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Study Objectives: OSA is a common sleep disorder. There is a strong link between sleep-related breathing disorders and cardiovascular and cerebrovascular
diseases. Matrix metalloproteinase-9 (MMP-9) is a biological marker for extracellular matrix degradation, which plays a significant role in systemic hypertension,
myocardial infarction and postmyocardial infarction heart failure, and ischemic stroke. This article reviews MMP-9 as an inflammatory mediator and a potential
messenger between OSA and OSA-induced comorbidities.
Methods:We reviewed the MEDLINE database (PubMed) for publications onMMP-9, OSA, and cardiovascular disease, identifying 1,592 studies and including
and reviewing 50 articles for this work.
Results: There is strong evidence that MMP-9 and tissue inhibitor of metalloproteinase-1 levels are elevated in patients with OSA (mainly MMP-9), systemic
hypertension, myocardial infarction, and postmyocardial infarction heart failure. Our study showed variable results that could be related to the sample size or to
laboratory methodology.
Conclusions: MMP-9 and its endogenous inhibitor, tissue inhibitor of metalloproteinase-1, are a common denominator in OSA, systemic hypertension,
myocardial infarction, and heart failure. This characterization makes MMP-9 a target for developing novel selective inhibitors that can serve as adjuvant therapy in
patients with OSA, which may ameliorate the cardiovascular and cerebrovascular mortality associated with OSA.
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INTRODUCTION

OSA is a common sleep disorder that is characterized by re-
petitive episodes of collapse in the pharyngeal airway during
sleep. This collapse is usually related to a crowded upper air-
way secondary to multiple factors (eg, obesity,1 enlarged
tonsils,2 retrognathia,3 high arched palate,4 and other cranio-
facial features5). The prevalence of OSA has increased over the
last 2 decades. In 2014, the prevalence of OSA was 26% with
more than 26 million adults in the United States diagnosed with
OSA between ages 30 and 70 years.6 Men are twice as likely to
be diagnosed with OSA compared to women.7 Sleep disruption
associated with OSA results in excessive daytime sleepiness,
fatigue, and other neurocognitive, mood, and behavioral
symptoms leading to impairment in numerous facets of life
including work, academic achievement, and social interaction.8–10

Over the last few decades, the effects of OSA on other
comorbid conditions have become clearer. Untreated OSA can
worsen systemic hypertension (HTN), coronary artery disease,
obesity, cerebrovascular diseases, and metabolic syndrome.11–13

OSA-induced cardiovascular diseases in particular have been

evaluated extensively in numerous studies. OSA increases
the risk of incident and prevalent HTN,14,15 coronary artery
disease,16,17 prevalent congestive heart failure (HF),17 atrial
fibrillation,18 pulmonary HTN,19 and incident stroke.20

The exact pathophysiology correlating OSA and cardio-
vascular diseases is not fully understood. Intermittent hypoxia,
which is amajor featureofOSA, seems toplay acritical role through
different pathways. Stimulation of the sympathetic nervous system
and the surge of noradrenaline associated with chronic intermittent
hypoxia can contribute to the risk of developing systemic HTN and
coronary arterydisease.21 Intermittent hypoxia has been shown to
cause endothelial dysfunction, which can be related to the
production of inflammatorymediators, reactive oxygen species,
vascular adhesive molecules, and alteration in endothelial va-
soactive mediators (such as an increase in endothelin-1 and a
decrease in nitrous oxide).22,23 The hypoxia/reoxygenation
process per se can facilitate endothelial dysfunction.

Systemic inflammation is a common denominator between
OSA and these comorbid diseases. Dysregulation of the ex-
tracellular matrix (ECM) proteins is a significant element
in the inflammatory process. Inflammatory stress induces the
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production of proteolytic enzymes (ie, proteinases) intracel-
lularly. Proteinases primarily degrade collagen, laminin, and
elastin. Any imbalance between the synthesis and degradation
of collagen can lead to abnormal extra deposition of collagen in
different tissues.24 When this process takes place in the wall of
major blood vessel walls and the myocardial interstitium, it is
known as “remodeling.” Remodeling is an ongoing, insidious
process that can yield an increased stiffness in major blood
vessel walls and the myocardium, which ultimately increases
the risk of systemic HTN and HF, respectively.25

