhibitor (aceta-
minophen 4 g/day; n = 7; 64 ± 1 years, range: 60–70 years). After 
approval by the Institutional Review Board, all study procedures, 
risks, and benefits were explained to the participants before giving 
written consent to participate. Methodological details and related 
findings from the larger study have been presented previously (1), 
and relevant details are replicated later in this article. Other skeletal 
muscle and tendon related findings have also been published on this 
cohort (4,13).

Screening and Exclusion Criteria
Participants completed a medical screening exam, which included 
routine blood and urine clinical chemistries, a resting and exercise 
electrocardiogram, and a detailed health and exercise history ques-
tionnaire. Participants were excluded if they had any cardiac, ortho-
pedic, or neuromuscular conditions that would preclude them from 
participating in a resistance exercise training program, abnormal 
blood or urine chemistries, arthritis, diabetes, uncontrolled hyper-
tension, or any condition that would be a contraindication to taking 
acetaminophen for 3  months, if they were chronically consuming 
any prescription or nonprescription COX-inhibiting drugs, if they 
were involved in any formal aerobic or resistance exercise training 
program, if they smoked, or if they were younger than 60 or older 
than 85 years of age.

Resistance Exercise Training Protocol
All participants completed a progressive resistance exercise training 
program of bilateral knee extension that was designed to hypertro-
phy and strengthen the m. quadriceps femoris (14–16), using a pro-
tocol employed for several previous investigations in our laboratory 
(16). Each participant was scheduled for resistance training three 
times per week over the 12 weeks for a total of 36 sessions on an iso-
tonic knee extension device (Cybex Eagle, Medway, MA). All sessions 
were supervised by a member of the research team. Each session was 
separated by at least 1 day and consisted of 5 minutes of light cycling 
(828E, Monark Exercise AB, Vansbro, Sweden), two sets of five knee 
extensions at a light weight, followed by three sets of 10 repetitions 
with 2 minutes of rest between sets. Training intensity was based 
on each individual’s one repetition maximum (1RM) and adjusted 
during the training based on each individual’s training session per-
formance and biweekly 1RM. Compliance to the resistance train-
ing program was excellent, with all individuals completing 100% of 

their scheduled training sessions (1). In addition, training intensity 
(%1RM) and training load were similar between both groups (1).

COX Inhibitor Consumption
The COX inhibitor was administered in double-blind, placebo-con-
trolled fashion, as we have previously described (17,18), in three 
doses/day (~8 AM, ~2 PM, ~8 PM) corresponding to the maximal 
over-the-counter daily dose (Acetaminophen: 1,500 mg, 1,500 mg, 
1,000 mg, 4,000 mg total). The placebo group was given an identical 
number of pills/dose (three), which were indistinguishable from the 
drug doses. Each participant was given their doses in weekly batches 
(21 doses) in pillboxes labeled with the date and consumption time. 
At the end of each week, participants were asked to return all of the 
pillboxes. Subjects were instructed to not consume any other COX-
inhibiting drugs outside of the study.

Compliance with the requested drug consumption was completed 
in two ways, direct and indirect. Direct compliance was determined by 
a member of the research team watching the participants consume their 
dose in person while at their scheduled training session (3 doses/week) 
or by personal digital video (18 doses/week), as previously described 
(17). Each participant was provided a small camera that allowed them 
to video record, by virtue of a rotating lens feature, the consumption 
of each dose. Each video was automatically time and date stamped, 
downloaded to a laboratory computer, and watched by a research 
team member to confirm dose consumption. Indirect compliance was 
monitored by counting the number of pills remaining in the pillboxes 
returned by the participants each week. Overall compliance was nearly 
100% for both groups, as previously presented and discussed (1).

Potential side effects of drug consumption were monitored via 
monthly blood draws for renal (creatinine), hepatic (alanine ami-
notransferase), and hematologic (hematocrit) measures. There were 
no measured changes in these markers during the 12 weeks, as previ-
ously presented (1).

