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Abstract: Atherosclerosis is an inflammatory process that involves activation of matrix 

metalloproteinases (MMPs); MMPs degrade collagen and allow for smooth-muscle cell migra-

tion within a vessel. Moreover, this begets an accumulation of other cellular material, resulting 

in occlusion of the vessel and ischemic events to tissues in need of nutrients. Homocysteine 

has been shown to activate MMPs via an increase in oxidative stress and acting as a signaling 

molecule on receptors like the peroxisome proliferator activated receptor-γ and N-methyl-d-

aspartate receptor. Nitric oxide has been shown to be beneficial in some cases of deactivating 

MMPs. However, in other cases, it has been shown to be harmful. Further studies are warranted 

on the scenarios that are beneficial versus destructive. Hydrogen sulfide (H
2
S) has been shown to 

decrease MMP activities in all cases in the literature by acting as an antioxidant and vasodilator. 

Various MMP-knockout and gene-silencing models have been used to determine the function 

of the many different MMPs. This has allowed us to discern the role that each MMP has in 

promoting or alleviating pathological conditions. Furthermore, there has been some study into 

the MMP polymorphisms that exist in the population. The purpose of this review is to examine 

the role of MMPs and their polymorphisms on the development of atherosclerosis, with emphasis 

placed on pathways that involve nitric oxide, hydrogen sulfide, and homocysteine.

Keywords: homocysteine, matrix metalloproteinases, oxidative stress, bone remodeling, 

collagen cross-linking, hydrogen sulfide, nitric oxide

Introduction
This paper focuses on the role of matrix metalloproteinases (MMPs) in promoting 

atherosclerosis. A brief discussion of the pathogenesis of atherosclerosis is included. 

There is also a discussion of homocysteine (Hcy) and its role in activating MMPs via 

oxidative stress and various receptor-mediated pathways, which include the peroxi-

some proliferator-activated receptor-γ and N-methyl-d-aspartate receptor. Moreover, 

there is some discussion about the role of nitric oxide in activating or deactivating 

MMPs, as it has been shown to do both in different circumstances. Further studies are 

warranted. Hydrogen sulfide (H
2
S) is also discussed in potential clinical applications 

to reduce oxidative stress and relax vessels, thereby increasing flow, and reducing 

susceptibility to ischemic events.

Several MMPs have been shown to be increased in cases of pathogenesis, includ-

ing MMP-9, MMP-2, MMP-3, MMP-1, and MMP-8. However, MMP-10 has been 

sought as a potential alleviator of plaque, or a clot buster. Purified extract of MMP-10 

may prove to be a modern-day aspirin, as it attacks the fibrinogen molecule and pre-

vents its conversion to fibrin, which allows for the netting of platelets and resultant 
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plaque occlusion. This is especially promising for patients. 

It is also very interesting to note the various ways that the 

vessel is remodeled when it is missing any particular MMP. 

Using delivery systems of small interfering ribonucleic acid 

(siRNA) may prove useful to decrease expression of a certain 

MMP under disease conditions.

Furthermore, there has been an investigation into the 

polymorphisms of MMPs that exist in the population. This 

can serve to determine the susceptibility that patients may 

have to atherosclerosis, as well as the prognosis of cardiac 

events. Further research is being conducted, and has found 

some conclusive results showing that there exist MMP 

polymorphisms that do pose this risk to atherosclerosis. 

These polymorphisms generally involve overactivation of a 

particular MMP. These exciting developments will all serve 

to improve the quality of life to the many patients in need 

of health care.

Atherosclerosis pathogenesis:  
a brief summary
Atherosclerosis was once thought to be caused in the same 

fashion as a pipe in one’s home that has been clogged by 

too much grease and oil; however, we now are aware that 

atherosclerosis is an inflammatory process that begins first 

with an insult on the endothelial lining within vessel walls.1 

The process of atherosclerosis occurs in larger vessels that 

possess smooth-muscle layers that can become larger and 

encroach on the lumens of the vessels, thereby decreasing 

blood flow and inciting ischemic conditions. This process 

has a specific gene-expression profile; targeting these genes 

and manipulating their expressions is a priority in trying to 

reduce the magnitude of atherosclerosis that occurs.2 This is 

an extremely destructive process to all cells of the body that 

require nutrients and need to transport waste products out 

of the cell. With decreased transport from decreased flow, 

cells become damaged. Within coronary vessels, the heart 

may render some pain from insufficient blood supply and 

resultant death of the myocardium.

