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Abstract Recent efforts to establish a role for plasma
matrix metalloproteinase-9 (MMP-9) as a marker of exer-
cise-induced muscle damage have been inconsistent.
Methodological and experimental design issues have con-
tributed to confusion in this area. The purpose of this study
was to use a damaging eccentric arm task to evaluate the
relationship between activity-induced muscle damage and
plasma MMP-9 levels in humans while controlling for
physical activity history and quantifying day-to-day vari-
ability of the dependent variables. Fourteen physically
inactive males performed 6 sets of 10 eccentric contrac-
tions of the elbow flexors at 120% of their voluntary
concentric maximum. Soreness ratings, maximum volun-
tary isometric strength, range of motion (ROM), limb cir-
cumference, and plasma creatine kinase (CK) and MMP-9
levels were measured at 2 time points before, immediately
after, and 1, 2, 4, and 7 days post-exercise. Changes in
traditional markers of muscle damage mirrored patterns
previously reported in the literature, but plasma MMP-9
concentration and activity measured by ELISA and gelatin
zymography were unchanged at all time points examined.
Plasma levels of the MMP-9 inhibitor, tissue inhibitor of
metalloproteinase-1 (TIMP-1), were also unchanged post-
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exercise. Finally, although mean MMP-9 levels were not
significantly different between the two pre-exercise time-
points, the high total error of measurement and low day-to-
day correlation suggest substantial within and between
subject variability. Plasma MMP-9 levels are not a robust
or reliable marker for eccentric exercise-induced damage
of the elbow flexor musculature, though this may not pre-
clude a role for MMPs in skeletal muscle remodeling in
response to injury.
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Introduction

Eccentric exercise, especially when the task is novel, pro-
duces muscle soreness and strength loss as a secondary
consequence of strain-induced muscle damage (Armstrong
et al. 1983; Friden et al. 1983; Newham et al. 1983).
Eccentric exercise-induced muscle damage has been asso-
ciated with disruptions to the muscle fiber contractile
machinery (Friden et al. 1981, 1983; Yu et al. 2004), post-
exercise infiltration of immune cells to the site of injury
(Armstrong et al. 1983), and damage to, and degradation
of, the muscle extracellular matrix (ECM; Brown et al.
1997; Kjaer et al. 2006; Kovanen 2002). Increased degra-
dation of the ECM may contribute to decrements in force
transmission (Gao et al. 2008) and may also be a contrib-
uting factor to the recruitment of immune cells during the
immediate post-exercise inflammatory response (Adair-
Kirk and Senior 2008).

Matrix metalloproteinases, or MMPs, are secreted
proteinases that degrade ECM proteins and thus play a
prominent role in the remodeling of the ECM during
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adaptive states (Sternlicht and Werb 2001). Expression
and/or activity of several MMPs, and of the inducible
gelatinase MMP-9 in particular, is increased in rodent
models of eccentric muscle damage (Koskinen et al.
2002). Studies of systemic MMP-9 levels following
eccentric exercise in humans have been more equivocal
(Koskinen et al. 2001b; Mackey et al. 2004) and the
relationship between muscle damage and systemic MMP-9
levels is still not clear. In human studies using lower
limb eccentric activity, MMP-9 was unchanged by
downhill running at room temperature (Koskinen et al.
2001b), but increased approximately equally (50%) by
either downhill running in a cold room (Koskinen et al.
2001b) or by high force isokinetic eccentric contractions
(Mackey et al. 2004) despite substantial differences in a
different marker of muscle injury, plasma creatine kinase
levels, between these two tasks (Koskinen et al. 2001b;
Mackey et al. 2004). Moreover, the timing differed
considerably in these studies, with MMP-9 increasing
1 day after downhill running in the cold (Koskinen et al.
2001b) and 8 days following a single bout of 100
isokinetic eccentric contractions of the knee (Mackey
et al. 2004). In these studies it is unclear whether or not
the protective repeated bout effect was controlled for
because the subjects in the downhill running study were
described as physically active, young adult males (Ko-
skinen et al. 2001b), while the subjects in the knee
extensor study were described as healthy, young adult
males and females (Mackey et al. 2004), without refer-
ence to specific training history or physical activity
screening criteria in either case. Finally, studies on the
biological and methodological variation in systemic
MMP-9 levels, particularly in a well-defined physically
inactive but healthy young male population, are limited,
and thus it is not clear whether MMP-9 may be a reliable
index of post-exercise damage in humans. Systemic
creatine kinase (CK) levels have been traditionally used
as blood indicators of muscle injury following damage,
but the CK response is highly variable in the general
population (Clarkson and Ebbeling 1988; Hortobagyi and
Denham 1989) and may not correspond to the magnitude
of muscle injury that has occurred (Clarkson and Hubal
2002; Warren et al. 1999).

