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Matrix metalloproteinases (MMPs) were first observed in 1962 by Jerome Gross and
Charles Lapiere in tadpole tissue that exhibited collagenolytic activity.1 Eisen et al2
were able to isolate human MMPs 6 years after its first discovery. MMPs are zincand calcium-dependent endoproteinases that play a crucial role in the remodeling of
extracellular matrix (ECM) by breaking down its protein components.3 MMPs can
be categorized, on the basis of substrate specificity and homology, into the following
six family groups: collagenases, gelatinases, stromelysins, matrilysins, membranetype MMPs, and other MMPs (Figure 1; Table 1). All MMPs share common domain
structures that degrade various ECM and nonmatrix.4,5 Specific propeptide and catalytic domains exist (ie, MMP-7 and -26) along with a hemopexin-like, four-bladed,
β-propeller domain located on the C-terminus, which is connected to a linker or hinge
region (MMP-1, -3, -8, -11, -12, -13, -18, -19, -20, -21, -27, and -28).6 These are the
domains and regions that are involved in substrate recognition and inhibitor binding.7–9
MMP-2 and -9 also have a fibronectin-like domain of three type II repeats.6
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Abstract: Matrix metalloproteinases (MMPs) are zinc- and calcium-dependent endoproteinases that have the ability to break down extracellular matrix. The large range of MMPs’ functions widens their spectrum of potential role as activators or inhibitors in tissue remodeling,
cardiovascular diseases, and obesity. In particular, MMP-1, -2, and -9 may be associated with
exercise and obesity. Thus, the current study reviewed the effects of different types of exercise
(resistance and aerobic) on MMP-1, -2, and -9. Previous studies report that the response of
MMP-2 and -9 to resistance exercise is dependent upon the length of exercise training, since
long-term resistance exercise training increased both MMP-2 and -9, whereas acute bout of
resistance exercise decreased these MMPs. Aerobic exercise produces an inconsistent result on
MMPs, although some studies showed a decrease in MMP-1. Obesity is related to a relatively
lower level of MMP-9, indicating that an exercise-induced increase in MMP-9 may positively
influence obesity. A comprehensive understanding of the relationship between exercise, obesity,
and MMPs does not exist yet. Future studies examining the acute and chronic responses of these
MMPs using different subject models may provide a better understanding of the molecular
mechanisms that are associated with exercise, obesity, and cardiovascular disease.
Keywords: cardiovascular disease, gelatinases, collagenases, TIMP
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Figure 1 General structure of MMP groups with SP, propeptide, catalytic, and hemopexin domains.
Notes: The active site of zinc bound to the catalytic domain and the CS can be found in all MMPs. Gelatinase FN repeats are found in the catalytic domain of gelatinases. A
furin-cleavage site (F) between the prodomain and catalytic domain can be found in MT-MMPs. Some MMPs have a TM domain attached to the hemopexin domain (MT-MMP).
Other MT-MMPs have GPI-anchor domain.
Abbreviations: CS, cysteine switch; FN, fibronectin; GPI, glycosylphosphatidylinositol; MMP, matrix metalloproteinase; MT-MMP, membrane type-matrix metalloproteinase;
SP, signal peptide; TM, transmembrane.