Atherosclerosis begins with a fatty streak within the 

intimal layer of the artery, due to an accumulation of lipid-

engorged foam cells. These foam cells are macrophages 

that have engulfed oxidized low-density lipoprotein (LDL) 

cholesterol particles. As the cells become larger, they place 

pressure on the intimal layer, which encroaches on the lumen 

of the vessel and impedes flow.3 Moreover, there is a recruit-

ment of even more inflammatory cells that can destroy vessel 

architecture, thereby promoting smooth muscle cell (SMC) 

migration. This SMC migration and increase of SMCs within 

the artery can further occlude the vessel. SMC proliferation 

via MMP activation is illustrated in Figure 1. There is also 

a connective tissue-cell layer of extracellular matrix that 

consists of collagen. VCAM-1 is known to be involved in 

this recruitment of inflammatory cells, as it is a protein that 

is involved in the adherence of these cells to the endothelial 

layer of vessel walls. Hence, VCAM-1 promotes attachment 

to vessel walls and entry within the inner architecture of the 

vessel of inflammatory cells and oxidized LDL cholesterol 

particles.4 This begets even further release of cytokine-

signaling molecules that recruit more inflammatory cells. The 

inflammatory cells most involved are monocytes and T-cells 

that can release MCP-1.5 The more mature plaques contain 

dendritic cells, mast cells, B cells, and natural killer T-cells. 

Several of these cells are activated, and produce inflammatory 

cytokines like IFNγ and TNF.6 The anatomy of the plaque is 

made up of a thin fibrous cap, necrotic core, outward remodel-

ing, and many inflammatory cells.7 The different mediators 

of atherosclerosis can be visualized in Figure 2.

Human atherosclerosis is described via various types, 

including the milder forms I, II, III, and the more advanced 

forms IV, V, and VI via histological examination. The more 

advanced forms of plaque are vulnerable to rupture. Type I 

lesions have isolated macrophages and foam cells, while 

type II fatty-streak lesions have mainly intracellular lipid 

accumulation.8 Type III intermediate lesions have type II 

changes as well as small extracellular lipid pools, while 

type IV atheroma lesions have type II changes and core 

extracellular lipid.8 Type V fibroatheroma lesions have lipid 

MMP-1
MMP-2
MMP-3
MMP-8
MMP-9

Figure 1 MMPs and smooth-muscle cell proliferation. 
Notes: MMP-1, -2, -3, -8, and -9 have been shown to be involved in facilitating 
vascular remodeling by degrading the matrix separating the intima from the media 
and allowing smooth-muscle cell migration from the media to the intima. This 
smooth-muscle cell migration results in the occlusion of vessel walls and decreased 
blood flow to tissues in need of oxygen and nutrients carried by the blood.
Abbreviation: MMP, matrix metalloproteinase.
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cores and fibrotic layers; these layers may be either mainly 

calcific or fibrotic.8 Type VI complicated lesions have surface 

defects, hematoma/hemorrhage, and thrombus.8

MMPs and differential function  
of MMP-2 and MMP-9
MMPs are a very large family of calcium-dependent, 

zinc-containing endopeptidases. Their function is degrad-

ing extracellular matrix in various tissues. Their substrate 

includes collagen, elastin, gelatin, matrix glycoproteins, and 

proteoglycans. MMPs are known to be expressed in normal 

physiological conditions at some baseline level, but are dif-

ferentially expressed in response to certain hormones, growth 

factors, and cytokines. Inhibitors of MMPs called tissue 

inhibitors of MMPs (TIMPs) control the enzyme. The MMPs 

are excreted by various tissues: connective tissue cells, 

proinflammatory cells of fibroblasts, osteoblasts, endothelial 

cells, macrophages, neutrophils, and lymphocytes. There are 

over 20 MMPs that have been identified, with differential 

expression of each found under varying pathological condi-

tions and locations within vessels. By a series of knockout 

mouse and gene blockers, the function of each MMP contin-

ues to be discerned. The functions of MMP-2 and MMP-9 

are of special concern, as these have been found in greater 

concentrations under pathological states, as detailed herein. 