Muscle Volume and Muscle Strength
Knee extensor (m. quadriceps femoris) muscle volume was measured 
with MRI before and at the end of the 12-week period as we have pre-
viously described in detail for sarcopenia studies of aging and chronic 
bed rest (19,20). Subjects rested in the supine horizontal position for 1 
hour prior to scanning to prevent the influence of fluid shifts on mus-
cle volume (21). No exercise or strenuous activity was allowed within 
24 hours of scanning, which was completed at the same time of day 
for each participant using a non-metallic foot restraint to control joint 
angle (muscle length) and leg compression. Imaging was completed 
in a 1.5T scanner (Genesis Signa, GE Medical Systems, Milwaukee, 
WI) using serial interleaved images 8-mm thick (TR: 2,000 ms, TE: 
9.0 ms, 512 × 512 matrix, field of view: 480 × 480 mm). MR images 
were transferred electronically from the scanner to a personal com-
puter (iMac G5) at the Human Performance Laboratory and analyzed 
with NIH Image software (Image J, version 1.34h) using manual plan-
imetry. A detailed description of the manual planimetry measurements 
and associated variability has been presented previously (19,20). The 
cross sectional area (CSA; cm2) of the muscle(s) of interest in a given 
slice was determined and the muscle volume (cm3) was calculated by 
multiplying the CSA by the slice thickness. The right limb of each 
participant was used for all measurements. Measurements were com-
pleted by the same investigator in blinded fashion.

Muscle strength was measured thrice prior to training and twice 
during the final week of the 12-week training period by determining 
the maximum amount of weight each participant could lift through 
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a full range of motion one time (ie, 1RM) on the resistance exercise 
training device (16). The highest weight lifted before and at the end 
of the 12 weeks was considered the pre- and posttraining 1RM.

Muscle Biopsy
Subjects underwent a muscle biopsy (22) of the m. vastus lateralis 
before and at the end of the resistance training and drug intervention 
in the basal state (ie, no testing or training was completed for 3 days 
prior to each biopsy). Biopsies were obtained in the early morning (~7 
AM) after at least 30 minutes of supine rest and after an overnight 
fast of ~12 hours, as previously described (1). Following the biopsy, 
a portion of the muscle to be used for muscle fiber size and capil-
larization measurements was oriented longitudinally in a mounting 
medium (tragacanth gum, Sigma, St. Louis, MO) atop a cork, frozen 
in isopentane cooled in liquid nitrogen, and subsequently stored in 
liquid nitrogen until analysis. A portion of the muscle to be used for 
enzyme analysis was immediately frozen and stored in liquid nitrogen 
until analysis. Analyses were completed on 14 individuals (minus one 
participant from the COX inhibitor group) for muscle fiber size and 
capillarization and on all 15 individuals for enzyme activities.

Muscle Fiber Size, Fiber Type, and Capillarity
For each biopsy sample, transverse sections (10 µm) for histochemical 
analysis were cut on a microtome-cryostat (HM 525, Microm, Walldorf, 
Germany) at −20°C. Separate serial sections were cut for adenosine 
triphosphatase (ATPase) (fiber type and size), reduced nicotinamide ade-
nine dinucleotide (NADH) (fiber size), and periodic acid-Schiff (capillarity) 
staining. ATPase staining was completed with a 5-minute preincubation 
at pH 4.3 (~22°C), followed by a 45-minute incubation at pH 9.4 (37°C) 
(23). NADH staining was completed with a 30-minute incubation (37°C) 
in a tetrazolium salt (nitro-blue) and NADH (24). Capillary staining was 
completed with a 5-minute fixation in Carnoy’s, followed by a 30-minute 
incubation (37°C) in 1% amylase, and then periodic acid-Schiff staining 
(25). Section images were captured with a microscope (BX51, Olympus, 
Tokyo, Japan) and camera (DP30BW or DP26, Olympus) interfaced to 
a computer with specialized software (MicroSuite Biological Software 
Suite, Olympus). Images were calibrated with a micrometer calibration 
slide and analyzed on a Macintosh computer with NIH ImageJ (1.46) 
software. All images for a given section were stitched together to recreate 
the complete section, which allowed for muscle fibers from each stain to 
be annotated and crossreferenced for comparison as needed.

Muscle fiber CSA was determined on 50 Type I and 50 Type II fibers 
from an artifact-free region of both the ATPase and NADH stained sec-
tions. The ATPase and NADH staining methods were both used for fiber 
size determination to provide independent assessments of this primary 
outcome measure, as the chemistries associated with staining can dif-
ferentially influence fiber size. Fiber type of the fibers analyzed for both 
stains was taken from the ATPase stain, based on the nomenclature of 
Brooke and Kaiser (26). Type II fibers were not categorized into subtypes. 
Fibers were circumscribed by the same investigator in triplicate, and the 
average coefficient of variation for the triplicate measurements of both 
fiber types on both stains was less than 1.8%. As expected, fiber areas 
with NADH staining were somewhat larger (~8%) than those obtained 
with ATPase staining. However, the absolute and relative fiber size 
changes with the exercise and drug intervention were similar between 
the two staining methods. Thus, the two methods confirmed each other, 
and the ATPase data were used to represent the responses of the groups.