Activation of MMPs
There are three general activation mechanisms of MMPs,
including the pro-MMP cleavage, phosphorylation, and
oxidative stressors. The cleavage of pro-MMP is known
as “cysteine switch” that exists in all known MMPs.10 The
cleavage targets an intramolecular complex between a single
cysteine residue in the prodomain and the zinc ion in the catalytic domain (Figure 1). This cleavage of MMPs is a required
activation before any other forms of catalytic activation may
occur. MMPs can be activated by phosphorylation. One study
examined ubiquitous MMP-2 in human connective tissue and
found that five of 29 potential phosphorylation sites are targets for protein kinase C to alter MMP-2 activity. Enzymatic
property changes were confirmed through zymograph, gelatin
dequenching assays, and analysis of kinetic parameters.11
MMPs can also be activated by oxidative stressors such as
homocysteine (Hcy), nitric oxide (NO), and hydrogen sulfide (H2S). Hcy is a metabolite of the amino acids cysteine
and methionine that activates MMPs by the extracellular
signal-regulated kinase pathway.12,13 In mice, high levels
of Hcy showed increased aortic MMP-2 and -9 along with
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increased aortic blood pressure, resistance, pulse rate, wall
thickness, and extracellular collagen accumulation.14 On
the other hand, H2S, a metabolite of Hcy, has been clinically
used to treat atherosclerosis, since it deactivates MMP-9 and
activates MMP-2 in heart tissue. Thus, H2S may promote
angiogenesis and inhibit antiangiogenic factors.15 H2S is an
important factor for an anaerobic pathway conversion process
of Hcy, and plays a major role in vasodilation and antioxidant
health by normalizing the levels of redox stress and MMPs,
as seen in vascular remodeling of damaged carotid artery.16
Injected H2S into the carotid artery showed increased levels
of MMP-9 and decreased levels of MMP-2.17 One study
reported that H2S-knockout mice showed more outgrowth
in the vessels, as compared to donor H2S that increased
the levels of neointima formation in the carotid artery.
This result supports evidence on how H2S can be seen as a
clinical route to treat atherosclerosis.17 Although NO plays
an important role in MMP regulation, its exact mechanism
has not been completely understood. Moreover, the results
of previous studies investigating the MMP regulation by
NO or NO-dependent pathways are equivocal. One study
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Table 1 Classification of MMPs
MMP

Category

Enzyme

Target(s)

Inhibitor(s)

MMP-1

Collagenases

Collagenase-1

MMP-2

Gelatinases

Gelatinase-A

Collagens (I–III, VII, VIII, and X), gelatin,
aggrecan, L-selectin, IL-1β, proteoglycans, entactin,
ovostatin, MMP-2, MMP-9
Gelatin, collagen IV–VI, X, elastin,
fibronectin

MMP-3

Stromelysins

Stromelysin-1

Batimastat (BB-94), BB-1101, MMI270B, Metastat
(CMT-3), Doxycycline, FN-439, Ilomastat,
Marimastat (BB-2516), Minocycline
TIMP-4, Batimastat (BB-94), BB-1101, MMI270B,
Doxycycline, Ilomastat, Marimastat (BB-2516),
Minocycline
Batimastat (BB-94), BB-1101, MMI270B,
Doxycycline, FN-439, Ilomastat, Marimastat
(BB-2516), Minocycline

MMP-7

Matrilysins

Matrilysin (PUMP)

MMP-8

Collagenases

Collagenase-2/
neutrophil

MMP-9

Gelatinases

Gelatinase-A

MMP-10

Stromelysins

Stromelysin-2

MMP-11
MMP-12

Stromelysins
Other
enzymes

Stromelysin-3
Macrophage
metalloelastease

MMP-13

Collagenases

Collagenase-3

MMP-14

MT-MMP

MT1-MMP

MMP-15

MT-MMP

MT2-MMP

MMP-16
MMP-17

MT-MMP
Stromelysins

MMP-17
MMP-18
MMP-19

MT-MMP
Collagenases
Other
enzymes
Other
enzymes
Other
enzymes
Other
enzymes
Other
enzymes
MT-MMP
MT-MMP
Matrilysins

MT3-MMP
Homology
tostromelysin-2 (51.6%)
MT4-MMP
Collagnease-4
Type I collagen
RASI 1
Type I collagen

MMP-20
MMP-21
MMP-22
MMP-23
MMP-24
MMP-25
MMP-26
MMP-28
MMP-29

Other
enzymes
Other
enzymes

Enamelysin
MMP identified on
chromosome 1
MMP identified on
chromosome 1
From human ovary
cDNA
MT5-MMP
MT6-MMP
Matrilysin-2