The purpose of this study was to determine the effects of
a well-characterized, highly damaging eccentric arm task
on systemic levels and activity of MMP-9 and on levels of
its inhibitor, tissue inhibitor of metalloproteinase-1 (TIMP-1),
in humans while rigorously controlling for the confounding
factors such as prior activity level associated with this
experimental model. We chose to utilize the eccentric arm
task because of its frequent use in muscle damage research
as well as for its well-documented effects producing robust
changes in traditional indices of muscle damage such as
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maximal concentric force loss and, importantly, increased
plasma creatine kinase levels. In addition, the upper
extremity musculature in physically inactive individuals
may be less protected from muscle damage by the repeated
bout effect than the lower extremity musculature involved
in locomotion. Direct comparisons between eccentric arm
and lower limb tasks have amply demonstrated that arm
tasks produce greater changes in force production and
plasma creatine kinase (Jamurtas et al. 2005) as well as
greater changes in intracellular signaling protein concen-
tration (Thompson et al. 2003). We therefore hypothesized
that MMP-9 activity would increase following a bout of
upper-extremity eccentric exercise in physically inactive
males.

Methods
Subjects

All subjects gave written, informed consent to participate
in the study, which was approved by the University of
Colorado (CU) Institutional Review Board. Subjects were
18-30 year-old, physically inactive males (n = 14). Prior
to participation in the exercise experiment, a physician at
the CU-Boulder Clinical Translational Research Center
(CTRC) performed a medical history and physical exam to
screen subjects for the determination of health/disease
status, the presence of pathological conditions that could
influence systemic levels of markers of regeneration and
repair (muscle and liver enzymes), and the ability to safely
perform the upper-extremity exercise task. The physical
exam included complete blood chemistries, and resting
and exercise ECG during a maximal graded treadmill
exercise test. In addition, subjects were asked about the
nature, frequency, duration, and intensity of physical and
occupational activities performed in the preceding
12 months through the use of an interviewer-administered
Modifiable Activity Questionnaire (MAQ) (Kriska 1997).
Subjects were excluded from the study if they met or
exceeded the ACSM’s definition of “physically active,”
participating in moderate intensity aerobic physical activ-
ity for a minimum of 30 min per day, 5 days per week or
vigorous activity for 20 min per day, 3 days per week
(Pollock et al. 1998). In addition, subjects were excluded if
they performed any weight lifting, resistance training, or
similar activities in the previous 6 months. Subjects who
passed the physical activity screening criteria and were
included in the study were told to avoid any exercise or
physical activities, the use of ice and/or anti-inflammatory
medications, therapeutic stretching of the upper-extremi-
ties, and to maintain normal dietary habits for the duration
of the study.
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Experimental protocol

Following successful screening, subjects reported to the
laboratory six times to complete the experimental proce-
dures. These visits were scheduled at the same time of day
and required subjects to adhere to the physical activity,
anti-inflammatory, and dietary restrictions for the duration
of the study. A summary of the study timeline is provided
in Fig. 1. The first visit served to determine baseline values
for the dependent variables and determine each subject’s
maximal concentric strength. The second visit involved
repeating baseline dependent variable measures followed
by the performance of the eccentric exercise task and
subsequent measurement of the dependent variables. Visits
4 to 7 involved measurement of the dependent variables.
The dependent variables assessed were rating of perceived
soreness, elbow flexor strength during a maximum volun-
tary isometric contraction of the non-dominant upper arm,
range of motion (ROM), limb circumference, plasma CK
activity, plasma MMP-9 activity, plasma MMP-9 concen-
tration, and plasma TIMP-1 concentration.

For the baseline session, a blood sample was collected
using standard phlebotomy procedures from the antecubital
region of the dominant arm. A rigid wrist orthotic
(Orthomerica Products, Inc., Newport Beach, CA) was then
placed on the subject’s non-dominant arm for the remainder
of each experimental session to prevent excessive wrist
movement during the strength measurement and/or eccen-
tric exercise injury task. Rating of perceived soreness was
assessed with a computer-based Visual Analog Scale (VAS)

controlled by the subject moving a 100-mm-long slider bar
to indicate “least discomfort” versus “most discomfort.”
This assessment was performed while the subject’s non-
dominant arm was at rest and during 5-elbow flexion/
extension motions. The subject was then seated on a stool at
a custom-built (SuperStrut®, Thomas & Betts, Memphis,
TN) strength test apparatus with the non-dominant arm
supinated and supported at 90° of shoulder flexion in the
sagittal plane by a padded platform. Maximal voluntary
isometric strength at an angle of 90° of elbow flexion was
measured using a force transducer interfaced to an A-D
converter (OMEGA Engineering, INC., Stamford, CT), and
recording software (LabView, National Instruments, Aus-
tin, TX). Next, subjects performed a maximal concentric
elbow flexion test on the same custom-built apparatus by
holding onto a rigid handle affixed to a cable and pulley
system to which weight could be incrementally added until
the subject could no longer complete the concentric portion
only of a single arm curl in the sagittal plane. Two minutes
of rest were given between each consecutive attempt to
perform the concentric arm curl and the weight was lowered
back to the starting position by the investigator. The weight
associated with this task was deemed the I-repetition
maximum (1-RM). This 1-RM value was used in a calcu-
lation to determine the amount of weight to use in the next
laboratory session for the eccentric exercise task. ROM of
the elbow joint was measured by positioning the fulcrum of
a manual goniometer on the lateral epicondyle of the
humerus and adjusting the goniometer arms to align with
the lateral midline of the humerus and the lateral midline of