Capillary density and capillary to fiber ratio were determined on 
four separate 300  µm2 artifact-free regions. Capillary density was 
calculated as the number of capillaries in this defined area (capil-
laries/mm2). Capillary to fiber ratio was calculated as the number 

of capillaries divided by the number of muscle fibers in this defined 
area. Muscle fiber type–specific capillarization was determined by 
counting the number of capillaries in contact with each fiber used for 
Type I and Type II muscle fiber size analysis, which also allowed for 
the normalization to CSA (capillaries/µm2 × 10−3, where 1.0 would 
represent 1 capillary per 1,000 µm2 of fiber area). All capillary meas-
urements were completed by two independent investigators and 
averaged to represent each sample. Collectively, these different meth-
odological approaches provide a comprehensive view of muscle cap-
illarization that no one method can capture alone (9,27–30).

Muscle Enzyme Activity
Glycolytic and oxidative enzyme activities were determined from 
a ~10-mg portion of each muscle biopsy. Muscle samples were 
weighed at −25°C (Cahn C-35; Orion Research, Beverly, MA) and 
homogenized using a motorized ground-glass homogenizer (Duall; 
Kimble Chase, Vineland, NJ) in 100 volumes of cold buffer (20 mM 
K2HPO4, 5 mM 2-mercaptoethanol, 0.5 mM ethylenediaminetet-
raacetic acid (EDTA), 0.02% bovine serum albumin (BSA), 50% 
glycerol, pH 7.4). Glycogen phosphorylase activity was determined 
fluorometrically from the production of reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) (8). Citrate synthase activ-
ity was determined spectrophotometrically through the reduction of 
DTNB (5,5′-dithiobis-2-nitrobenzoate) by the release of CoA-SH in 
the cleaving of acetyl-CoA (31). β-hydroxyacyl-CoA dehydrogenase 
(β-HAD) was determined fluorometrically from the appearance of 
NAD+ (32). All assays were determined in triplicate for each sample.

Statistical Analysis
Pre- to postresistance training and drug intervention, as well as 
group comparisons, were analyzed with a t test and corrected for 
multiple comparisons using the Bonferroni correction, when appro-
priate. Data are presented as means ± SE.

Results

Quadriceps muscle size and strength were similar between the pla-
cebo (1,048 ± 88 cm3, 89.8 ± 4.1 kg) and COX inhibitor (1,033 ± 51 cm3, 
86.3 ± 5.8 kg) groups at the beginning of the resistance training and 
drug interventions. These data and the response over the 12 weeks have 
been presented for the larger cohort in detail previously (1). Muscle 
fiber size changes in the two groups corresponded with the difference 
in quadriceps muscle size changes over the 12 weeks (Figure 1). In the 
placebo group, Type I muscle fiber size did not increase (Pre: 5,856 ± 223, 
Post: 6,160 ± 625 μm2), whereas Type II fiber size increased 26% (Pre: 
5,567 ± 525, Post: 6,999 ± 735 μm2; p < .05) over the 12 weeks of training. In 
the COX inhibitor group, Type I (Pre: 5,128 ± 318, Post: 6,517 ± 788 μm2; 
p < .1) and Type II (Pre: 5,037 ± 517, Post: 6,862 ± 723 μm2; p < .05) mus-
cle fiber size increased 28% and 37%, respectively (Figure 1).

Muscle fiber type–independent and fiber type–specific capillary 
changes over the 12 weeks are presented in Figure 2. Capillary den-
sity was maintained over the 12 weeks in the placebo (Pre: 337 ± 19, 
Post: 320 ± 19 capillaries/mm2) and COX inhibitor (Pre: 330 ± 17, 
Post: 305 ± 14 capillaries/mm2) groups. Capillary to fiber ratio was 
also unchanged in the placebo group (Pre: 2.1 ± 0.2, Post: 2.1 ± 0.2), 
whereas it increased in the COX inhibitor group (Pre: 1.7 ± 0.2, Post: 
2.0 ± 0.2; p < .1). The number of capillaries in contact with each fiber 
averaged 4.9 ± 0.2 for Type I fibers and 4.1 ± 0.2 for Type II fibers (p 
< .05) across both groups. Capillary changes generally reflected the 
change in fiber size over the 12 weeks when the number of capillaries 
in contact with each fiber was normalized to fiber CSA for the Type 
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I  (Pre: 0.90 ± 0.05, Post: 0.89 ± 0.06 capillaries/µm2 × 10−3) and Type 
II (Pre: 0.81 ± 0.07, Post: 0.68 ± 0.07 capillaries/µm2 × 10-3; p < .05)  

fibers in the placebo group. This response also held for the Type 
I (Pre: 0.91 ± 0.06, Post: 0.78 ± 0.06 capillaries/µm2 × 10−3) and Type II 
(0.76 ± 0.06, Post: 0.65 ± 0.03 capillaries/µm2 × 10−3; p < .1) fibers in the 
COX inhibitor group.