Collagens (III–V, and IX), gelatin, aggrecan,
perlecan, decorin, laminin, elastin, casein, osteonectin,
ovostatin, entactin, plasminogen, MBP, IL-1β, MMP-2/
TIMP-2, MMP-7, MMP-8, MMP-9, MMP-13
Collagens (IV, X), gelatin, aggrecan, decorin,
fibronectin, laminin, elastin, casein, transferrin,
plasminogen, β4 -integrin, MMP-1, MMP-2,
MMP-9, MMP-9/TIMP-1
Collagens (I–III, V, VII, VIII, and X), gelatin, aggrecan,
fibronectin
Collagens (IV, V, VII, X, and XIV), gelatin, entactin,
aggrecan, elastin, fibronectin, osteonectin,
plasminogen, MBP, IL-1β
Collagens (III–V), gelatin, casein, aggrecan,
elastin, MMP-1, MMP-8
Unknown (casein)
Collagen IV, gelatin, elastin, casein, fibronectin,
vitronectin, laminin, entactin, fibrinogen, fibrin,
plasminogen
Collagens (I–IV, IX, X, and XIV), gelatin, plasminogen,
aggrecan, perlecan, fibronectin, osteonectin, MMP-9
Collagens (I–III), gelatin, casein, fibronectin, laminin,
vitronectin, entactin, proteoglycans, MMP-2, MMP-13
Fibronectin, entactin, laminin, aggrecan,
perlecan; MMP-2
Collagen III, gelatin, casein, fibronectin, MMP-2

Batimastat (BB-94), BB-1101, Doxycycline,
Marimastat (BB-2516), Minocycline

TIMP-1, Batimastat (BB-94), BB-1101, MMI270B,
Metastat (CMT-3), Doxycycline, FN-439,
Ilomastat, Marimastat (BB-2516)
TIMP-1, Batimastat (BB-94), BB-1101, MMI270B,
FN-439, Ilomastat, Marimastat
(BB-2516), Minocycline

BB-1101

BB-1101, Metastat (CMT-3), MMI270B,
Doxycycline
TIMP-1, TIMP-2, BB-1101, Ilomastat, Marimastat
(BB-2516)

TIMP-1, TIMP-2

Amelogenin, aggrecan

Fibronectin, but not collagen type I or laminin
Progelatinase A
Collagen IV, fibronectin, fibrinogen, gelatin,
α (1)-proteinase inhibitor

TIMP-1, TIMP-4

Epilysin
Unnamed

Abbreviations: MMP, matrix metalloproteinase; IL, interleukin; MT-MMP, membrane type-matrix metalloproteinase; RASI, rice-amylase/subtilisin inhibitor; cDNA,
complementary DNA; CMT, chemically modified tetracycline; MMI, matrix metalloproteinase inhibitor; TIMP, tissue inhibitor of metalloproteinase.
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reported that NO inhibited MMP-9 expression in activated
astrocytes,18 while another study showed that NO inhibitor
rather decreased MMP-9 in rat cardiac allografts.19 The three
MMP regulators mentioned above can give more insight on
how MMP levels can be regulated in ways that can benefit the
human body against diseases. However, more knowledge of
the exact mechanisms related to each regulator is necessary
for a full understanding of the MMP processes.