One family of these proteolytic enzymes is the matrix metal-
loproteinases (MMPs). MMP-9, also known as gelatinase B, is a
significant protease that plays a critical role in systemic inflam-
mation in patients with OSA and cardiovascular and cerebrovas-
cular diseases. In this article,we review the role ofMMP-9 inOSA,
systemic HTN, myocardial infarction (MI), post-MI systolic and
diastolic HF, and ischemic stroke. Therapeutic interventions that
selectively inhibitMMP-9 are a potential novel therapy tomitigate
OSA-induced cardiovascular and cerebrovascular effects.

MMP-9 (structural and functional review)
MMPs are a group of zinc-containing proteinases that degrade
theECMcomponents.26 They are produced intracellularly in the
form of pro-MMP (inactive zymogen) and become activated
extracellularly (except for MMP-11).27 MMPs are classified
into 6 groups (collagenases, gelatinases, stromelysins, matri-
lysins, membrane-type MMPs, and others). MMPs are under
tight control at different levels (such as transcription, pro-MMP
activation, posttranslational modification, and inhibition by
endogenous inhibitors).28 There are 26 different types of ver-
tebrate MMPs, and 23 have been identified in humans.29

MMP-9 is a 92-kDa peptide30 that is produced and released
by different inflammatory cells such as neutrophils, monocytes,
and macrophages. It has different domains (the pro-MMP-9
domain, the catalytic domain, the linker domain, and a
hemopexin-like domain; Figure 1).30 Activation takes place
extracellularly via proteolysis by different enzymes (eg, plas-
min) or by chemical substances (eg, thiol-modifying agents,
oxidized glutathione, reactive oxygen).31 All MMPs contain
zinc ions in the catalytic domain that are essential for proteolytic
activity. The activation process starts with an injury that
stimulates the release of cytokines (eg, tumor necrosis factor-α
andinterleukin-1β) fromattracted neutrophils andmonocytes.32,33

Subsequently, transcription factors are activated (eg, activator
protein-1, Nuclear Factor kappa-light-chain-enhancer of acti-
vated B cells, Serum amyloid A-activating factor-1),34 leading
to the production of MMP-9 in the inactive form (pro-MMP-9).
Pro-MMP-9 binds specific endogenous inhibitory factors (tis-
sue inhibitors of metalloproteinases [TIMPs]) in the Golgi
apparatus, which keeps it inactivated.35 The pro-MMP-9/TIMP
complex is released extracellularly and becomes activated by
different proteinases such as plasmin and tissue-type plasminogen
activator.36 There are 4 identified TIMPs (TIMP-1, TIMP-2,
TIMP-3, and TIMP-4).37 TIMPs are 21 to 29 kDa.38 Each has a
wedge-shaped domain that binds the catalytic site like any other
substrate, which results in the deactivation of MMPs.39

The degradation of ECM by MMP-9 triggers angiogenesis
via several proangiogenic factors such as vascular endothelial

growth factor and fibroblast growth factors.40 For example, in
cardiac fibroblasts and myofibroblasts, MMP-9 degrades col-
lagen IV and V, which ultimately lead to scar formation post-
MI.41 It has been shown that MMP-9 plays a critical role in
atheroma formation. It attracts neutrophils and monocytes
while enhancing the invasion ofmonocytes via endothelial cells
into the subendothelial layer and the formation of foam cells,
which is considered the cornerstone step in the process of
atherosclerosis.42 Furthermore, these foam cells start producing
more MMP-9, leading to the progression of atheroma and the
thinning of the fibrous cap that covers the atheroma.43

METHODS

We searched the MEDLINE database (PubMed) using the
following phrases: “matrixmetalloproteinase-9 and obstructive
sleep apnea,” “matrix metalloproteinase-9 and intermittent
hypoxia,” “matrix metalloproteinase-9 and hypertension,”
“matrix metalloproteinase-9 and myocardial infarction,”
“matrix metalloproteinase-9 and cardiac remodeling,” “matrix
metalloproteinase-9 and heart failure,” and “matrix
metalloproteinase-9 and ischemic stroke.” Exclusion criteria
included (1) articles written in a non-English language, (2)
studies using animal models, (3) all MMP-9 studies in patients
with noncardiovascular or cerebrovascular disorders, (4) all
trials that included other MMPs but not MMP-9, and (5) studies
in a pediatric population aged < 18 years (because cardiovas-
cular diseases in children are typically congenital rather than
ischemic or inflammatory). The search yielded a total of 50
studies. Table 1 summarizes the literature search.