Glycogen phosphorylase (Pre: 29.8 ± 3.5, Post: 31.9 ± 1.5  µmol/
min/g), citrate synthase (Pre: 22.6 ± 1.9, Post: 21.3 ± 1.0 µmol/min/g), and 
β-HAD (Pre: 26.9 ± 0.9, Post: 26.2 ± 1.0 µmol/min/g) enzyme activity lev-
els were maintained over the 12 weeks in the placebo group (Figure 3). In 
the COX inhibitor group, glycogen phosphorylase (Pre: 32.4 ± 2.4, Post: 
33.9 ± 1.7 µmol/min/g) and β-HAD (Pre: 22.7 ± 1.3, Post: 23.3 ± 1.5 µmol/
min/g) were maintained, whereas citrate synthase (Pre: 15.9 ± 0.9, Post: 
18.6 ± 0.8 µmol/min/g; p < .05) increased over the 12 weeks (Figure 3).

Discussion

The goal of this investigation was to gain a better understanding of the 
COX inhibitor effects on human skeletal muscle adaptations to exer-
cise at the muscle fiber level. In general, the COX inhibitor enhance-
ment of whole muscle growth was reflected at the myocellular level. 
The Type I and Type II muscle fiber size responses in the placebo group 
suggest that their whole muscle growth of 8% was supported primar-
ily by the 26% growth of the Type II fibers. This Type II hypertrophy 
response to resistance exercise is in agreement with previous studies 
(33–36), but other myofiber responses have been observed (15,37–
39). In contrast to the placebo group, the 13% whole muscle growth 
in the COX inhibitor group was driven by the 37% hypertrophy of 
the Type II fibers, as well as the 28% hypertrophy of the Type I fibers. 
Evidence from the larger cohort suggests that the augmented mus-
cle growth was primarily mediated by a reduction in intramuscular 
PGE2 and resultant PGE2 receptor downstream signaling effects (2–4). 
Specifically, the COX inhibitor appeared to reduce the negative effects 
of PGE2 on protein synthesis and degradation, working through estab-
lished myokines and other cellular regulators of protein turnover (2–
4). The myocellular findings from the current study suggest that these 
effects were more pronounced in the Type I fibers, possibly due to a 
more active PGE2/COX pathway in this fiber type.

Greater PGE2/COX pathway activity could be the result of increased 
arachidonic acid availability, increased PGE2-producing enzyme activ-
ity, increased PGE2 receptor density and downstream signaling, or a 
combination of these factors. A more active pathway in the Type I fib-
ers from the current study is consistent with some animal data from 

Figure  2. Change in fiber type–independent (top) and fiber type–specific 
(bottom) muscle capillarization from the beginning to the end of the 12-week 
resistance exercise training and drug interventions. CCEF = capillaries in contact 
with each fiber; CSA = cross-sectional area. *p < .05 vs pre. **p < .1 vs pre.

Figure 3. Change in glycolytic and oxidative muscle enzyme activities from 
the beginning to the end of the 12-week resistance exercise training and drug 
interventions. β-HAD = β-hydroxyacyl-CoA dehydrogenase. *p < .05 vs pre.

Figure 1. Change in Type I and Type II muscle fiber size (left) and quadriceps 
muscle size (MRI determined volume) (right) from the beginning to the 
end of the 12-week resistance exercise training and drug interventions. 
The quadriceps muscle size data have been presented for the larger cohort 
previously (1). *p < .05 vs pre. **p < .1 vs pre. †p < .05 vs placebo.
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prostaglandin/COX pathway studies of isolated slow and fast muscles 
(5,6). When incubated with the same dose of arachidonic acid, the 
lipid substrate for the COX enzyme, PGE2 production in mice (6) and 
PGE2 stimulation of protein degradation in rats (5) have been shown to 
be ~100% higher in the slow soleus compared with the fast extensor 
digitorum longus. In addition, recent studies of human skeletal muscle 
show that the predominately Type I soleus has an increased capacity 
to produce PGE2 due to higher levels of COX-1 and PGE2 synthase 
enzymes (7). PGE2 receptor levels also appear to be fiber type specific 
(7), although it is unclear which of the four PGE2 receptor subtypes are 
associated with the previously described PGE2 effects on skeletal muscle 
adaptations.