Screening Baseline Pre-Ex Post-Ex 24 hrs 48 hrs 4 days 7 days
visit visit post  post post post
I Z-10days I 1-3 days I l I I

* Informed consent « Blood sample * Pre-Exercise: L J

- Medical history - Soreness rating » blood sample |

* Physical exam * ROM = soreness rating - Blood sample
* blood chemistry « Limb circumference * ROM « Soreness rating
= graded exercise test * MVIC measured = Limb circumference « MVIC measured

« Physical activity inventory * MVCC measured * MVIC measured « ROM

« Limb circumference

* ECCENTRIC TASK

* Post-Exercise:

= blood sample

= soreness rating

* ROM

= Limb circumference
* MVIC measured

Fig. 1 Schematic outlining the study visits. The Screening Visit
included the informed consent, a medical history and physical
including blood chemistry screening and a graded exercise test, and a
physical activity inventory. The Baseline Visit was scheduled
7-10 days after the screening visit and served to determine baseline
values for the dependent variables including plasma CK, MMP-9 and
TIMP-1, soreness rating, range of motion (ROM), limb circumfer-
ence, maximum voluntary isometric contraction force (MVIC). In

addition, maximum voluntary concentric contractions (MVCC) were
performed to determine a subjects maximal concentric force produc-
tion. The Exercise Visit was scheduled 1-3 days after the Baseline
Visit and involved repeating baseline dependent variable measures
followed by the performance of the eccentric exercise task and
subsequent measurement of the dependent variables. All remaining
visits (24 h post, 48 h post, 4 days post, and 7 days post) involved
measurement of the dependent variables
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the radius while the subject was seated at a stool. These
anatomical references were marked with permanent marker
for identification at follow-up visits. Limb circumference
was measured at two different marked locations (mid-belly
of the biceps brachii and at the elbow joint) using a soft tape
measure.

For the eccentric exercise session, subjects returned to
the lab at the same time of day and within 3 days of the
Baseline session. Subjects were also reminded to adhere to
the study procedures regarding exercise, diet, and anti-
inflammatory medications. Prior to the exercise, all
dependent parameters were re-assessed (Pre-Ex) for the
determination of day-to-day (Baseline vs. Pre-Ex) biolog-
ical variation. For the eccentric exercise task, subjects used
their non-dominant arm to perform the eccentric portion
only of an arm curl task. They did this by lowering a
weight corresponding to 120% of the maximal concentric
1-RM performed at the Baseline session. The eccentric task
involved 6 sets of 10 repetitions each lasting 10 s with
2 min of rest between sets. Between each repetition, the
handle and cable were returned to the fully flexed elbow
joint position by the investigator so that the subject was not
performing the concentric portion of the task. All 60 rep-
etitions were completed over the entire range of motion,
even if a subject was unable to lower the weight at a
controlled velocity. Immediately-post (Post-Ex) eccentric
exercise, blood was collected again and soreness and
strength were re-assessed. Subjects then returned to the lab
on 4 additional occasions for follow-up visits at 1 day-,
2 days-, 4 days-, and 7 days-post eccentric exercise task.
Each follow-up visit occurred at approximately the same
time of day as the completion of the eccentric exercise
session and included the collection of a blood sample and
the assessment soreness and strength.

Blood sampling and storage

Blood samples were drawn from an antecubital vein in the
dominant arm by venipuncture at each visit and collected
in lithium heparin-coated vacutainer tubes (BD®, Franklin
Lakes, NJ) then immediately centrifuged for 15 min at
1,500xg. Blood plasma was separated and immediately
frozen and stored at —20°C in small volume aliquots until
used for the assays described, while avoiding more than 3
freeze—thaw cycles for any given aliquot as recommended
by a recent publication (Souza-Tarla et al. 2005). All blood
samples, basal and post-exercise, were collected, handled,
and stored under identical conditions.

Gelatin zymography for MMP-9 activity

Gelatin zymography was used to quantify MMP-9 activity
in blood plasma as previously described (Allen et al. 2002).