REVIEW

OSA and MMP-9
Few clinical trials have investigated the link between OSA and
MMP-9 in adult humans. Most of these trials have shown a
correlation between OSA and increased MMP-9 levels. Fang
et al44 conducted a meta-analysis that included 18 trials and
concluded that MMP-9 levels are higher in participants with
severe OSA comparedwith thosewithmild andmoderate OSA.
They found a positive correlation between MMP-9 and the
severity of OSA. The meta-analysis included 3 trials that ex-
amined the association between MMP-9 (−1562C/T) gene
polymorphism andOSAbutwere unable to show an association
between MMP-9 gene polymorphism and the susceptibility for
OSA. Most of these studies measured MMP-9 levels in the
peripheral venous blood at night before sleep study and in the
morning after polysomnography.

Wang, Li, et al45 showed that elevated MMP-9 levels in
patients with OSA correlate with cardiovascular disease (HTN
and left ventricular hypertrophy). They followed participants
for 12 months, and 34% of them developed systemic HTN. The
riskwas positively correlatedwith the severity ofOSA.Because
MMP-9 is under tight regulation by its endogenous inhibitor
(TIMP-1), evaluating MMP-9 levels and activity is more
comprehensive with TIMP-1 levels and the MMP-9/TIMP-1
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ratio. All studies examined (except Hopps et al46) showed no
significant change in TIMP-1 levels in OSA (Table 2). Hopps
et al46 showed that TIMP-1 and MMP 9 levels are elevated in
OSA and correlated with OSA severity.

On the contrary, Maeder et al47 did not show a correlation
between MMP-9 levels and OSA or OSA severity (moderate/
severe OSA compared to no/mild OSA). They also did not
show any impact of PAP therapy on MMP-9 levels. However,
PAP therapy was used only for 1 night in this trial. Nizam et al48

did not showany difference inMMP-9 levels orMMP-9 activity
in both serum and saliva among all OSA groups in their study.

Two other studies evaluated the impact of PAP therapy on
MMP-9 levels and activity for a short period (Table 1). Tazaki
et al49 and Tamaki et al50 tested CPAP for 1 and 2 months,
respectively, and both showed that PAP therapy reducedMMP-
9 levels in patients with severe OSA compared with patients
with mild OSA and control patients. Vuralkan et al51 showed
that uvulopalatal flap (a surgical intervention for OSA) reduced
MMP-9 levels.

Because there is a cross-reactivity betweenMMP-9 and other
MMPs, some studies evaluated the levels of other MMPs in
addition toMMP-9. Bonanno et al52 showed thatMMP-2 levels
were lower in patients with severe OSA. However, all other
MMP levels did not show any significant correlation with OSA
severity. Other inflammatory mediators and cytokines mea-
sured in these trials were increased in participants with OSA
compared with control participants (eg, interleukin-1, inter-
leukin-6, tumor necrosis factor-α, monocyte chemoattractant
protein-1, and C-reactive protein). Table 2 lists these studies
with more detailed results and methodology.

The variation in MMP-9 levels in some of these studies
could be related to several reasons. The sample size in all these
studies was small (< 100 participants). Furthermore, the lab-
oratory assays used to assess MMP-9 levels were not standard.
Some laboratories used enzyme-linked immunosorbent assay

(ELISA) kits, and others used gelatin zymography. In addition,
all studies measured venous blood (serum or plasma) levels but
not tissue MMP-9 levels. MMP-9 blood levels do not neces-
sarily reflect the tissue level: For example, an elevated MMP-9
blood level does not mean elevated levels in tissue.

