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Abstract Matrix metalloproteases (MMPs) in the circu-
lation are thought to modulate the activation of growth
factors, cytokines, and angiogenesis, facilitating physio-
logical adaptations to exercise training. The purpose of
this work was to characterize serum MMP-1, MMP-2,
MMP-3, and MMP-9 concentrations pre- and post-eight
weeks of exercise training. We tested the hypothesis that
exercise training would inXuence serum MMP concentra-
tions in response to an acute resistance exercise test
(ARET). Participants were randomized into an 8-week
training program (5 days per week) that emphasized call-
isthenic (CT, N = 8) or resistance (RT, N = 8) exercise.
Serum MMP concentrations (MMP-1, -2, -3, -9) were
assessed in men (N = 16) in response to an acute bout of
high-intensity resistance exercise (six sets of 10-RM
squats with 2-min inter-set rest periods) both before and
after 8 weeks of training. Training resulted in a temporal
shift in the peak MMP-1 concentration from post-ARET
to mid-ARET in both groups. Post-training, MMP-9 con-
centrations were increased immediately after the ARET
in the CT group as compared to pre-training ARET con-
centrations. RT did not alter MMP-3 and -9 concentra-
tions. These data suggest that the mode of exercise

training inXuences the MMP response to an acute bout of
exercise, revealing a possible role of MMPs in initiating
training-speciWc adaptations.

Keywords Performance · Aerobic exercise · Adaptation · 
Resistance training

Introduction

The matrix metalloprotease (MMP) family of enzymes con-
tribute to both normal and pathological tissue remodeling.
Each MMP targets a speciWc substrate, thus, the appropriate
MMP must be released in a time- and location-speciWc
manner to orchestrate membrane remodeling and adapta-
tion. Of the MMPs that have been characterized thus far,
MMP-1 (Collagenase 1), MMP-2 (Gelatinase A), MMP-3
(Stromelysin 1), and MMP-9 (Gelatinase B) play critical
roles in cleaving muscle-speciWc proteins and assisting in
extracellular matrix formation, remodeling, and regenera-
tion in skeletal and cardiac muscle, as well as the surround-
ing vasculature (Carmeli et al. 2005; Hashimoto et al. 2002;
Kjaer 2004; Ribbens et al. 2002; Rullman et al. 2007; Visse
and Nagase 2003; Woessner 1991).

Certain stimuli, particularly those that induce high levels
of mechanical stress such as eccentric (Heinemeier et al.
2007; Koskinen et al. 2001) or high-impact exercise
(Carmeli et al. 2005, 2007; Rullman et al. 2007) activate
the local production of MMPs in skeletal muscle. It is gen-
erally accepted that MMPs function in skeletal muscle to
process extracellular matrix (ECM) proteins, assisting in
matrix degradation and repair, while those released into the
circulation facilitate angiogenesis (Giannelli et al. 2005;
Kjaer 2004; Suhr et al. 2007). MMPs in the circulation are
also thought to modulate the activation of growth factors
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and cytokines through degradation of their precursors,
binding proteins, and inhibitors (Hashimoto et al. 2002;
Nakamura et al. 2005).

Although investigators have explored the eVects of an
acute bout of exercise on MMP concentrations in skeletal
muscle (Carmeli et al. 2005; Rullman et al. 2007) and
plasma (Saenz et al. 2006; Tayebjee et al. 2005), the eVects
of exercise training on circulating MMP concentrations
have not been elucidated. Since serum concentrations of
MMPs are reported to peak within a relatively short time
period following a single bout of exercise, it is possible that
post-training serum concentrations of MMPs represent the
eVects of repeated bouts of exercise that have initiated
adaptive responses in skeletal muscle. To this end, it is not
known whether diVerent exercise training programs, to
include one that incorporates machine-based resistance
exercises and one composed of aerobic and bodyweight
exercises such as pull-ups, push-ups and sit-ups, promote
diVerent MMP responses. Such information would be valu-
able in understanding whether the type of exercise and the
speciWc MMP response plays a role in mediating physio-
logical adaptations to exercise training. Additionally, previ-
ous investigations have only focused on one or two MMPs,
and the eVects of exercise on circulating concentrations of
the various MMPs have not been elucidated.