One very recent study experimented with silencing MMP-2 

expression as a means to decrease pathological remodeling. 

The delivery system used was amphipathic deoxycholic 

acid-modified polyethyleneimine. This was synthesized to 

be used as a carrier system for siRNA in order to prevent 

neointima formation secondary to migration of vascular 

SMCs (VSMCs).9 This work has profound implications for 

patient care. Developing these sorts of delivery systems to 

be localized in diseased vessels would serve to obliterate 

disease in a very specific way.

In a study of abdominal aortic aneurysms that were 

examined in humans after surgical operation, there were 

increased activities of MMP-9 and MMP-2; there were also 

increases in numbers of Mac-2-positive macrophages and 

cluster differentiation 3-positive T lymphocytes.10 From this, 

it may be inferred that MMP-9 and MMP-2 are involved in 

the dynamic process of aneurysm formation. It is known 

that MMP-2 plays a role in promoting atherosclerosis, since 

atherogenesis is reduced in MMP-2-deficient ApoE-/- mice, 

whereby LDL cholesterol is not properly processed and 

remains in the bloodstream.11 Using this type of knockout 

model is crucial to determining the role of MMP-2. However, 

the deletion of MMP-9 promotes plaque development, which 

suggests a beneficial role of MMP-9 in preventing plaque 

development.12

It was suggested from one study that MMP-2 and 

MMP-9 are involved in the neointima formation that is 

created by SMC migration from the media to the intima.13 

This study used MMP-9-knockout mice in an experiment 

to determine MMP-9’s effect on venous grafts. Evidently, 

it appears as though MMP-2 is responsible for much of 

the remodeling that still occurs with the graft stresses even 

when MMP-9 is knocked out. The following remodeling of 

the vessel occurred: increase in collagen, sixfold increase in 

MMP-2 pro- and active forms, and earlier linear expansive 

remodeling. It would have been interesting to investigate 

how long these mice would live with this type of remodeled 

vessel versus the neointima formation that would otherwise 

occur. This is further elucidated in the following.

A similar result was obtained from a study using ApoE-

deficient mice.14 It was discovered from this that inactivat-

ing MMP-8 resulted in a large reduction in atherosclerotic 

lesion development. For instance, there were significantly 

fewer macrophages, but the vessel had an increased col-

lagen content. One great effect of knocking out MMP-8 

as opposed to other MMPs is that although it is involved 

in proteolytic activity on matrix proteins and fibrillar col-

lagens, it also has an effect on nonmatrix proteins, such 

as angiotensin I. The deactivation of MMP-8 prevents the 

MMP-10

LDL

LDL
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VCAM-1

TNF IFN
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M

Figure 2 MMP-10 as clot destroyer in atherosclerosis. 
Notes: LDL molecules and monocytes, including macrophages and T-cells, transcend 
the endothelial layer of the intima of blood vessels via transporters like VCAM-1. 
Macrophages within the intima will engulf oxidized LDL molecules and form foam 
cells. T-cells will release inflammatory cytokines, such as TNFα and iFNγ, that 
recruit molecules further into the intima. Smooth-muscle cells also proliferate into 
the intima layer from the media layer, which results in further occlusion of vessels. 
MMP-10 attacks the fibrinogen molecule and prevents its conversion to fibrin, which 
allows for the netting of platelets and resultant plaque occlusion.
Abbreviations: iFN, interferon; LDL, low-density lipoprotein; M, macrophage; 
MMP, matrix metalloproteinase; T, T lymphocyte; TNF, tumor necrosis factor; 
VCAM-1, vascular cell adhesion molecule.
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cleavage of angiotensin I to angiotensin II, thereby decreasing 

blood pressure by decreasing vasoconstriction and afterload. 