Inhibition of MMPs
Two types of MMP inhibitors exist: endogenous and
exogenous inhibitors. Tissue inhibitors of metalloproteinase
(TIMPs) are endogenous inhibitors that can be secreted
(TIMP-1, TIMP-2, TIMP-4) or bound to ECM components
(TIMP-3).20 They inactivate MMPs by forming bonds with
catalytic zinc in 1:1 ratios within the MMP structure.21 They
do so by creating noncovalent interactions between the
N-terminal domain of the TIMP and the active site of MMPs.
Recent studies have shown TIMPs’ therapeutic potential
in cardiovascular diseases (CVDs). The MMP-inhibitory
effects of TIMP-1 involve binding of C-terminal domain
to pro-MMP-2 and pro-MMP-9. TIMP-1 may specifically
help ECM manipulation in ischemia in such a way that it
may be a surrogate marker for increased ECM turnover.22
TIMP-2 reverses ECM remodeling in human cardiac tissue
in a dose-dependent manner.23 TIMP-3 prevented degradation of cardiac tissue matrix after a myocardial infarction by
reducing MMPs in vascular smooth muscle cells.24 Changes
in the ECM of atrial fibroblast in rheumatic heart disease have
been associated with TIMP-4 expression.25
Exogenous inhibitors include hydroxamic acid derivative and thiirane gelatinase inhibitor SB-3CT on several
MMPs.26–29 Batimastat (BB-94), a hydroxamic acid derivative, has been recently found to treat aneurysms on using
nanoparticle technology to directly administer anti-MMP
target to abdominal aorta aneurysm.30 In rat aorta cell culture,
administration of BB-94 decreased 90% of MMP-9 activity
and 10% of MMP-2 activity, while showing no effect on
TIMP-2 activity. The effect of change in MMP activity was
tested by injecting BB-94 directly into the abdominal aorta.
The blank control showed a 269% increase in the aneurysm,
while the treatment group showed only a 40% increase in
expansion. Another derivative, marimastat, has shown success as a therapeutic drug in repressing non-small-cell lung
cancer in a Phase I trial.31 Oral administration of marimastat
was added to the accepted treatment with carboplatin and
paclitaxel in order to test whether or not marimastat would
affect the kinetics of the treatment. TIMPs and hydroxamic
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acid derivatives play significant roles in general physiology
and pathology, and thus can develop as a therapeutic target
in the future.

The roles of MMPs in CVD and
obesity
Breakdown of ECM by MMPs includes physiological processes such as embryonic development, reproduction, and
tissue remodeling, as well as disease processes. MMPs are
involved in the remodeling process of cell membrane and in
cell behaviors like proliferation, migration, and apoptosis.32
CVD is the number one leading cause of death in the world
and includes any disease associated with the heart and blood
vessels, such as myocardial infarction, heart failure, atherosclerosis, stroke, aortic aneurysms, and so on.33 MMPs are
expressed and activated in many different types of CVDs
including atherosclerosis, myocardial infarction, and cardiac
dysfunction.34,35 In particular, MMP-2 and -9 degrade a major
element in the basement membrane, collagen IV, which helps
in cellular arrangement of skeletal muscle.36 MMPs also
play a role in disease diagnoses. For instance, MMP-2 and
-9 are found to be independent predictors for kidney disease
progression and its associated mortality.37 Obesity is strongly
associated with CVDs and occurs when pre-existing, fully
differentiated adipocytes are enlarged by excess energy input
and accumulate to a point where the pathological expansion
becomes a concern.38 Higher levels of MMPs are associated
with obesity and CVDs. For instance, MMP-1, -2, -3, -7, -9,
-10, -11, and -12 are found at higher levels in atherosclerotic
arteries.39 Among these MMPs, the current review focused
on MMP-1, -2, and -9 due to their strong association with
obesity and CVDs.

MMP-1
MMP-1 may be involved in plaque burden, although plaque
morphology was not tested.40 A strong correlation between
MMP-1 mRNA and lupus erythematic atherosclerosis has
been reported.41 Elevated MMP-1 was also associated with
myocardial infarction and angiographic coronary artery disease, although the mechanistic pathway was not examined.42
One study promoted inflammation and atherosclerosis using
C-reactive protein to examine the effects of MMP-1 in human
mammary arteries and carotid arteries. Both MMP-1 and its
mRNA expression had increased significantly, suggesting
an association with inflammation and plaque vulnerability.43 Higher levels of MMP-1 have also been observed in
several types of human carotid atherosclerosis, and also,
histological associations with plaque instability have been
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found.44 However, controversial results were obtained on
the association of MMP-1 with obesity, since the expression
of MMP-1 may be different between obese and nonobese
people. According to a recent study, MMP-1 may stimulate
tissue remodeling during adipose tissue expansion in obesity.
Certain MMP-1 alleles showed increased frequency with high
body mass index, potentially suggesting a defensive role.45 In
contrast, MMP-1 was reported to have a strong association
with nonobese individuals.46 In spite of the contradictory
effect of MMP-1 on obesity, the majority of evidence leans
toward MMP-1 increasing with obesity.