@ Springer

SDS polyacrylamide gels (10%) containing 1 mg/ml gel-
atin were casted and overlaid with a 4% stacking gel.
Blood plasma was mixed with 1:1 volume sample buffer
consisting of 50 mM Tris, pH 6.8, 2% SDS, 20% glycerol,
and 0.2% bromophenol blue without reducing agent or
heat. Electrophoresis was carried out at 100 volts until the
dye front had reached the bottom of the gel. Gels were
removed from the glass plates and washed in 2.5% Triton-
X 100 three times for 15 min each time to remove SDS
from the gel. The gels were then incubated at 37°C for 18 h
in 50 mM Tris, pH 7.5, 10 mM CacCl,. Gels were then
stained with Coomassie brilliant blue for 30 min and de-
stained with 40% methanol/10% acetic acid for 1 h. Gels
were imaged using a ChemiDoc-It imaging system (UVP,
LLC., Upland, CA). Enzymatic activity was quantified for
integrated density using ImageJ (NIH) software. Integrated
density values for MMP-9 activity were normalized for
each individual using his Baseline value.

Plasma MMP-9 and TIMP-1 ELISA assay

Total plasma MMP-9 and TIMP-1 were measured in
duplicate by sandwich ELISA using commercially avail-
able kits (Quantikine, R&D Systems, Minneapolis, MN).
Samples were prepared per the kit recommendations with a
40-fold plasma dilution for MMP-9 and a 100-fold plasma
dilution for TIMP-1 into Calibrator Diluent RD5-10 and
RDS5P, respectively (Quantikine, R&D Systems, Minne-
apolis, MN), and measured using a microplate reader set to
450 nm with a correction of 540 nm.

Creatine kinase activity assay

A commercially available kit (Sigma—Aldrich, St. Louis,
MO) was used for spectrophotometric analysis of creatine
kinase activity with a peristaltic water pump maintaining a
temperature of 37°C during analysis. Samples were pre-
pared according to the kit and spectrophotometrically read
at 340 nm for three minutes. Activity per minute was
recorded and translated into U/L using a simple equation
provided with the kit (Sigma-Aldrich, St. Louis, MO).
Each sample was quantified in duplicate. Control samples
(DC-TROL level 1 &2, Sigma—Aldrich, St. Louis, MO)
were also analyzed each day creatine kinase analyses were
performed.

Statistics

The stability of the dependent variables was determined
using paired ¢ tests to compare means, the calculation of
total measurement error (TEM), and correlational analysis
using the Pearson r value. Coefficient of variation (CV) and
upper and lower 95% confidence limits (95% CI) were
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calculated using a statistical package that is available
online (A New View of Statistics, Will G. Hopkins, 2009,
<http://www.sportsci.org/resource/stats/index.html>). The
PASW statistical packages version 17.0 was used for all
other statistical evaluations (SPSS Inc, Chicago, IL, USA).
One-way (Fixed factor = laboratory session) repeated-
measures analysis of variance (1-RM ANOVA) using
Greenhouse-Geiser correction with Least Significant Dif-
ference (LSD) post-hoc analysis was performed on all
continuous dependent measures. Data are presented as
means = SEM unless otherwise stated.

Results
Indices of muscle damage

In total, 18 subjects were recruited for this study; however,
dependent measures from all time points were assessed in
just 14 of 18 subjects, and only these 14 are reported here.
Two subjects did not show up for their last visit and blood
samples were difficult to collect from the other 2 subjects, so
measures from these subjects were excluded from the
RM-ANOV As. Individuals were 18-29 yearsinage (21.4 +
3.2 years), 180.43 £ 5.7 cminheight,and 70.81 £ 10.3 kg
in mass. A schematic of the study timeline and parameters
measured at each visit is provided in Fig. 1.

Soreness, strength, and CK responses to the eccentric
arm task are summarized in Fig. 2. There was no significant
difference in soreness from Baseline (1.80 £ 3.10 mm) to
Pre-Ex (4.71 & 8.82 mm). Although the P-value was close
to being significant (P = 0.092), the mean soreness values
were all on the very low end of a 100-mm scale at both of
the pre-exercise time points, and the correlation between the
two values was very strong (r = 0.885). Soreness ratings
were significantly increased from both Baseline and Pre-Ex
values following the exercise task (Post-Ex, 1 day, 2 days,
4 days) and peaked at 1 day post-exercise (Fig. 2a). By
7 days post-exercise, soreness ratings were not significantly
different from Baseline or Pre-Ex values.

There was no significant difference in maximum
isometric strength from Baseline (126.53 £ 42.87 N) to
Pre-Ex (119.70 £ 36.45 N; P = 0.110), and the values
were strongly correlated (r = 0.919). The TEM for the pre-
exercise values was 12.13 N (95% CI: 9.11-18.19 N), and
the coefficient of variation (CV) was 10.9% (95% CI.
8.1-16.7%). Maximum isometric elbow flexion force was
significantly decreased from Pre-Ex values at all time
points following the exercise task, with the peak of maxi-
mal force loss of approximately 51 and 44% occurring at
the Post-Ex and 1 day-post time points, respectively
(Fig. 2b). By 7-days post-exercise, maximum isometric

A 6004

Soreness Rating
(0-100 mm)
L]

30.0 4
200+
10.0
0.0 —— ’ T 1 T T T T [ T I
Baseline Pre-Ex Post-Ex 24 hr 48 hr 4 day 7 day
Sampling Time
B 140.0 4