Moreover, there was a decrease in VCAM-1, a vascular adhe-

sion molecule involved in the leukocyte rolling and adhesion 

to the vascular endothelium, which is such a destructive 

process in the inflammatory atherosclerotic process. The 

decrease in this VCAM-1 molecule promotes a decrease in 

atherosclerosis.14

What if MMP-2 and MMP-9 were decreased in expres-

sion by some substance? Montelukast has been found to 

do such a thing in hyperlipidemic rabbits.15 This study 

discovered that the addition of montelukast reduced 

neointimal formation, decreased macrophage accumulation, 

and increased the number of SMCs without altering plasma 

lipid levels. Moreover, another substance that actually alters 

lipid levels, a statin, may be of even greater use, since it has 

also been shown to decrease MMP-2 and MMP-9 levels. It 

is unknown, however, whether this decrease in MMP-2 and 

MMP-9 levels is due to the decrease in overall atherosclerotic 

inflammatory process from which the increase in MMP-2 and 

MMP-9 naturally follows, or whether this statin has some 

direct role in decreasing expression.16 More experiments are 

necessary to determine this; however, these current results 

are promising for patients. In contrast to montelukast, which 

only decreases MMP-2 and MMP-9, it was shown that the 

rosuvastatin molecule decreases plasma total cholesterol, 

triglycerides, LDL cholesterol, and oxidized LDL. Therefore, 

the effect of rosuvastatin appears to be beneficial.

Cilostazol is a substance that was used with THP-1 cells 

to inhibit phosphodiesterase (PDE) type 3. Since invasion of 

monocytes into subendothelial space is an important initiator 

of early atherosclerosis, inhibiting this inflammatory process 

was of particular interest. Expression of MMP-9 and RNA 

was markedly inhibited by cilostazol. This is another indica-

tion that MMP-9 may play a proatherogenic role under nor-

mal conditions, since the antiatherogenic substance cilostazol 

inhibits the expression of this metalloproteinase.17

Another study served to show that MMP-2 and MMP-9 

were both correlated with plaque instability.18 There was 

an increased correlation between an increase of MMP-2 

expression with cap rupture, intraplaque hemorrhage, and 

thin fibrous cap. Moreover, it was discovered there was a 

correlation between increased MMP-9 expression and cap 

rupture, as well as a large lipid core.18

It was discovered that serum MMP-9 and TIMP-1 levels 

correlated also with individual MMP-1 and TIMP-1 ratios 

in the peripheral circulating monocytes. This study was per-

formed in live patients who had either unstable angina pectoris 

or non-ST elevation myocardial infarction (NSTEMI). 

Compared to control patients in addition to those with stable 

angina, the unstable angina and NSTEMI group had higher 

MMP-9 levels in serum. Moreover, TIMP-1 levels were sev-

eral times lower in those with STEMI than those with stable 

angina, unstable angina, or NSTEMI. Another study actually 

concluded that MMP-1 serum levels were associated with the 

greatest total plaque burden and significant association with 

noncalcified plaques.19 The noncalcified plaques are the most 

unstable, since the calcium serves to stabilize the plaque com-

plex, which consists of platelets, cholesterol, and SMCs.

It was shown that MMP-10 participates in a fibrinolytic 

role to combat infarcted thrombus in blood vessels.20 Studies 

have suggested that MMPs are involved by attacking the 

fibrinogen molecule so that fibrinogen cannot go on to form 

fibrin.21,22 It has been shown that the thrombin molecule 

increases expression of MMP-10, most likely secondary to 

protease-activated receptor-1 activation.23,24 It was shown 

that activation of MMP-10 can influence the thickness of the 

arterial wall.25 Fibrinolysis is traditionally performed by the 

infusion of plasminogen activators that convert plasminogen 

to plasmin, thereby activating the thrombolytic pathway, 

which degrades the fibrin molecule. One experiment showed 

that MMP-10 enhanced the effect of fibrinolysis by prevent-

ing thrombin-activatable fibrinolysis-inhibitor activation.20 

Perhaps the administration of concentrated MMP-10 may 

serve as a modern aspirin in preventing plaque formation 

and platelet aggregation.