MMP-2
MMP-2 has been reported to promote atherosclerosis.
Elevated MMP-2 may negatively affect vascular permeability and play an important role in the progression of heart
failure.47 One study reported that MMP-2 knockout mice
showed decrease in atherogenesis.48 Increased duration of
ischemia and delayed functional recovery have been linked
to elevated MMP-2 levels,49 while decreased MMP-2 levels
provided protection from cardiac dysfunction.50 The role of
MMP-2 in voluntary exercise and its effects on infarct size
have been investigated in rats.51 A 6-week voluntary wheelrunning exercise, where the rats self-selected the time, duration, and intensity in a nonstressful environment, was used
as the exercise protocol. Induced ischemia by left anterior
descending coronary artery occlusion ex vivo and angina
provoked by epinephrine plus phentolamine protocols were
used on the rats. Serum MMP-2, coronary effluent MMP-2
activity, and infarct size all showed a significant decrease
after exercise. These results show that MMP-2 may be soon
viewed as a cardioprotective molecule for myocardial infarctions and perfusions.

MMP-9
It has been reported that MMP-9 may be involved in elastase
action related to aortic stiffening and development of isolated
systolic hypertension in healthy and younger individuals.52
However, MMP-9 may attenuate atherosclerotic development
and prevent plaque development, since MMP-9 knockout
mice showed plaque development.53 Both MMP-2 and -9 have
been linked to increased inflammation under high coronary
risk events and high plaque instability.54,55 An early study
showed that genetically obese rats had high levels of MMP-2
and low levels of MMP-9,56 suggesting that MMP-2 may be
involved in adipose ECM degradation. In addition, high-fat
diet-induced obese (HFDIO) mice had lower MMP-9 mRNA,
and an antigrowth myostatin (MSTN), which is known to
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be suppressed in HFDIO condition, showed resistance to
HFDIO.57 This indicates that decreased levels of MMP-2
and increased MMP-9 levels can prevent or regulate obesity
development.

The effects of exercise on MMPs
It is evident that exercise favorably affects CVDs and obesity.
According to the recent studies examining the effects of exercise on the regulation of MMPs, the responses of MMPs to
exercise may be more dependent upon the mode and length of
exercise performed in a variety of subject models (Table 2).
Thus, understanding the relationship between MMPs and
exercise is particularly important in obese population, since
obesity is strongly associated with CVDs and other types of
metabolic diseases.58 In the current review, we examined how
different types of exercise (resistance and aerobic) influence
MMP-1, -2, and -9.

Resistance training and MMPs
Based on the previously published studies, the responses of
MMPs to resistance training are more likely related to duration of exercise training. Resistance training lasting from
5 to 12 weeks may increase MMP-2 and -9 in both animal
and human subjects,59–62 whereas acute bout of resistance
training may decrease these MMPs.63 In an animal study,
HFDIO rats that performed resistance training had significantly increased MMP-2 levels in bicep and gastrocnemius
muscles. A comparable difference in MMP-2 levels between
obese and nonobese rats indicated that it was related to the
levels of obesity and also suggested that this exercise-induced
increase in MMP-2 in rats may prevent obesity. In this regard,
MMP-2 could potentially be a negative regulator of obesity.62
In another study, rats fed with high-fat diet performed a
12-week strength training program that consisted of vertical ladder exercise three times a week with weights attached
to their tails. Following 12 weeks of training, rats showed
increase in muscle MMP-2, suggesting that high levels of
MMP-2 may be inversely related to obesity.59 One study
examined the effects of oxidative stress on MMP-2 and -9 in
skeletal muscle using the exercise protocol composed of leg
presses for 45 minutes, four times a week for 5 weeks. The
levels of MMP-2 increased by day 10, and MMP-2 mRNA
in myofibril increased with training as well. The responses
of MMP-9 and its mRNA activity at day 10 were relatively
lower as compared to those of MMP-2, but held the same
level of activity after the first exercise.60 One study examining the relationship between diabetes and MMPs reported
that patients with type 2 diabetes who performed a rowing
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Table 2 Effects of different types of exercise on MMPs
Study