Therefore, the primary objective of this study was to
characterize serum MMP-1, MMP-2, MMP-3, and MMP-9
concentrations pre- and post-eight weeks of exercise train-
ing. To maximize the practical application of our exercise
model, a second objective of this study was to examine the
eVects of two diVerent exercise training programs on serum
concentrations of the MMPs: a callisthenic-based training
program (CT) that emphasized bodyweight exercises, or a
resistance training program (RT) that emphasized high-
intensity training with free-weights and machines with the
thought that high force exercises in the RT group might
enhance serum concentrations of speciWc MMPs. We
hypothesized that exercise training would inXuence serum
basal MMP concentrations suggesting their role in mediat-
ing adaptations to exercise stress.

Materials and methods

Subjects

All methods were reviewed and approved by the Human
Use Review Committee of the U.S. Army Research Insti-
tute of Environmental Medicine before the start of the
study. Similar to Harman et al. (2008) entering Cohen’s
tables with the SDs of the tests employed, the desired eVect
size of 1 SD, a power of 0.80, and a two-tailed � of 0.05, it
was determined that the needed sample size was 15 per

group. Twenty-one untrained men (non-military, 19–35
years) per group were initially recruited to account for
attrition. Sixteen men completed the study. Participants had
all experimental methods explained to them, and partici-
pated in this experiment after giving their free and volun-
tary informed consent. Subjects were recreationally active,
deWned as participating in less than 3 h of structured physi-
cal activity per week for the previous 6 months. All were
pre-screened via a health history questionnaire and an
examination by a physician. Investigators adhered to the
policies for protection of human subjects as described in
Army Regulation 70-25, and research was conducted in
adherence with the provisions of 32 CFR Part 219 and
in compliance with the principles enunciated in the Helsinki
Declaration. Subjects were randomly, but equally assigned
into two training groups: a callisthenic-speciWc training
program (CT; age 29.6 § 0.7 years, height 181.3 § 1.2 cm)
and a resistance exercise-speciWc training program (RT; age
26.6 § 0.7 years, height 176.7 § 0.5 cm), both designed to
improve military performance. There were no diVerences in
subject demographics between the two training groups at
baseline.

Experimental design

One week prior to the start of the training programs, each
subject participated in an acute resistance exercise test
(ARET) and a series of exercises designed to assess physi-
cal performance (maximal oxygen consumption [VO2

max], one repetition maximum [1-RM] squat, and 1-RM
bench press). The ARET is a resistance exercise test com-
prised of six sets of the individual’s 10-RM squat, sepa-
rated by 2-min inter-set rest periods. The initial 10-RM
squat weight used was approximated as 75% of the sub-
ject’s 1-RM measured during baseline testing sessions.
Verbal encouragement was provided to ensure maximal
eVort and proper form. If a subject could not successfully
perform ten repetitions, the weight was reduced to facilitate
completion of ten full range-of-motion repetitions. One
week after the completion of baseline testing, subjects
began 8 weeks of exercise training of either CT or RT. The
nature of the exercises depended on the group to which they
were randomized (CT or RT) (Harman et al. 2008). BrieXy,
both groups performed a variation of warm-up and stretch-
ing exercises and trained on 5 days per week. Following the
initial warm-up, the CT group had calisthenics, condition-
ing drills, and distance running stressed, while the RT
group had agility drills, load carriage road marching, and
weight training stressed. Both groups performed interval
sprinting and both programmes were progressive in nature.
The exercise programmes and performance measures of
the CT and RT groups has recently been described in
detail by Harman et al. (2008). An overview of the training
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programmes and performance measures is provided in
Tables 1 and 2. After the eighth week of training, subjects
completed a post-training ARET and VO2 max, 1-RM
squat, and 1-RM bench press assessment to draw pre-train-
ing comparisons in performance changes.