{#

1 [ E .
; I % |

Force (N)
g
e
]
=

T

Bas:!lme PmI-EJ( Post-Ex 24 hr 48'!1( M;ay 7 day
Sampling Time

caaalll |

Baseline Pre-Ex PostEx 24hr  48hr  4day 7day
Sampling Time

Fig. 2 Traditional indicators of muscle damage across multiple time
points following an upper extremity eccentric exercise task. a Visual
analog scale soreness rating during 5 repetitive elbow flexion/
extension tasks was significantly increased from both Baseline and
Pre-Ex values at the Post-Ex, 24, 48, and 4 day time points. By 7 days
post-exercise, soreness rating was not significantly different from
Baseline or Pre-Ex values. b Elbow flexor maximal voluntary
isometric force measured at an arm angle of 90° of elbow flexion
was significantly decreased from both Baseline and Pre-Ex values at
all time points following the eccentric exercise task, but there was a
trend toward a restoration of force by 7 days post-exercise. ¢ Plasma
creatine kinase (CK) activity (u/l) was significantly increased from
Baseline and Pre-Ex values at 4 days post-exercise. Bars represent
means = SEM. *Significantly different from Baseline and Pre-Ex,
P < 0.05
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force remained significantly decreased compared to Base-
line and Pre-Ex strength, although there was a trend toward
a restoration to Baseline values.

There was no significant difference in CK activity from
Baseline to Pre-Ex (P = 0.615), but the Baseline and Pre-
Ex values were poorly correlated (r = 0.115), TEM for CK
activity was 162.81 U/L (95% CI: 121.26-247.79 U/L),
and the coefficient of variation (CV) was 112.3% (95% CI.:
75.2-214.4%). CK activity was highly variable (Supple-
mentary Figure 1), but significantly increased 15-fold from
Baseline to 4 days post-exercise. By 7-days post-exercise,
CK activity was not significantly different from Pre-Ex or
Baseline levels (Fig. 2c).

ROM and limb circumference responses to the eccentric
arm task are summarized in Fig. 3. There was no signifi-
cant difference in ROM from Baseline to Pre-Ex
(P = 0.171) and the two pre-exercise time points were
strongly correlated (r = 0.777). The TEM for the pre-
exercise ROM values was 3.16° (95% CI: 2.38-4.75°) and
the CV was 2.6% (95% CI: 2.0-4.0%). There was a sig-
nificant decrease (P < 0.05) in ROM from pre-exercise to
all post-exercise time points and by 7 days post-exercise,
ROM was still decreased by approximately 5° (Fig. 3a).

There was no significant difference in limb circumfer-
ence at either the belly of the biceps brachii (P = 0.898) or
the elbow joint (P = 0.302) from Baseline to Pre-Ex and
the pre-exercise time points were strongly correlated for
both parameters (r = 0.990 and r = 0.988, respectively).
The TEM for the biceps belly pre-exercise values was
3.29 mm (95% CI: 2.47-4.94 mm) and the CV was 1.1%
(95% CI: 0.8-1.7%). The TEM for the elbow joint pre-
exercise values was 2.26 mm (95% CI: 2.00-3.99 mm) and
the CV was 1.1% (95% CI: 0.8-1.6%). Arm circumference
at the mid-belly of the biceps brachii was significantly
increased (P = 0.020) from pre-exercise values by
+6.58 mm at 48 h post exercise and by +6.47 mm at
4 days post exercise. By 7 days post exercise, mid-belly
arm circumference was not different from pre-exercise
values. Arm circumference at the elbow joint was signifi-
cantly increased (P < 0.05) at all post-exercise time points
and was maximal at 7 days post exercise (410.16 mm)
(Fig. 3b).

Baseline and post-exercise MMP-9 levels

Basal plasma MMP-9 concentration ranged from 13.12 to
150.75 ng/ml with mean values of 59.10 ng/ml at Baseline
and 59.27 ng/ml at Pre-Ex. A literature search for studies
examining plasma MMP-9 values in control subjects from
a variety of ages and ethnicities using the same kit and
blood sampling methodology as the present study yielded
over 25 publications with a range of MMP-9 values from
17.2 (Castellano et al. 2008) to 156.7 ng/ml (Gai et al.
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2009), with most values clustered within 40-100 ng/ml.
Thus the baseline values of ~ 60 ng/ml reported in the
present study are well within both the range of values
reported by the manufacturer (R & D Systems) for control
populations (13-105 ng/ml) and the range of published
values by other laboratories.
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There was no significant difference in MMP-9 concen-
tration from Baseline to Pre-Ex (P = 0.721). The TEM for
the pre-exercise values was 35.45 ng/ml (95% CI:
26.40-53.95 ng/ml) and the CV was 75% (95% CI:
51.0-134.3%). The correlation between the Baseline and
Pre-Ex MMP-9 levels was 0.100. Figure 4a shows the
individual changes in plasma MMP-9 concentration for the
subjects in this study and illustrates the wide inter-subject
variation in basal MMP-9 levels from day-to-day. Since all
time point samples for each subject were handled identi-
cally and analyzed on the same plate, these day-to-day
differences likely reflect biological and not methodological
variation. Two subjects showed increases in MMP-9 con-
centration between the Baseline and Pre-Ex time points,
from 20—40 ng/ml to 100-140 ng/ml (Fig. 4a). Conversely
3 subjects showed decreases in plasma MMP-9 concen-
tration from ~ 100-150 ng/ml to 30-80 ng/ml (Fig. 4a).
The rest of the subjects showed only modest changes in
plasma MMP-9 concentration from Baseline to Pre-Ex
(Fig. 4a).