Systemic HTM and MMP-9
Many trials have evaluated the role of MMP-9 and TIMP-1 as
significant players in the remodeling process that takes place in
the walls of major blood vessels and myocardial tissues leading
to HTN heart diseases. In the very early stages of HTN,MMP-9
degrades fibrillar collagen in the wall of blood vessels, leading
to distensibility, which allows the blood vessels to accommo-
datemore blood volumewith a lower increase in blood pressure.
This phase is followed by a compensated phase in which col-
lagen deposition increases, leading ultimately to arterial wall
stiffness.53 MMP-9 levels are increased in a linear relationship
with arterial wall stiffness.54,55 Concomitantly, more collagen
deposition takes place in the myocardial tissues (remodeling).56

MMP-9 levels further increase during the transition from
ventricular hypertrophy to congestive HF.57

The results of studies conducted to assess MMP-9 levels in
patients with HTN are conflicting. Yasmin et al58 evaluated
aorta media stiffness in patients with isolated systolic HTN and
concluded that MMP-9 was the most important predictor of
aortic wall stiffness using pulse wave velocity regardless of
patient age. In addition to MMP-9, serum elastase activity in-
creased, contributing to the degradation of elastin, the major
component of the elastic laminae of the aorta, and subsequently
increasing arterial wall stiffness. Furthermore, elevated levels of
C-reactiveprotein suggest thatother inflammatorypathwayscould
be potential sources of collagen deposition in the aortic wall.

It also seems that the size of the blood vessel plays a role.
Large-sized arteries show higher MMP-9 and TIMP-1 levels
compared with smaller muscular arteries. Tan et al54 showed

Table 1—Total number of studies searched, excluded, and included in the review (PubMed).

Total Studies Excluded Included

MMP-9 and OSA 21 8 13

MMP-9 and HTN 537 521 16

MMP-9 and heart failure 326 315 11

MMP-9 and ischemic stroke 708 698 10

HTN= hypertension, MMP-9= matrix metalloproteinase-9.

Figure 1—MMP-9 structure.

C = cysteine, FN = fibronectin, MMP-9 = matrix metalloproteinase-9, S = sulphur, ZN = zinc.
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that a more prominent elevation in MMP-9 and TIMP-1 cor-
related positively with carotid-femoral pulse wave velocity but
not the MMP-9/TIMP-1 ratio. The role of TIMP-1 in HTN and
cardiac remodeling is not completely understood. Because
TIMP-1 exerts an inhibitory action on all MMPs (not only
MMP-9), TIMP-1 may inhibit MMP-1 andMMP-8, decreasing
the turnover of ECM and enhancing collagen deposition in the
wall of large arteries and subsequently increasing stiffness.

A meta-analysis conducted by Marchesi et al59 concluded
that MMP-9, in addition to TIMP-1 and MMP-2, plays a major
role in the remodeling process in patients with HTN. Although
both MMP-9 and TIMP-1 are elevated in HTN without HF, the
authors noticed much higher elevation in TIMP-1 levels
comparedwithMMP-9 levels (a lowerMMP-9/TIMP-1 ratio) in
patients with HTN heart diseases, suggesting a significant role
of TIMP-1 in cardiac remodeling in patients with HTN. Ahmed
et al57 used MMP-9 and TIMP-1 levels to predict the risk of
developing HF in patients with HTN. They found that whereas
patients with HTN but normal left ventricular function had
normal MMP-9 and normal TIMP-1 levels, those with TIMP-1
levels higher than MMP-9 levels were more likely to develop
congestive HF. Accordingly, they concluded that the MMP-9/
TIMP-1 ratio can be used to predict the risk of developing HF in
patients with HTN. Tayebjee, Nadar, MacFadyen, et al60

showed elevated MMP-9 and TIMP-1 levels in patients with
HTN but showed only elevated TIMP-1 in patients with HTN
and left ventricular hypertrophy, raising the possibility that
MMP-9may play amore significant role in vascular remodeling
and tone compared to cardiac remodeling. However, Saglam
et al61 showed contradictory results where both MMP-9 and
MMP-3 were elevated in patients with HTN and MMP-9 levels
were correlated with left ventricular hypertrophy.