Performance assessment and body composition

VO2 max was measured on a Trackmaster® TMX425C
treadmill (Fullvision Inc., Newton, KS) with a ParvoMed-
ics (Salt Lake City, UT) TrueMax 2400 metabolic gas ana-
lyzer system and cart, using a continuous, uphill, stepwise
modiWed Bruce protocol (Volkov et al. 1975). To assess
1-RM squat strength, participants Wrst warmed up with
three sets of increasing sub-maximal loads using a standard
Olympic style bar and a squat rack. The 1-RM was deter-
mined according to ACSM guidelines as the last weight
used for a successful, but not repeated, lift (ACSM 2005).
A similar protocol was used to assess 1-RM bench press
strength using a standard Olympic style bar.

Body composition was assessed in all subjects at base-
line and following the last training session using Dual
Energy X-ray Absorptiometry (DEXA) (LUNAR Prodigy,
GE Lunar Corporation, Madison, WI). Total body scans
were performed and analyzed according to manufacturer
recommendations (Total Body Analysis, version 3.6, Lunar
Corp., Madison, WI). Data were obtained for fat mass and
fat-free mass (Table 2).

Exercise training

Participants completed exercise training 5 days per week
for a period of 8 weeks. The standardized Army physical
training (CT group) consisted of moderate distance run-
ning, intervals, and calisthenics. The calisthenics included
body-weight supported exercises to failure, such as push-
ups, sit-ups, pull-ups and other exercises from U.S. Army
Field Manual No. 21-20, the guide to which all formal
physical training of the U.S. Army is conducted. The RT
group performed resistance training on Monday and

Table 1 Typical training week for the callisthenic- (CT) and resistance- (RT) training groups

Monday Tuesday Wednesday Thursday Friday

Callisthenic 
training 
group (CT)

Conditioning drills, 
military movement 
drills, body weight 
exercises, and 
progressive distance 
running based 
on run time 
performance

Conditioning drills, 
military movement 
drills, stretching drills, 
and interval sprinting

Conditioning drills, 
military movement 
drills, body weight 
exercises, and 300-yd
shuttle run

Conditioning drills, 
military movement 
drills, and progressive 
distance running based 
on run time 
performance

Conditioning drills, 
military movement 
drills, stretching drills, 
and body weight 
exercises

Resistance 
training 
group (RT)

Warm-up, stretching, 
free weights, 
machine exercises, 
and 3.2 km run

Warm-up, stretching, 
agility drills

Warm-up, stretching, 
8-km road march with 
additional load carriage 
that progressed (0–33 kg) 
throughout the training

Warm-up, stretching, 
free weights, 
machine exercises, 
and 3.2 km run

Warm-up, stretching, 
and interval sprinting

Table 2 Body composition and physical performance characteristics

Data are mean § SE

CT callisthenic training, RT resistance training

* P < 0.05, within-subjects eVect versus pre
a SigniWcant main eVect over the 8 weeks of training with no diVerence between the exercise groups
b SigniWcant exercise group by time interaction

CT group RT group

Pre Post Pre Post

Body mass (kg) 86.1 § 4.8 84.3 § 4.4 81.3 § 3.6 80.8 § 3.8

Lean mass (kg)a 63.7 § 3.3 65.1 § 3.1 64.2 § 2.3 66.5 § 2.2

Fat mass (kg)b 20.0 § 3.3 19.2 § 3.2 17.1 § 2.7 14.4 § 2.9*

VO2 max (mL/kg/min)a 49.2 § 1.8 53.3 § 1.9 48.7 § 2.1 54.8 § 1.6

1-RM bench press (kg)a 75.7 § 4.3 83.5 § 3.7 74.4 § 5.6 84.6 § 5.0

1-RM squat (kg)b 94.8 § 5.3 103.8 § 5.4* 87.8 § 5.0 105.8 § 5.3*
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Thursday. Typical RT training was performed using stan-
dard Olympic-style bars and equipment and consisted of
three sets of exercises for each of the four major muscle
groups (chest, back, arms, and legs). Subjects performed
one set of each exercise, progressing to three sets by the
end of the 8-week training program. The goal was to per-
form eight repetitions during each set, which approximated
an intensity of 80% of the participant’s 1-RM. When eight
repetitions could be completed, the resistance was
increased. Rest between each exercise was »30 s and rest
between each group of exercises was 2–3 min. The weight
training was completed in approximately 1 h, excluding
warm-up. After each weight training day, volunteers in the
RT group ran 3.2 km at their own pace. The programs
were similar in daily duration and approximate intensity,
allowing us to attribute any training group diVerences to
program type rather than duration or intensity of exercise
training. A typical week of training for the CT and RT
groups are depicted in Table 1 (Pierce et al. 2009).