There was no significant post-exercise change in circu-
lating levels of MMP-9 as measured by gelatin zymogra-
phy (P = 0.294) (Fig. 5a) or in either MMP-9 or TIMP-1
as measured by ELISA over the time course of the study
(Fig. 5b, c). There was a trend toward a decrease in plasma
TIMP-1 activity from Pre-Ex (96.62 £ 23.03 ng/ml) to
Post-Ex (80.06 & 28.10 ng/ml), but the difference was not
significant (P = 0.106) and was heavily influenced by one
individual (Fig. 4b).

Discussion

The results from the present study demonstrate that plasma
MMP-9 is not a reliable or robust systemic marker for
exercise-induced muscle damage or repair following an
eccentric arm task in humans. As mentioned above, we
chose this eccentric arm task in part because despite the
smaller volume of muscle involved (arm flexors vs. knee
extensors), this type of task has been demonstrated to
produce greater changes in damage indices, most notably in
another systemic marker of muscle damage, plasma crea-
tine kinase, than lower limb tasks of the same relative
intensity (Jamurtas et al. 2005; Thompson et al. 2003). If
systemic MMP-9 levels are indeed a robust and reliable
measure of muscle damage, then we predicted that the
eccentric arm task used here would produce an equal or
even greater increase in plasma MMP-9 levels than those
reported previously for lower limb eccentric tasks
(Koskinen et al. 2001b; Mackey et al. 2004). However,
while changes in traditional markers of muscle damage
(soreness rating, CK, peak isometric force) were significant
and indicated that the upper-arm eccentric exercise task
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(b) levels. Lines represent the individual changes in plasma MMP-9
(a) and TIMP-1 (b) concentration for two resting time points
(Baseline and Pre-Ex) and all post-exercise time points (Post-Ex, 24,
48 h, 4, and 7 days). The group mean values are represented by the
shaded bars. There was no main effect for sampling time for MMP-9
concentration (P = 0.375) or for TIMP-1 concentration (P = 0.106),
but this figure illustrates the wide inter-subject variation in basal
MMP-9 and TIMP-1 concentration from day-to-day (Baseline vs. Pre-
Ex) and how that compares with the post-exercise changes

was indeed a damaging stimulus, neither plasma MMP-9
concentration nor activity was significantly changed at any
post-exercise time point.

Moreover, while mean pre-exercise plasma MMP-9
levels were within the expected range of published values
(Castellano et al. 2008; Gai et al. 2009), individual varia-
tion in pre-exercise plasma MMP-9 levels was high both
across- and within-subjects (Fig. 4). Other investigators
have also reported a large range of basal systemic MMP-9
values. Specifically, Tayebjee and colleagues reported that
resting blood plasma MMP-9 levels to ranged from 17 to
115 ng/ml in their subjects (Tayebjee et al. 2005). Simi-
larly, in a human study involving eccentric contractions of
the knee extensors, mean pre-exercise serum MMP-9 was
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112 ng/ml with a standard deviation of +42 ng/ml (Mac-
key et al. 2004). A key strength of the present work is the
fact that we examined two pre-exercise time points for all
measures, including plasma MMP-9 levels, and thus were
able to monitor day-to-day fluctuations in plasma MMP-9
levels within subjects independent of the exercise stimulus.
Our results demonstrate that much of the variation in
plasma MMP-9 levels appears to be due to wide day-to-day
variation within subjects, with several subjects showing
dramatic changes (increases or decreases) in plasma MMP-9
levels between the Baseline and Pre-Ex visits, which were
always less than 3 days apart (Fig. 4a).

Part of the large variation in day-to-day MMP-9 activity
observed in any study can be attributed to biological var-
iation and part to methodological variation. As mentioned
above, in the present study all samples for a given subject
were processed and frozen identically and analyzed at the
same time on the same ELISA plate. Thus differences in
plasma MMP-9 values between the Baseline and Pre-Ex
time points for a given subject were unlikely to reflect
major methodological differences in sample storage or
analysis. However, because each sample in the present
study was assayed in duplicate, an estimate of the intra-
sample methodological variability can be made. The mean
CV for plasma MMP-9 activity measured between dupli-
cates in the present study was 7.79%. This CV value rep-
resents a reasonable estimate of the methodological
variation associated with the assay performed, but it is only
a small contributor to the CV between the Baseline and
Pre-Ex (75%), and thus much of the variability within
subjects is likely due to biological variability.