Some trials have also evaluated the impact of treatment with
antihypertensive agents on MMP-9 levels. Onal et al62 showed
that MMP-9 and TIMP-1 levels were elevated in patients with
HTN and that treatment with angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers decreased MMP-9
levels. Tayebjee, Nadar, Blann, et al63 had a similar conclusion
where they noticed a reduction in MMP-9 levels after treatment
with antihypertensive agents. However, they also noticed an
elevation in TIMP-1 with treatment, which was not statistically
significant yet still surprising. This findingmay be related to the
activation of other MMPs (eg, MMP-1, MMP-2, MMP-3, or
MMP-10) by antihypertensive agents. For example, MMP-1 is
oneof the collagenases that directly degrade collagens type I and
III that form most of the elastic laminae of blood vessel walls.

On the contrary, some trials have shown decreased levels of
MMP-9 in patients with HTN. Li-Saw-Hee et al64 noticed that
bothMMP-9 andTIMP-1 are reduced in patientswithHTN, and
treatmentwithACE inhibitors orARBdidnot affect their levels.
Zervoudaki, Economou, Stefanadis, et al65 and Zervoudaki,
Economou, Pitsavos, et al66 showed similar results; however,
they noticed that MMP-9 levels increased with the use of
amlodipine comparedwith felodipine or diltiazem.Table 3 lists
these studies with more detailed results and methodology.

The change in MMP-9 and TIMP-1 levels in different trials
can be related to multiple factors. For example, different
methodologies are used in different laboratories (eg, ELISA,

gelatin zymography, or reverse zymography). Many patients
were on medications at the time of enrollment that could po-
tentially alter these levels. Most of the studies used a small
sample size, which can affect the power of the test. Finally, the
levels of MMP-9 and TIMP-1 may vary at different stages of
HTN. In early stages of the disease, MMP-9 levels are high to
facilitate smooth muscle cell migration; however, at a late stage
of the disease, endogenous inhibitors predominate, which
suppresses MMP-9, allows for much lower ECM turnover, and
enhances collagen deposition in the arterial walls.67

In summary, MMP-9 seems to play a major role in blood vessel
wall remodeling and blood vessel tone and TIMP-1 seems to play a
major role in cardiac remodeling and developing HF.

MI, cardiac remodeling, and MMP-9
As mentioned earlier herein, MMP-9 plays a critical role in
atheroma formation through endothelial dysfunction, neutro-
phil and monocyte attraction, monocyte invasion, smooth
muscle cell migration, and foam cell formation. Furthermore,
foam cells synthesize and release more MMP-9, which en-
hances ECMdegradation (collagen I, III, IV, V, VI, andXVI),68

leading to rupture of the fibrous cap.69,70 This process exposes
the injured part of thefibrous cap to the bloodstream,which is an
extremely thrombogenic process leading to thrombus formation
and subsequent coronary artery occlusion. Depending on the
setting, MMP-9 is protective (the healing process in the fibrous
cap) and harmful at the same time (degrading the surface of the
fibrous cap). The same principle applies clinically to MI. In the
early stages of MI (the first 24 hours), elevatedMMP-9 helps in
the healing process;71,72 however, further activation of MMP-9
will destabilize and further expand MI.73

Opstad et al74 conducted the NORDISTEMI study, a ran-
domized controlled trial examining MMP-9, TIMP-1, and the
MMP inducer Extracellular matrix metalloproteinase inducer
in patients with acute ST-elevation MI at 3 days and 3 months
post-MI. They concluded that Extracellularmatrixmetalloproteinase
inducer,MMP-9, and TIMP-1 levels and theMMP-9/TIMP-1 ratio
declined from day 3 to 3 months. Furthermore, TIMP-1 levels
at day 3 correlated significantly with infarct size, troponin T, and
amino-terminal pro-B-type natriuretic peptide. These findings
further support the role of TIMP-1 in the remodeling process.