Blood sampling

Basal blood draws were collected at baseline, mid-, and
post- training via venipuncture between 0700 and
0900 hours after an overnight fast (1900 hours the night
prior). Blood samples were also collected during the ARET
using an indwelling venous catheter (pre-, mid-, immedi-
ately post-, 15 min post-, and 30 min post-ARET) at base-
line (0 weeks) and post-training (9 weeks). Serum
concentrations of MMPs were corrected for albumin to
account for plasma volume shifts.

MMP multiplexed analysis

Circulating serum MMP concentrations were analyzed
using a commercially available multiplex bead-based anti-
body sandwich assay (R&D Systems, Inc., Minneapolis,
MN) which combined color-coded microparticles (coded
for each analyte) with lasers and Xow cytometry to quantify
analyte concentrations in 15 �l of serum. Color-coded
microspheres were identiWed by one laser, and streptavi-
din–phycoerythrin conjugate bound to the biotinylated
detection antibodies on the spheres was excited by a second
laser which quantiWed the amount of antigen present in the
samples. Median Xuorescence intensity from each bead set
was calculated and translated to a concentration. The MMP
kit was reported to have sensitivities of 4.4, 25.4, 1.3, and
7.4 pg/ml for MMP-1, -2, -3, and -9, respectively. Samples
were run in duplicate and intra- and inter-assay coeYcient
of variations (CVs) for the MMP panel were <10%. All
samples were analyzed on a Luminex 200 System
(Luminex Corporation, Austin, TX) using Masterplex QT
Software version 2.5 (MiraiBio, Inc., Alameda, CA).

Data analysis

Data were analyzed using repeated measures ANOVA with
time (each time blood was drawn) as the within-subjects
factor and group (CT or RT) as the between-subjects factor.
When the ANOVA revealed a signiWcant F ratio, a Tukey’s
HSD post hoc test was employed to determine statistical
diVerences. There was one ANOVA ran for the exercise-
induced MMP response, and another ANOVA ran for the
basal MMP concentrations. Statistical analyses were per-
formed using SPSS (SPSS, v. 15.0; Chicago, IL). All data
are presented as mean § SE. An alpha level of P · 0.05
was considered statistically signiWcant for all data.

Results

EVects of training

Results for total body, lean, and fat mass are presented in
Table 2. There were no changes in body mass over the
8 weeks of training in the RT or CT groups. Over the train-
ing period, there was a 3% increase in lean mass
(P · 0.01); however, this increase was independent of
exercise group. A group £ time interaction was observed
for fat mass (P · 0.05), and indicated that as a result of
training, fat mass decreased in the RT group (pre:
17.1 § 2.7 kg vs. post: 14.4 § 2.9 kg; P · 0.01), but not in
the CT group (pre: 20.0 § 3.3 kg vs. post: 19.2 § 3.2 kg;
P ¸ 0.05).

Results for VO2 max and 1-RM for the squat and bench
press are presented in Table 2. VO2 max increased 10% as a
result of training in both groups (P · 0.01) with no diVer-
ences in VO2 max between groups over time. For the bench
press, the subjects experienced a 12% increase in 1-RM
strength (P · 0.01) with no group diVerences. However,
there was a group £ time interaction for 1-RM squat.
Tukey’s post hoc analysis revealed that the increase in
1-RM squat strength was greater for the RT (21%) versus
CT (10%), respectively (P · 0.05).

Exercise-induced MMP concentrations

Exercise-induced MMP-1

There was a signiWcant interaction eVect for MMP-1
responses during the ARET when examined pre- to post-
training (P · 0.01); however, there were no diVerences
between the RT and CT groups (data not shown; group data
collapsed; Fig. 1a). Tukey’s post hoc testing revealed that
pre-training, MMP-1 concentrations were highest at the
immediate post-ARET time point (5.1 § 0.6 ng/mL). Post-
training, MMP-1 concentrations were highest mid-ARET
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(5.1 § 0.9 ng/mL) compared to other time points, as well as
compared to the mid-ARET time point pre-training (post-
training: 5.1 § 0.9 ng/mL vs. pre-training: 4.1 § 0.7 ng/mL;
P · 0.05, Fig. 1a).