It is not clear what might have caused the high biolog-
ical variability between the two pre-exercise time points.
Polymorphisms exist in the MMP-9 promoter, but are not
linked to plasma MMP-9 variation in healthy subjects
(Demacq et al. 2008). The acute effect of diet on plasma
MMP-9 levels has not been adequately explored, and thus
it is not clear whether day-to-day variations in diet may
have explained the differences observed in plasma MMP-9
in the present study. In addition, subjects were asked to
maintain their regular diet and came in at the same
approximate time for each visit, and thus it is unlikely that
changes in diet or alimentation account for the majority of
the variability reported here. Similarly, subjects were also
screened so that they had not performed upper-extremity
weight-lifting, resistance training, or similar activities in at
least the previous 6 months and were told to avoid any
exercise or physical activities, the use of ice and/or anti-
inflammatory medications, and/or therapeutic stretching of
the upper-extremities for the duration of the experiment. It
therefore seems unlikely that differences in day-to-day
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physical activity levels accounted for an appreciable
amount of the biological variance in pre-exercise plasma
MMP-9 levels reported here. Thus at the present time there
is not a clear explanation for the high biological variability
that contributes to the remainder of the TEM for pre-
exercise plasma MMP-9 levels within subjects.

Creatine kinase has often been criticized as a marker for
exercise-induced muscle injury because it has been shown
to be highly variable in the general population (Clarkson
and Ebbeling 1988; Hortobagyi and Denham 1989) and
because it may not appropriately reflect the magnitude of
muscle damage that has occurred (Clarkson and Hubal
2002; Warren et al. 1999). Moreover, like the pre-exercise
plasma MMP-9 levels reported here, basal blood creatine
kinase levels can also vary substantially across subjects
(Strgmme et al. 2004). However, in the present study the
experimental effect of damaging arm exercise caused a
robust and significant CK response, as unlike plasma
MMP-9 levels, peak plasma CK levels exceeded the
methodological and biological variability of this parameter
as demonstrated by the statistically significant 15-fold
increase that we report here at 4 days post-exercise. Thus
despite similar limitations in terms of pre- and post-exer-
cise variance, eccentric arm exercise was sufficient to
produce an increase in systemic CK but not MMP-9 levels.
And while differences in assay sensitivity may contribute
to some of this discrepancy, it nevertheless supports the
conclusion that plasma MMP-9 levels are not a robust
indicator of muscle damage. Biopsy studies and/or micro-
dialysis may provide better insights into whether local
changes in MMP-9 expression occur within the muscle
following damaging exercise, but these are considerably
more invasive and time consuming than blood collection.

Despite the high variability in pre-exercise systemic
MMP-9 levels, the lack of a post-exercise systemic MMP-9
response in the present study was unexpected because of
previous work demonstrating a significant increase in
MMP-9 levels following eccentric activity of the lower
limb(s) (Koskinen et al. 2001b; Mackey et al. 2004).
However, the significant systemic increases in MMP-9 that
have been reported by others occur at inconsistent time
points, are sometimes dependent upon the room tempera-
ture where the exercise is performed (Koskinen et al.
2001b), and are within the observed range of day-to-day
variability that we report here. These inconsistencies are
likely one of the reasons Koskinen and colleagues con-
cluded that serum levels of MMP-9 do not sensitively
respond to exercise induced muscle damage (Koskinen
et al. 2001b), which is consistent with the findings of the
present study. We tried to maximize our likelihood of
observing a systemic MMP-9 response by incorporating
rigorous controls into our subject selection and study
design. For example, we attempted to control for the well-

documented “repeated bout effect” (Byrnes et al. 1985), in
which prior bouts of eccentric exercise reduce the magni-
tude of muscle soreness and damage in subsequent bouts, by
recruiting subjects who had not participated in any physical
or occupational activities with their upper-extremities for a
minimum of 6 months prior to the experiment, which was
not explicitly described in other similar studies (Koskinen
et al. 2001b; Mackey et al. 2004). In addition, we chose to
produce injury in the upper- versus lower-extremity mus-
cles because the arm muscles, particularly in the non-
dominant arm, tend to get used less frequently than those of
the lower limb which are used daily for locomotion, going
down stairs, etc. By selecting an inactive subject population
and an appropriate task, we felt that we would minimize the
effects of the repeated bout effect in a way that would
maximize our likelihood of observing a systemic MMP-9
response despite the high variance in basal MMP-9 levels,
yet we still did not observe an increase in systemic MMP-9
following eccentric exercise.