When MMP-13 is inhibited, there is an increase in colla-

gen accumulation in plaques.26 This feature in humans results 

in a resistance to rupture of the plaque, since the collagen 

fibers act to stabilize the plaque that has developed. From 

this, we can infer that MMP-13 acts to degrade collagen 

fibers of plaques, which may destabilize the plaque.26 This 

destabilization makes it susceptible to rupture.

One study used an interesting mouse model of LDL-

R-/- ApoB (100/100), which is a knockout for the LDL 

receptor, allowing LDL cholesterol to remain longer in the 

bloodstream and to be oxidized and taken up by vessels in 

the inflammatory process of atherosclerosis. This study also 

found an increase of expression of MMP-2 and MMP-9 

in advanced atherosclerotic lesions with macrophage 

infiltration. Moreover, there was a downregulation of 

MMP-8 and MMP-13, as well as a large amount of collagen 

observed in the vessels of this mouse model.27 The large 

amount of collagen was attributed to the downregulation 

of MMP-8 and MMP-13, which is thought to otherwise 

degrade this collagen.
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Molecular effects of cigarette smoke on vascular cells 

were the focus of investigation for one study. Cigarette 

smoke is known to be a source of reactive oxygen species. 

This study showed that MMP-1, a collagenase expressed in 

atherosclerosis and aneurysms, was induced in the aortic 

endothelium of rabbits that were exposed to cigarette smoke.28 

Cigarette-smoke extract as well as acrolein inhibited the 

mammalian target of rapamycin/p70S6K pathway in human 

endothelial cells; this chemical inhibition resulted in an 

elevation of MMP-1.28

One very interesting study examined the effects of 

mainstream cigarette smoke and angiotensin II-induced 

hypertension using the well-known knockout of ApoE-/- 

mice. Angiotensin II was used for treatment for 4 weeks, 

and then mice were also exposed to mainstream cigarette 

smoke or fresh air for 4 weeks. The angiotensin II treatment 

resulted in higher expression of MMP-2, -3, -8, -9, and -12. 

The smoke exposure resulted in a minor increase in those 

MMPs of the aorta in the hypertensive mice. This lends 

further credence toward raising awareness of the dangers of 

cigarette smoke.

Vein-graft failure is thought to be largely attributed to 

the activation of MMPs combined with the plasminogen 

activator and plasmin-mediated proteolysis. This plays a role 

in matrix degeneration and SMC migration. This process 

is thought to occlude the graft and make it no longer clini-

cally useful. A nonviral expression vector that encoded the 

hybrid protein of TIMP-1 that inhibits MMP was created. 

Moreover, the viral vector also contained the protein ATF 

receptor-binding amino-terminal fragment of urokinase-type 

plasminogen activator. The final protein in this hybrid was 

BPTI, a potent protease inhibitor. This hybrid transfection 

resulted in a statistically and clinically significant reduc-

tion in neointima formation after 4 weeks. Therefore, these 

results provide for an excellent means of preventing vein-

graft disease. This has excellent promise for patients who 

have diabetes and are constantly undergoing arteriovenous 

fistula revision or patients with peripheral arterial disease or 

coronary artery disease who need venous bypass. The grafts 

will last longer, and the patients will have a better quality of 

life.29 The electroporation of TIMP-1/ATF has been shown 

to inhibit vein-graft thickening of vein grafts placed in the 

carotid artery of hypercholesterolemic mice.30

Results from our lab examined blood flow and how 

that interplays with the elastin:collagen ratio as well as the 

MMP:TIMP ratio to maintain healthy vascular structure and 

function.31 Arterial and venous pressures were measured in 

Sprague Dawley rats. The aortic arch, femoral and carotid 

arteries, and abdominal vena cava were isolated to determine 

the expression of MMP-2, MMP-9, MMP-12, MMP-13, 

TIMP-1, TIMP-3, and TIMP-4. The results showed that 

MMP-9 and MMP-13 were highest in the carotid artery when 

compared to the other blood vessels.