Exercise-induced MMP-2

The ARET-induced MMP-2 response was altered as a con-
sequence of exercise training, but was not diVerent between
the RT and CT groups (data not shown; group data col-
lapsed; Fig. 1b). There were no group interaction eVects for
MMP-2 concentrations in response to the ARET, but the
main time eVect demonstrated that MMP-2 concentrations
in response to the ARET were highest immediately post-
ARET pre-training and highest mid-ARET post-training
(pre-training, immediately post-ARET: 236.2 § 19.8 ng/mL
vs. post-training, mid-ARET 230.8 § 18.3 ng/mL).

Exercise-induced MMP-3

The MMP-3 response during the ARET was diVerent as a
result of training and also dependent on the mode of exer-
cise. Figure 2a illustrates that prior to the 8 weeks of exer-
cise training, MMP-3 concentrations increased in the CT
group during the ARET to peak at the post-exercise time
point (28.9 § 4.7 ng/mL, P · 0.05). Following exercise
training, however, MMP-3 concentrations did not change
during the ARET in the CT group. No changes were
observed in the RT group pre- or post- training (Fig. 2c).

Exercise-induced MMP-9

The ARET-induced MMP-9 response demonstrated a
divergent response between the two exercise training
groups and was altered as a result of exercise training
(Fig. 2b, d). Prior to training, MMP-9 concentrations in the
CT group decreased during the ARET (n.s.), then increased
for the duration of the recovery (Fig. 2b). Following

training, however, MMP-9 concentrations in the CT group
increased during the ARET, then decreased for the duration
of the recovery (Fig. 2b). Alterations in the acute MMP-9
response did not occur in the RT group (Fig. 2d).

Basal MMP concentrations

Basal MMP-1

A group £ time interaction indicated that in the RT group,
basal MMP-1 concentrations increased 24.4% from pre- to
mid-training (P · 0.05, Table 3). No further increases were
documented from mid- to post-training.

Basal MMP-2

A group £ time interaction indicated that in the CT group,
basal MMP-2 concentrations decreased by 35% from
pre- to mid-training (pre-training: 296.1 § 37.4 ng/mL vs.
mid-training: 192.5 § 12.4 ng/mL; P · 0.05, Table 3). In
the RT group, there was no eVect of training on basal
MMP-2 concentrations.

Basal MMP-3

A group £ time interaction indicated that in the CT group,
basal MMP-3 concentrations decreased 39% from pre- to
mid- training (pre-training: 25.2 § 3.1 ng/mL vs. mid-
training: 15.3 § 2.0 ng/mL; P · 0.01, Table 3). Post hoc
testing revealed that MMP-3 concentrations were not
altered in the RT group as a result of training.

Basal MMP-9

Basal MMP-9 concentrations were altered in both exercise
groups as a result of exercise training. However, the
responses of the RT and CT groups were diVerent
(Table 3). In the CT group, there was a 130% increase from

Fig. 1 MMP-1 and MMP-2 concentrations in response to exercise.
Serum MMP-1 and MMP-2 concentrations pre-, mid- and post-
ARET (acute resistance exercise test: six sets of 10-RM barbell
squats). a represents MMP-1, groups collapsed [callisthenic training

(CT) + resistance training (RT)]; b represents MMP-2, groups collapsed
(CT + RT). Values are mean § SE. (*) P < 0.05, signiWcantly diVerent
from pre-training at the same time point. There were no diVerences
between groups
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mid- to post-training (P · 0.05), with no diVerences
between pre- and post-training. In the RT group, basal
MMP-9 concentrations increased throughout the 8 weeks of
training and post-training concentrations were higher than
pre-training values (pre-training: 128.0 § 38.2 ng/mL vs.
post-training: 256.0 § 38.6 ng/mL; P · 0.05).