Samples

Training
type

Length
of study

Tissue

Outcome

P-value

Souza et al62

RT

12 weeks

Skeletal muscle

MMP-2 ↑

P<0.05

RT

12 weeks

Left ventricle

MMP-2 ↑

P<0.01

Nascimento et al63

Wistar rats (N=32; C=8, C-OB=8, EG=8,
EG‑OB=8)
Wistar rats (N=32; C=8, C-OB=8, EG=8,
EG‑OB=8)
Obese elderly women (N=10)

RT

Acute

Plasma

P<0.05

Rullman et al60

Healthy males (N=10)

RT

5 weeks

Skeletal muscle

Scheede-Bergdahl et al61
Donley et al69
Rullman et al68

Type 2 diabetic males (N=22; C=10, T2D=12)
MetS females (C=22, MetS=22)
Healthy males (N=10)

RT
AT
AT

8 weeks
8 weeks
Acute

Skeletal muscle
Plasma
Skeletal muscle

Shon et al65

ApoE-/- mice (N=68; C=15, C-OB=26, EG=9,
EG‑OB=18)
Wistar rats (N=70; C=35, EG=35)
Aging rat model (N=40; C=10, EG=10, O=10,
O-EG=10)

AT

10 weeks

Atheroma

AT
AT

6 weeks
12 weeks

Plasma
Left ventricle

AT

1, 3, 6
days
1 week

Calcaneal
tendon
Hippocampus

MMP-2 ↓
MMP-9 ↓
MMP-2 ↑
MMP-9 ↑
MMP-2 ↑
MMP-1 ↓
MMP-2 ↔
MMP-9 ↑
MMP-2 ↓
MMP-9 ↓
MMP-2 ↓
MMP-1 ↓
MMP-2 ↓
MMP-9 ↔
MMP-2 ↔, ↔, ↑
MMP-9 ↔, ↔, ↔
MMP-2 ↔
MMP-9 
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Leite et al59

Posa et al51
Kwak et al64

De Aro et al66
Nishijima et al67

Wistar rats (N=77; C=11, 1d1h=11, 1d3h=11,
3d1h=11, 3d3h=11, 6d1h=11, 6d3h=11)
Wistar rats (N=4, EG=16)

Note: “↑” indicates an increased level; “↓” indicates a decreased level; and “↔” indicates no change.
Abbreviations: ApoE-/-, apolipoprotein E knockout; AT, aerobic exercise; C, control; C-OB, control obese; d, days, EG, exercise group; EG-OB, obese exercise group; h,
hours; MetS, metabolic syndrome; MMP, matrix metalloproteinase; NS, not shown; O, old; O-EG, old exercise group; RT, resistance training; T2D, type 2 diabetes.

exercise at 65%–70% of VO2 (volume of oxygen intake) peak
significantly increased MMP-2 mRNA in skeletal muscle,
suggesting that exercise-induced changes in MMP-2 may
benefit type 2 diabetes.61 In contrast, obese elderly women
who performed acute eccentric resistance training (ten repetitions at 110% of ten-repetition maximum) had decreased
levels of both MMP-2 and -9 in the plasma after 48 hours of
the training session. The authors concluded that this exerciseinduced reduction in MMP-2 and -9 may be a positive sign
in the transient defense of inflammatory MMPs associated
with obesity and atherosclerosis.63

Aerobic exercise and MMPs
The impact of aerobic exercise training on MMPs may be
related to duration of exercise. In general, the long-term
aerobic exercise training lasting up to 12 weeks may decrease
both MMP-2 and -9,51,64,65 while these MMPs increase following acute bouts of exercise.66–68 Moreover, only limited
information regarding the effects of aerobic exercise on
MMP-1 is currently available. MMP-1 in serum and heart
tissue decreased following aerobic exercise training (up to
12 weeks) in female subjects with metabolic syndrome69 and
in aged mice.64 MMP-9 and its mRNA activity in skeletal
muscle significantly increased after a 65-minute aerobic
292
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AT