One of the most deleterious complications post-MI is HF,
which is classified into 2 categories: HF with reduced ejection
fraction, which is usually seen as a complication of myocardial
ischemia, and HF with preserved ejection fraction, which is
usually seen as a complication of long-standing HTN. All trials
showed evidence that MMP-9 is upregulated in both reduced
and preserved HF; however, TIMP-1 was upregulated in some
trials and downregulated in others (Table 4). Li, Feldman, et al75

concluded that the reduction in TIMP-1 levels correlated with
the elevation inMMP-9 levels to favorECMdegradation in both
HF with reduced ejection fraction and HF with preserved
ejection fraction. Martos et al76 showed a correlation ofMMP-9
levels at different stages of HF with preserved ejection fraction
(impaired relaxation, pseudo-normal, and restrictive-like fill-
ing). Morishita et al77 concluded that MMP-9 levels correlated
with disease activity in both types of HF despite low levels of
B-type natriuretic peptide. Lakhani et al78 emphasized the
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elevation in MMP-9 levels in patients with post-MI HF. This
elevation was more prominent with reduced ejection fraction
compared to preserved ejection fraction. Franz et al79 investi-
gatedMMP-9 levels in 2 subtypes ofHFwith preserved ejection
fraction and noticed that MMP-9 levels were higher in con-
centric HF than in eccentric HF. MMP-9 levels were univariate
predictors of all-cause mortality in patients with systolic HF. In
a trial conducted byDini et al,80MMP-9was the only biomarker
that was independently associated with prognosis in patients
with HF with reduced ejection fraction. Yan et al81 concurred
with these results and showed that MMP-9 levels were corre-
latedwith lower left ventricular ejection fraction and subsequent
deterioration of left ventricular function.However, no causation
was established in this trial. Table 4 summarizes the trials
addressing the role of MMP-9 in cardiac remodeling.

Cerebrovascular diseases (ischemic stroke)
and MMP-9
MMP-9 has been studied heavily in cerebrovascular diseases,
especially in acute ischemic stroke, and several trials confirmed
its role as a biological marker in ischemic stroke. Montaner
et al,82 Zhong et al,83 and Horstmann et al84 concluded that
MMP-9 levels are positively correlated with stroke severity
(defined by the National Institutes of Health Stroke Scale) at 12,
24, and 48 hours from the onset of stroke symptoms. They also
noticed a positive correlation between MMP-9 levels and the
size of the infarcted area in addition to a correlation with
neurological impairment post-stroke. Lucivero et al85 compared
MMP-2 and MMP-9 levels in different stroke types and con-
cluded that whereas elevatedMMP-2 is usually associated with
lacunar infarcts, elevated MMP-9 levels are associated with
more severe stroke. They also concluded that MMP-9 is as-
sociated with worse prognosis compared to MMP-2.

Hypertensive cerebrovascular disease is a well-known
pathophysiology in the development of cerebral small-vessel
disease and lacunar infarction. Research has shown that not all
lacunar infarctions are associatedwith embolic phenomenon. In
some cases, systemic HTN can induce pathological changes in
thewall of small perforating arterioles that can lead to severe and
sometimes complete occlusion, leading to the loss of autor-
egulatory mechanisms in cerebral blood vessels and subsequently
lacunar infarction. These changes include vessel enlargement,
hemorrhage, and fibrinoid deposition.86 They were first described
by Fisher in the 1960s87 and called lipohyalinosis. It is unknown
whether lipohyalinosis severity is correlated with MMP levels.

Moldes et al88 examined the role of MMP-9 in patients who
develop cerebral edema after acute ischemic stroke and con-
cluded that MMP-9 levels are higher in patients with cerebral
edema (although this finding was not statistically significant).
Reynolds et al89 analyzed different biological markers, trying to
achieve an algorithmic approach to diagnose stroke within the
first 12 hours of symptoms. They concluded that an algorithm of
3/5 positive markers (MMP-9, von Willebrand factor, S100
calcium-binding protein B, B-type neutrotrophic growth factor,
and monocyte chemoattractant protein-1) had a 92% sensitivity
and 93% specificity. This algorithm was favorably comparable
toacomputed tomographyscan.Another important roleofMMP-9
isasapredictive toolof the riskofhemorrhagic transformationafter

thrombolytic therapy.82,90,91A summary of these studies with
detailed results and methodology is listed in Table 5.