Discussion

This study has demonstrated that the pattern of MMP
release in response to a single bout of resistance exercise
was altered as a result of the 8 weeks of callisthenic-type
exercise training. SpeciWcally, MMP-1 and MMP-3
concentrations increased during the ARET pre-training in

both groups; however, following 8 weeks of training, this
response was only diVerent in the CT group. Furthermore,
despite the absence of an increase in MMP-9 concentra-
tions pre-training in response to a single bout of exercise,
peak MMP-9 concentrations were higher after a single bout
of exercise in the CT group post-training. Additionally in
the CT group, MMP-3 and MMP-9 concentrations were
higher 30 min into recovery post-training, as compared to
pre-training. Thus, the circulating MMP response to a
single bout of high-intensity exercise appears to be depen-
dent on the mode of exercise training and may facilitate
training-speciWc adaptations (Koskinen et al. 2001; Mackey
et al. 2006; Rullman et al. 2007).

In a study by Rullman et al. (2007), the authors
characterized the MMP response in human skeletal muscle

Fig. 2 MMP-3 and MMP-9 
concentrations in response to 
exercise. Serum MMP-3 [a call-
isthenic training (CT), c resis-
tance training (RT)] and MMP-9 
(b CT, d RT) concentrations pre-
, mid- and post-ARET (acute 
exercise test: six sets of 10-RM 
barbell squats). Values are 
mean § SE. (*) P < 0.05, 
signiWcantly diVerent from pre- 
(MMP-3) or post- (MMP-9) 
training

Table 3 Basal MMP concentrations throughout the 8 weeks of exercise training

Data are mean § SE

CT callisthenic training, RT resistance training

* P < 0.05, within-subjects eVect versus pre; ** P < 0.05, within-subjects eVect versus mid
a SigniWcant exercise group by time interaction

CT Group RT Group

Pre Mid Post Pre Mid Post

MMP-1a (ng/mL) 2.9 § 0.6 2.3 § 0.8 2.5 § 0.6 4.5 § 0.6 5.6 § 0.7* 5.2 § 0.6

MMP-2a (ng/mL) 296.1 § 37.4 192.5 § 12.4* 195.6 § 14.6* 195.1 § 34.6 210.9 § 11.5 217.1 § 13.5

MMP-3a (ng/mL) 25.2 § 3.1 15.3 § 2.0* 15.5 § 2.2* 15.6 § 2.9 14.7 § 1.9 16.8 § 2.1

MMP-9a (ng/mL) 213.8 § 41.2 110.2 § 18.4 254.2 § 41.7** 128.0 § 38.2 230.3 § 17.0 256.0 § 38.6*
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biopsies taken immediately after a single bout of moderate-
intensity cycling exercise and 120 min into recovery.
Skeletal muscle mRNA and protein for MMP-9 increased
exponentially immediately following exercise until 120 min
thereafter, while no changes were observed in MMP-2 con-
centrations. Likewise, in humans, Koskinen et al. (2001)
reported a slight increase in serum MMP-9 concentrations
following a single bout of downhill running, with no mea-
surable changes in MMP-2. Conversely, in humans,
Mackey et al. (2006) reported that serum MMP-2 and
MMP-9 concentrations were not diVerent 24 h through
10 days following a 10 km run or after 50 min of deep
water running (Mackey et al. 2006). Taken together, along
with the current Wndings, these data provide important
information regarding the MMP response to exercise in
humans. First, it is likely that the serum MMP response is
transient, with peak alterations occurring either during or
within the Wrst few hours following an exercise bout.
Second, the mechanism of induction might be related to the
mode of exercise training, and this response may impact
speciWc remodeling and regenerative cascades in the vascu-
lature (e.g. in response to aerobic-based training) or skeletal
muscle (e.g. resistance-based training), depending on the
nature and intensity of the exercise training. However, in
interpreting these data and respective comparisons, it is
critical to consider the data from the current investigation
represent systemic responses, and may not be a good reXec-
tion of local skeletal muscle adaptation.