P<0.001
P<0.05
P<0.05
P<0.05
P<0.05
P<0.05
P<0.05
P<0.05
P<0.001
P<0.05
P<0.05
NS
P<0.05
NS
NS
P<0.05
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cycling exercise, while MMP-2 mRNA did not change.68 In
an animal study, apoE-/- mice were given a Western diet to
develop plaque while participating in a 30-minute treadmill
exercise program (5 days/week) for 10 weeks. Exercise
intervention did not attenuate aortic plaque, but MMP-2
and -9 significantly decreased.65 Another study examining
the effects of voluntary wheel-running exercise for 6 weeks
reported a reduction in serum MMP-2 as part of a cardioprotective mechanism against cardiac injury.51 Aged rats that
performed a 45-minute aerobic exercise on a treadmill for up
to 12 weeks (5 days/week) showed decrease in both MMP-1
and -2 in the heart tissue, while MMP-9 was not altered.64
To examine the influence of exercise with various durations
and resting periods, Wistar rats were separated into several
groups that performed either 1, 3, or 6 days of exercise training (three sessions per day) with an 1-, 3-, or 6-hour resting
period between each session. No significant difference was
seen in either protein MMP-2 or -9 in the calcaneal tendon
in any of the groups, except the group that performed the
6-day with 3-hour rest exercise protocol which showed an
increase in MMP-2.66 One study examined the responses of
MMP-2 and -9 levels of hippocampi samples in rats following
treadmill exercise. The rats exercised at moderate intensity
on the treadmill for 30 minutes for 7 days, and hippocampi
Vascular Health and Risk Management 2016:12
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samples were analyzed by gel zymography to examine the
changes in the proteolytic activity of MMP-2 and -9 at 0, 6,
12, and 24 hours postexercise. Results showed that MMP-2
did not change significantly, whereas the 12-hour samples
exhibited a significant increase in MMP-9.67

Conclusion
The previous studies we reviewed show that the response of
MMPs following resistance exercise is more related to the
length of resistance exercise training. In general, long-term
resistance exercise training may increase both MMP-2 and
-9, while acute bouts of resistance exercise may decrease
these MMPs. Furthermore, aerobic exercise training leads
to an inconsistent result in MMP-2 and -9, although some
studies showed a reduction in MMP-1. Also, a relatively
lower level of MMP-9 has been observed in obese subjects,
indicating that an exercise-induced increase in MMP-9 may
play a positive role in obesity.
Elevated MMP-1 has been shown to be strongly associated with CVDs and obesity. Thus, a treatment targeting
on lowering MMP-1 may benefit the most in patients with
CVDs or obesity. In this regard, an exercise intervention
should include a long-term aerobic training as it can reduce
the MMP-1 levels and prevent obesity. Reducing MMP-2
would improve prognosis of CVDs, and long-term aerobic
training would help reduce MMP-2 levels as well. However,
the potential drawback of long-term aerobic training would
be decreased level of MMP-9, which may hinder some beneficial effects of exercise on obesity and plaque development.
Therefore, it is important to balance aerobic exercise with
long-term resistance training, which may increase MMP-9,
thereby offering the most positive effects of exercise training on improvement in MMPs. Future s tudies examining the
effects of different types of aerobic and resistance exercise
training or a combination of these two forms of training
would give more insight on how exercise influences MMPs.
Also, exercise intensity may play a role in changes in MMPs,
although it has not been fully examined. Therefore, findings
on how different types, intensities, and duration of exercises
and when to measure MMPs will open a new spectrum of
molecular mechanism that is mostly unknown. Finding which
MMPs are associated with obesity, exercise, and CVDs is
the first step toward understanding the mechanism of this
potentially powerful group of proteins. More knowledge of
MMPs could lead to more effective treatment or approach to
weight loss or new drugs that safely help patients with obesity, CVDs, or other types of diseases. Not all major MMPs
have been fully tested with different types and duration of
exercise regimens. This calls for research on different MMPs
Vascular Health and Risk Management 2016:12
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in exercise to get a better understanding on how the human
body can naturally manipulate MMP metabolism to benefit
the body as a whole.
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