It was also shown that MMP-3 acts in part to promote 

SMC migration and neointima formation, since MMP-3-

knockout mice demonstrated reduced neointima formation.32 

In this same experiment, it was shown that the addition 

of exogenous MMP-3 restored the migration of VSMCs. 

Moreover, MMP-9 knockout or silencing via siRNA also 

significantly decreased the migratory pattern of VSMCs.

The antibiotic and zinc chelator tetracycline is known 

to inhibit MMPs. A study has shown that various doses of 

tetracycline can inhibit MMP activity; however, it is unknown 

what the clinical implications of this would be in patients 

taking tetracycline in the long-term.33 In fact, this may be 

something to follow-up with patients on long-term antibiotic 

therapy for treatment against Propionibacterium acnes, the 

Gram-negative bacteria that is often killed with an oral dose 

of tetracycline that patients take daily. It would be interesting 

to do a prospective study on these patients for future coro-

nary events. A clinical test that has been devised to check 

for progression of acute coronary syndrome in diabetics is to 

determine active MMP-9 levels within the bloodstream.

One study investigated the association of serum MMPs 

with carotid artery characteristics.34 From this study, it was 

found that plasma MMP-1, -3, and -7 were significantly 

higher among the high intima media-thickness group com-

pared with the ones in the low intima media-thickness group. 

Moreover, fibrous cap thickness and measures of lipid core 

were highest in those with elevated TIMP-1 levels. In spite 

of this, another prospective study investigated the serum 

MMP-9 levels of a large group of patients (almost 10,000); 

this study determined that MMP-9 is associated with a risk 

of myocardial infarction (MI) and stroke. However, it was 

found not to be a strong independent risk factor for either 

MI or stroke.35

MMP polymorphisms and 
susceptibility to disease
It is very interesting to note the polymorphisms in the MMP9 

gene in relation to susceptibility to MI. The results of a study 

indicated that the -1562C.T polymorphism may be asso-

ciated with increased susceptibility to MI. Another single-

nucleotide polymorphism, R279Q, was not shown to be 

significantly associated with MI.36 This study is a reminder to 

us how individual genetic profiles when placed under certain 
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physiological stresses, such as obesity or smoking, may 

result in more profound pathology than would otherwise be 

noted. This same vulnerability was determined with MMP-7,  

which may play an important role in the development of 

vulnerable carotid plaques.37 Another study confirmed that 

MMP-7 was positively associated with carotid calcification.34 

Furthermore, a study investigated haplotypes of MMP-1 

and MMP-12 toward prediction of future clinical events in 

patients with coronary artery disease.38 This study found a 

trend for predicting events and prognosis, but it did not reach 

statistical significance due to low sample size. More studies 

are necessary to establish this. However, we cannot discount 

the importance of this study.

Another study investigated the MMP-8 polymor-

phism -381A/G as well as -799C/T. Interestingly, it was 

found in female patients with carotid atherosclerosis that there 

was a higher degree of the -381G allele; moreover, there was 

increased expression of MMP-8 protein.39 One other study has 

examined the role of MMP-8, and discovered that there was an 

increased expression of MMP-8 enzyme in carotid plaques.40 

It was however correlated with C-reactive protein, urea, and 

aspartate transaminase and creatinine levels.

Studies examining polymorphisms of MMP-3 showed 

that there were significant differences in those possessing 

the MMP-3 5A allele in patients with acute MI compared 

to controls. There were statistically significant differences 

in plasma levels in those carrying the 5A allele of MMP-3 

compared to those with the 6A allele.41 Other investigators 

found that MMP-3 polymorphism affected the severity and 

risk of coronary artery stenosis, and also that -16125A/6A 

polymorphism and the 6A/6A MMP-3 genotype were genetic 

susceptibility factors for coronary artery stenosis. However, it 

was not determined whether this affected disease severity. It 

is known that genetic variation in MMP-promoter regions can 

alter the transcription of MMP genes, and has been associ-

ated with coronary heart disease. These sorts of studies are 

in their infancy, and an expansion into exploring the genetic 

implications of susceptibility and prognosis for those with 

certain gene profiles is necessary.