Basal MMP concentrations were also assessed at base-
line, after 4 weeks, and upon the completion of the exercise
training programs. In addition to the acute changes in MMP
concentrations, recent data suggests that circulating MMPs
play an integral role in growth factor bioavailability, capil-
lary growth, cytokine regulation, and atherosclerotic plaque
disruption (Coppock et al. 2004; Fowlkes et al. 1995, 2004;
Hashimoto et al. 2002; Kai et al. 1998; Kasahara et al.
1997; Roberts et al. 2006; Tayebjee et al. 2005). Previ-
ously, Roberts et al. (2006) examined the eVects of a three
week exercise intervention on circulating MMP-9 concen-
trations in obese men diagnosed with metabolic syndrome.
Aerobic exercise similar in mode, though not intensity, to
that prescribed in the present study, resulted in a decrease
in resting serum MMP-9 concentrations (Roberts et al.
2006). Roberts et al. (2006) attribute this decrease to an
improved cardiovascular proWle, with a reduced risk of
atherosclerotic plaque destabilization.

Interestingly, in regards to basal MMP concentrations in
the present study, the CT intervention had no eVect on
serum MMP-9 concentrations, while the RT intervention
resulted in an increase in MMP-9 concentrations. An
explanation for these contrasting results is evident when
analyzing the speciWc MMP-9 concentrations in our
subject population as compared to those in the study by

Roberts et al. (2006). Primarily, the serum MMP-9 con-
centrations that we report here were »25% of those
reported by Roberts et al. (2006) in patients with coronary
syndrome (»750 ng/mL vs. 200 ng/mL). Thus, we suggest
that unless a pathological condition is present, MMP-9
concentrations are not likely to decrease as a result of
training.

In the RT group, the observed increases in serum MMP
concentrations may provide evidence to support the role
of serum MMPs in regulating speciWc adaptations in skel-
etal muscle as a result of exercise training. In the present
study, the RT group, which incorporated resistance-type
exercises that are more likely to provide mechanical
stressors resulting in extracellular matrix remodeling and
an up-regulation of local growth factors, basal MMP con-
centrations (MMP-1, -2, -3 and -9) in the serum were
higher post-training. An increased level of circulating
MMP-1 and MMP-2 has been shown to facilitate growth
factor bioavailability via IGFBP proteolysis (Fowlkes
et al. 1995, 2004). If this is the case, increased growth fac-
tor bioavailability would be a reasonable mechanism
through which circulating MMPs in the serum stimulate
anabolic functions through IGF-associated downstream
tissue remodeling. Alternatively, based on the speciWc
tissue remodeling roles associated with individual MMPs,
local release of MMPs from the muscle into the serum are
indicative of speciWc structural alterations to the extracel-
lular matrix. MMP-3 and MMP-9 have speciWc roles in
degrading components of the basal lamina and type IV
collagen, respectively (Kjaer 2004; Koskinen et al. 2001;
Mackey et al. 2006), suggesting that they each serve spe-
ciWc roles in contributing to training-speciWc adaptations
in muscle. Of particular signiWcance is the evidence pro-
vided regarding the importance of MMP-3 in facilitating
satellite cell migration through the basal lamina (Nishimura
et al. 2008), as satellite cells contribute to hypertrophy by
adding their nuclei to growing muscle Wbers. Thus, our
observations that serum concentrations of MMP-3 and
1-RM squat strength increased, while fat mass decreased
in the RT group, as compared to the CT group, provides
additional evidence to support a training speciWc adapta-
tion mediated in part by MMP activation.

In summary, our work demonstrates that an acute bout
of high-intensity resistance exercise results in transient
increases in several of the MMPs, and this increase is still
present following a second bout of exercise after 8 weeks
of exercise training. However, this work shows that exer-
cise training results in a temporal shift in MMP concentra-
tions, such that peak MMP concentrations occur earlier in
the post-training acute exercise bout. These results imply
that the MMP system is activated in response to acute,
high-intensity resistance exercise and exercise training
does not attenuate this response. Thus, the MMP response
123
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is likely a critical component in skeletal muscle adapta-
tion to exercise and the initiation of remodeling cascades.
Finally, because we observed diVerential responses of the
MMP system to diVerent exercise training programs, we
suggest that training-speciWc adaptations may be partially
facilitated by the MMP response. Due to the purely sys-
temic nature of these data, we view these results as
preliminary and Wnd it prudent to follow-up the current Wnd-
ings with an investigation examining the eVects of these
exercise training programs on transcriptional and transla-
tional adaptations in the MMP system in skeletal muscle.

ConXict of interest statement None.
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