Prostaglandins produced in muscle fibers work locally in an 
autocrine and paracrine fashion. Given the interspersed Type I and II 
muscle fiber distribution and shared interstitial space in most human 
skeletal muscles, including the vastus lateralis studied in the current 
investigation, prostaglandin crosstalk between fiber types is a pos-
sibility. In support of this concept, the average Type II fiber growth 
in the COX inhibitor group was 27% more than that in the placebo 
group, albeit nonsignificant. This effect could have been the result of 
crosstalk from the Type I fibers or a direct COX inhibitor effect on 
these fibers, as Type II fibers in both animals and humans have an 
active prostaglandin/COX pathway (5–7). Nonetheless, it appears 
that the PGE2/COX pathway is more active and that the resultant 
effects of COX inhibition are greater in Type I fibers of humans.

Evidence from the larger cohort also suggested an additional mech-
anism for the COX inhibitor–induced supplemental growth, work-
ing through PGF2α receptor and protein synthesis upregulation (3,4). 
Although speculative, it is possible that this effect was more pronounced 
in the Type I fibers in the current investigation. However, animal data are 
equivocal on differences in slow and fast muscle regulation of protein 
synthesis by PGF2α (40). Unfortunately, to our knowledge, there is no 
other available information on potential fiber type–specific differences in 
the prostaglandin/COX pathway as it relates to PGF2α in humans.

The capillary responses of the placebo group (Figure 2) suggest that 
the addition of new capillaries to the muscle did not occur as a result of 
the resistance exercise program. Considering increases in muscle capil-
larization are typically associated with endurance exercise (9,28,29), the 
placebo group response is not surprising given the anaerobic and rela-
tively brief nature of the exercise stimulus. However, depending on the 
parameter measured, some studies of resistance exercise in older individu-
als have shown an increase in muscle capillarization (30,35,41), whereas 
others have not (35,42). Collectively, these studies generally show that 
an increase in intramuscular capillarization is associated with myofiber 
hypertrophy. This response is consistent with the presumption that the 
diffusion distance for oxygen and nutrient supply to the muscle is linked 
with angiogenesis, although these factors likely play a much bigger role in 
endurance exercise capillary adaptations. The 24% increase in the capil-
lary to fiber ratio and the additional increase in muscle fiber area support 
the idea that myofiber hypertrophy was involved in the increased capil-
larization in the COX inhibitor group. However, it cannot be ruled out 
that the COX inhibitor had a direct effect on capillary development. It is 
known that prostaglandins are involved in the regulation of skeletal mus-
cle blood flow (43–45) and angiogenesis in other tissues (46). It is unclear 
what involvement, if any, the mechanisms related to these effects had in 
regulating the responses observed in the current study.

The metabolic enzyme activities also appeared to respond to the 
12-week interventions based on the resistance exercise stimulus and 
the amount of myofiber growth. Although increases in glycogen phos-
phorylase might be expected given the glycolytic nature of the high-
intensity resistance exercise (47–49), increases in oxidative enzymes have 
been observed with resistance exercise in older individuals (41). This 

adaptation may reflect the relatively untrained and sarcopenic condition 
of older muscle. Nonetheless, the placebo group maintained pretrain-
ing glycolytic and oxidative enzyme activity levels per unit muscle mass, 
suggesting a proportional change in these metabolic pathways equal to 
muscle fiber growth. This response was also seen for phosphorylase and 
β-HAD activities in the COX inhibitor group. The increase in citrate syn-
thase activity in this group likely reflects the substantially greater growth 
of their Type I fibers (8,50). The maintenance or increase in the levels 
of enzymes found in the cytosol and mitochondria, along with the pro-
portional increase in muscle strength and muscle mass (1), suggests that 
prostaglandins regulate protein turnover of the three main protein pools 
(sarcoplasmic, mitochondrial, and myofibrillar) in human skeletal muscle.

The current findings build on the previous data from this aging 
cohort examining the skeletal muscle effects of consuming common, 
over-the-counter COX inhibitors during resistance exercise. A poten-
tial mechanism and numerous cellular responses have been described 
to better understand the prostaglandin regulation of muscle mass and 
adaptations to exercise. In the context of aging, these data are important 
for our understanding and treatment of sarcopenia, which is associated 
with a myriad of negative health consequences (12). More data on dif-
ferent aged cohorts, different COX inhibitors and doses, different dura-
tion resistance training regimens, and other training modes are needed.
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