Homocysteine increases reactive 
oxygen species, thereby increasing 
MMPs
Previous experiments have conclusively shown that Hcy, a 

metabolite of cysteine and methionine amino acids, acti-

vates MMPs.42,43 This molecule has been shown to be an 

independent risk factor for types of heart disease, such as 

atherosclerosis and coronary artery disease. Hcy has been 

shown to utilize the ERK pathway. This is a protein found in 

great abundance within many types of cells that is activated 

via phosphorylation.42 Moreover, it was found that calcium, 

protein, and protein kinase C were necessary for this activa-

tion pathway.42 Another study in rats has shown that MMP 

activity as measured by zymography is increased with chronic 

Hcy administration; moreover, administering the coenzyme 

to the methyltetrahydrofolate reductase (MTHFR) enzyme 

ameliorates this activity. This is because MTHFR is involved 

in the conversion of Hcy back to methionine, which does not 

have the same signaling properties as the Hcy molecule.44

A similar conclusion was reached in a study with rabbits. 

This study examined neointima formation in hyperhomo-

cysteinemic subjects. There has been a long association with 

restenosis after angioplasty in those subjects who are under 

high Hcy conditions. Therefore, using folate to alleviate 

this condition was a point of interest in order to measure the 

parameter of neointima thickness. Indeed, it was shown 

that neointimal thickness, neointimal area, and media area 

were all higher in hyperhomocysteinemic rabbits. In addi-

tion to this, MMP-9 messenger RNA (mRNA) levels were 

significantly higher, an enzyme known to be involved in the 

atherosclerotic remodeling process. Moreover, treatment with 

folate alleviated the thickness of the neointima.45

Aorta MMP-2, MMP-9, and connexin 43 expression 

were shown to be increased in high Hcy-level conditions of 

mice. Moreover, the following physiological parameters were 

measured and shown to be elevated: aortic blood pressure 

and resistance, pulse rate, wall thickness, and extracellular 

collagen accumulation in the aortic wall. Moreover, the 

S-adenosylhomocysteine hydrolase inhibitor was admin-

istered to cystathionine β-synthase (CBS)-knockout mice, 

resulting in a reduction of all these destructive physiologi-

cal parameters. Since the enzyme S-adenosylmethionine is 

involved in converting methionine to Hcy, inhibiting this 

process results in less conversion to Hcy. Therefore, by 

isolating different metabolic steps in Hcy metabolism, we 

may either reduce or elevate Hcy and examine physiological 

effects from this.46

Methionine is known to increase Hcy concentration 

within living organisms, since this is an amino acid and that 

is a precursor to Hcy. Moreover, experimenters have discov-

ered that ICAM-1 and VCAM-1 were upregulated under 

high-Hcy conditions.47 These are proteins that are attached 

to the endothelial cell of vessels that facilitate the entrance of 

cells into the inner architecture of vessels and into the body 

tissues. This is especially important and beneficial in the 

process of infectious disease, such that leukocytes may find 
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their disease-causing targets. However, in the inflammatory 

process of atherosclerosis, these proteins that facilitate the 

entrance of leukocytes also facilitate the occlusion of vessels; 

more inflammatory cells and substrate accumulate.

Nitric oxide in MMP activation  
and vasorelaxation
The role of nitric oxide is still being investigated. The 

substrates oxygen and l-arginine are known to be used by 

endothelial nitric oxide synthetase (eNOS), neuronal NOS, 

and inducible NOS (iNOS) enzymes to produce nitric oxide, 

which potentiates guanylyl cyclase to convert guanosine 

triphosphate to cyclic guanosine monophosphate (cGMP). 

cGMP is a molecule that allows for vascular relaxation. 

PDE-5 inhibits vasorelaxation, as its activation converts 

cGMP to GMP and potentiates vasoconstriction.48 This is the 

mechanism that it is thought to be involved in the balance of 

vasorelaxation/constriction involving nitric oxide utilizing 

the aerobic pathway. This is illustrated in Figure 3.