DISCUSSION

This review provides strong evidence that MMP-9 is elevated in
OSA, systemic HTN, MI, and ischemic stroke. However, it also
shows that TIMP-1 plays a more critical role in cardiac remodeling
and infarct size and subsequently the risk of developing post-MI HF.

Studies to date have shown strong evidence that positively
correlates OSA with the risk of incident and prevalent HTN,
incident andprevalent congestiveHF, and ischemic stroke.Because
the development of clinical HTN, atherosclerosis, cardiac remod-
eling, and HF is insidious, it is plausible that in patients with OSA,
MMP-9maybe activated indifferent tissues at variable time frames.
If so, then targeting MMP-9 and TIMP-1 to develop specific and
selective MMP-9 inhibitors will be novel and may ameliorate the
progression of cardiovascular and cerebrovascular diseases induced
byOSA.However, several points applied to studiesdiscussed in this
review are worth scrutiny.

(1) The laboratory methodology and assays used to
determine MMP-9 and TIMP-1 levels are not
standardized in all studies. Although most studies
utilized ELISA, some studies used traditional
substrate degradation assays (such as gelatin
zymography). ELISA is more sensitive in quantitating
MMP-9 (ie, a much smaller sample volume of plasma
is needed for direct analysis) than gelatin zymography,
which requires a higher sample volume.92 ELISA is
also specific, with < 1%MMP-9 immunoassay cross-
reactivity with the MMP-1, MMP-2, or MMP-3
antigens.93Measurements forMMP-9 usingELISA are
usually reproducible, but achieving good
reproducibility with gelatin chromatography is
challenging.93,94 On the other hand, gelatin
zymography is superior to ELISA in detecting the
active and latent forms (ie, pro-MMP-9) ofMMP-9. It is
alsomuch cheaper than ELISA but is labor-intensive.92

Another benefit of ELISA over zymography is that
ELISA is not affected by the binding of TIMP-1 to
MMP-9 and still can detect active or latent MMP-9
despite binding to TIMP-1, a feature that gelatin
zymography lacks.95 These differences between ELISA
and gelatin zymography make MMP-9 levels that are
detected by both methods not accurately comparable.

(2) Although themeta-analysis conducted by Fang et al44

showed a correlation between MMP-9 and OSA
severity, the impact of PAP therapy on MMP-9 levels
is still not clear. Three trials in their meta-analysis
used PAP therapy. Two trials used PAP therapy for 1
and 3 months, respectively, and showed a reduction in
MMP-9 levels comparedwith results from the control
arm, and 1 trial used PAP for 1 night and did not show a
reduction inMMP-9 levels. It is possible that 1 night of
PAP therapy was not enough to downregulate
MMP-9 but was enough to upregulate MMP-9, shown
by the significant elevation in MMP-9 between the
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samples obtained during the night of the sleep study and
the samples obtained the next morning. More clinical
trials focusingon the role ofPAP therapy inMMP-9 levels
may confirm causality between OSA and MMP-9.

(3) All studies used peripheral venous blood to measure
MMP-9 levels. MMP-9 tissue levels are generally more
accurate thanMMP-9 blood levels, but it is not feasible
to obtain tissue samples for this purpose. This
condition raises the argument as to whether MMP-9
blood levels are the same as MMP-9 tissue levels,
higher, or lower andhow the distributionofMMP-9 in
tissue can be predicted based on MMP-9 blood levels.

(4) MMP-9 gene polymorphism is a contributing factor
to elevated MMP-9 levels. It is interesting to note that
MMP-9 (−1562C/T) gene polymorphism has been
studied in OSA, ischemic stroke, MI, HF, and
systemic HTN. Fang et al44 included 3 trials that used 3
genetic models (total 238 patients and 313 control
patients) and showed no significant association
between OSA and MMP-9 (−1562C/T) gene
polymorphism. However, the number of studies
included was very limited. Another meta-analysis
included 29 case-control studies—17 evaluated the
correlation between MMP-9 (−1562C/T) gene
polymorphism and the risk of ischemic stroke (total of
3,741 patients and 3,648 control patients)96 and found a
significant association. Five out of the 17 studies
included White participants, and 12 studies included
Asian participants. Moreover, a meta-analysis that
included 6 studies (4 from China, 1 from Turkey, and 1
fromBrazil) showed a significant correlation between
systemic HTN and MMP-9 (−1562C/T) gene
polymorphism in the dominant and codominant
analyses but not in the recessive analysis.97