It is not clear why eccentric arm exercise failed to
produce an increase in systemic MMP-9 levels in the
present study while at least one study using the lower limbs
elicited increases in systemic MMP-9 levels following
exercise (Mackey et al. 2004). One possibility is that the
single arm eccentric task used here, while damaging, did
not involve sufficient tissue volume to elicit systemic
increases in MMP-9 levels. However, given that systemic
CK levels are typically greater following an eccentric arm
task compared to a leg task of the same relative intensity
(Jamurtas et al. 2005), this seems unlikely. Another pos-
sibility is that the duration of our study was too short, since
Mackey et al. reported a significant increase in MMP-9
levels at 8 days post-exercise. However, given the dramatic
and significant changes occurring to the traditional markers
of muscle damage (soreness, arm circumference, ROM,
maximal force production, CK) within the 7 day time range
used in this study, we feel that 7 days should have been
more than ample time to detect a change in MMP-9.
Indeed, most of these other damage markers had resolved
back to baseline values by 7 days, and thus it seems unli-
kely that a change in MMP-9 would occur outside this time
frame. In addition, we observed no trend toward an
increase in MMP-9 levels at 7 days post-exercise, which
might suggest that a significant change might have occur-
red at 8 days or some later time point. Another possibility
is that changes in systemic MMP-9 levels may be greater
for low-force, high repetition activities like running. Con-
sistent with this, in a human study, marathon running
produced an increase in serum MMP-9 immediately fol-
lowing a race (Saenz et al. 2006). This possibility might
explain why MMP-9 mRNA and activity were increased in
humans after a single bout of cycling exercise (Rullman
et al. 2007) and a single bout of knee extensions (Rullman
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et al. 2009), two tasks that are typically not associated with
muscle damage. Third, it is possible that differences in
ECM composition and/or turnover exist between the upper
and lower limb musculature, but if this is the case it has not
been well documented scientifically. Fourth, differences in
leakage rates into the systemic vasculature and/or local
clearance of MMP-9 between the upper and lower
extremities may also exist though, again, scientific confir-
mation of these is lacking.

Another possibility is that the eccentric arm exercise
task, while damaging, may not be sufficient to cause
alterations to the muscle ECM. In a recent review by
Butterfield, the distinction between exercise-induced mus-
cle damage and severe strain-induced muscle injury was
emphasized, and the author pointed out that in vivo exer-
cise protocols often involve less mechanical strain to
muscle fibers when compared with in vitro or in situ
muscle damaging protocols typically done in rodents
(Butterfield 2010). It is thus possible that MMP activity is
increased and detectable in the systemic circulation only
following a protocol that more closely resembles traumatic
muscle injury, rather than exercise-induced injury. In
studies using severely damaging interventions such as
cardiotoxin injection (Kherif et al. 1999), ischemia-reper-
fusion (Roach et al. 2002), crush (Zimowska et al. 2008),
or denervation (Chattopadhyay et al. 2007), an increase in
muscle MMP-9 activity is almost always reported. Simi-
larly, pathological muscle diseases resulting in a chronic
state of muscle damage and inflammation are also associ-
ated with increased basal levels of MMP-9, both locally
(Kieseier et al. 2001; Schoser et al. 2002) and systemically
(Koskinen et al. 2001b). Marathon running is associated
with increases in systemic MMP-9 levels (Saenz et al.
2006), but in this case the ground reaction force produced
by the feet over an extended period of time may induce
additional traumatic injury to muscles or other limb
structures (bones, tendons, ligaments) that result in greater
connective tissue damage. In the present study, the fact that
the eccentric arm exercise task did not result in a detectable
systemic MMP-9 response may indicate that in vivo
eccentric arm exercise is not, or is only minimally dis-
ruptive to, the muscle ECM. While the results from the
present study suggest that systemic MMP-9 was not
changed after an upper-extremity eccentric task, there may
still be a role for MMP-9 in muscle damage and repair. As
mentioned above, levels of MMP-9 activity may have been
increased locally within the tissue and been involved in
immune cell infiltration, connective tissue repair/remodel-
ing, or both. Secondly, other MMPs, and in particular
MMP-2, have also been implicated in the remodeling of the
ECM proteins surrounding skeletal muscle (Kherif et al.
1999; Koskinen et al. 2001b; Sternlicht and Werb 2001).
Though MMP-2 is constitutively expressed (Sternlicht and
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Werb 2001), some investigators have reported changes in
local (Koskinen et al. 2001a) and systemic MMP-2 fol-
lowing eccentric exercise (Koskinen et al. 2002). By visual
inspection of the gelatin zymograms from our eccentric
arm exercise experiment, there was no indication that
MMP-2 activity was changed at any specific time point
throughout the experiment reported here (data not shown).

This study was designed to evaluate systemic MMP-9
levels as an index of muscle damage following eccentric
contractions. Through a series of experiments, we have
concluded that plasma MMP-9 is not a robust systemic
index for eccentric arm exercise-induced injury in humans.
Whether or not MMP-9 or other MMPs might be involved
in the cellular adaptations that occur at the level of the
tissue in response to eccentric exercise is not clear at this
time. In future studies, establishing a relationship between
the magnitude of disruption to the muscle ECM and the
tissue MMP-9 response may provide more support for the
role of MMPs in skeletal muscle injury and repair.
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