Furthermore, another meta-analysis showed a
significant association between the risk of aortic
dissection in patientswithHTN.98 Finally,Wang,Xu,
et al99 conducted ameta-analysis of 7 studies evaluating
the association between matrix metalloproteinase
polymorphism and MI (total of 1,126 participants
with MI and 734 control participants) and found a
significant association between MMP-9 (−1562C/T)
gene polymorphism and MI. These findings raise the
need to further confirm the role of MMP-9 (−1562C/T)
gene polymorphism in OSA. Accordingly, more
experimental studies are needed in this regard.

(5) Although MMP-9 has been discussed so far as a
potential marker for many diseases, note that MMP-9
has potential benefits in tissue healing after injury. This
capacity is determined by the time of release from
tissues after an inflammatory insult. For example,
MMP-9 levels in MI have been shown to have a
biphasic peak.100 The early peak happens very shortly
after acute MI—ie, within 12 hours.101 This peak is
beneficial because it helps with the normal healing
process of infarcted tissues.73 The late peak,
occurring after a few days, seems to plateau. Higher
MMP-9 levels that occur late after MI can leave the

normal collagen in the healthy myocardium that is
remote from the infarcted area exposed toMMP-9. This
process leads to scarring formation locally in the
infarcted and peri-infarcted zone, leading to left
ventricular dilatation, rupture, and reduced ejection
fraction.102,103 The development of new
pharmacological agents that target MMP-9 should
consider these circumstances to avoid blocking the
beneficial effects of MMP-9.

(6) MMPs have cross-reactivity. This fact is critical for
the development of potential MMP inhibitors.
Although a broad-spectrum MMP inhibitor would
seem to have a better outcome, it has a high potential
for toxicity and adversely affecting the healthy
musculoskeletal system.104 A selective MMP-9
inhibitor would be ideal.

Future directions
The role of TIMP-1 in OSA is still not clear. Only 1 trial has
shown elevated TIMP-1 levels in patients with OSA and a
positive correlation with OSA severity.105 Revealing more
about this endogenous inhibitor for MMP-9 will help re-
searchers and physicians to further understand the correlation
between these comorbid diseases and OSA. More clinical trials
examining the impact of PAP therapy on MMP-9 and TIMP-1
may help establish a causality between OSA and MMP-9.

Furthermore, the lack of association between OSA and
MMP-9 gene polymorphism in the context of strong evidence
correlating the risk of systemic HTN, MI, cardiac remodeling,
and ischemic stroke to MMP-9 gene polymorphism mandates
more experimental studies to further clarify the role of MMP-9
gene polymorphism in OSA.

CONCLUSIONS

This review provides clear, strong evidence of the role of
MMP-9 in the pathophysiology of OSA and comorbid systemic
HTN,MI, cardiac remodeling, and ischemic stroke. Fang et al44

showed a correlation betweenMMP-9 levels and the severity of
OSA but not between MMP-9 gene polymorphism and OSA.
We suggest that we may take the conclusions of Fang et al to
another level based on the known clinical association between
OSAand comorbid systemicHTN,MI, cardiac remodeling, and
ischemic stroke. It is plausible thatMMP-9 is activated in different
tissues at different times during the course ofOSA-HTN-ischemic
stroke-MI and HF and may serve as a messenger in the cross talk
between OSA and OSA-induced diseases. This process can open
the door for developing novel selective MMP-9 inhibitors to
serve as adjuvant therapy for OSA, which may mitigate the risk of
cardiovascular and cerebrovascular diseases in patients with OSA.

ABBREVIATIONS

ECM, extracellular matrix
ELISA, enzyme-linked immunosorbent assay
HF, heart failure
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HTN, hypertension
MI, myocardial infarction
MMP-9, matrix metalloproteinase-9
TIMP, tissue inhibitor of matrix metalloproteinase
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