In one study investigating the effect of eNOS, resveratrol 

was administered to mice with carotid or aortic injury.49 

Resveratrol was shown to decrease neointimal formation 

after injury of these vessels, but its effects were not realized 

after administration of the NO inhibitor N-nitro-l-arginine 

methyl ester (l-NAME). Moreover, its effects were not 

realized in eNOS knockout mice. Therefore, this shows a 

role that nitric oxide has in promoting pathological repair 

of damaged vessels.

In a study conducted on kidney nephron units, the human 

mesangial cell line was treated with different concentrations 

of cytokines and NO inhibitors. MMP-9 was examined by 

gelatin zymography along with TIMP-1 via Western blot. The 

stimulation of cells via TNFα or IL-1β led to a large increase 

in NO production that was attributed to increased expression 

of the iNOS enzyme.50 Treating cells with the iNOS inhibi-

tor N6-(1-iminoethyl)-lysine hydrochloride resulted in an 

increase of MMP-9 production that was induced by TNFα. 

Moreover, NO donor sodium nitroprusside stimulated an 

increase in NO production in HMCL cells, which had an 

association with decreases in both basal levels of MMP-9 

and in TNFα-stimulated levels of MMP-9.50

In another recent study from our lab, we found that in 

vitro, sodium nitroprusside, an NO donor, actually acti-

vated MMPs, as it likely combines with superoxide to form 

L-Arginine O2

eNOS
nNOS
iNOS

NO

GC

GTP GMPcGMP

Vascular
relaxation

PDE5

ADMA

DDAH

L-CitrullineNO2

NO3

Hcy

Cystathionine

L-cysteine

H2S

CBS

CSE

CBS/CSE/MST

Thiosulfate
Sulfate
Sulfite

AnaerobicAerobic

AC

ATPcAMP

Figure 3 Mechanism of vasodilation. 
Notes: H2S can be acquired via various conversion steps of Hcy in an anaerobic pathway. Hcy is converted to cystathionine by CBS and then to l-cysteine by the CSe enzyme. 
l-cysteine can be converted to H2S, which is used by adenylyl cyclase to convert ATP to cAMP involved in vasorelaxation. The substrates oxygen and l-arginine are known 
to be used by eNOS, nNOS, and iNOS enzymes to produce nitric oxide, which potentiates guanylyl cyclase to convert GTP to cGMP. cGMP is a molecule that allows for 
vascular relaxation. PDe5 inhibits vasorelaxation, as its activation converts cGMP to GMP and potentiates vasoconstriction.
Abbreviations: Hcy, homocysteine; CBS, cystathionine β-synthase; CSe, cystathionine γ-lyase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; 
eNOS, endothelial nitric oxide synthetase; nNOS, neuronal NOS; iNOS, inducible NOS; GTP, guanosine triphosphate; cGMP, cyclic guanosine monophosphate; PDe, 
phosphodiesterase; ADMA, asymmetric dimethylarginine; DDAH, dimethylarginine dimethylaminohydrolase; MST, 3-mercaptopyruvate sulfurtransferase; GC, guanylyl 
cyclase; AC, adenylyl cyclase.
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peroxynitrite, which cleaves latent MMP into active MMP. 

Therefore, without nitric oxide being used by various other 

enzymes in the harmony of a living organism, it can potentiate 

harmful effects. This was reversed using H
2
S, which is known 

to scavenge reactive oxygen species, thereby deactivating 

MMPs.51

One study examined the use of angiotensin-converting 

enzyme inhibitors in relation to alteration of expression of 

MMP-2 and TIMP-2 in human cardiac fibroblasts in the 

presence of IL-1β.52 This study showed that IL-1β increased 

MMP-2 activity and transcription as well as nitric oxide 

production from the supernatant of the culture medium. 

Moreover, these effects were inhibited by imidaprilat and 

the NO synthase inhibitor NG-methyl-l-arginine acetate salt. 

Therefore, a decrease in NO followed, with a decrease in 

MMP-2 activity. From this, one might conclude that nitric 

oxide in this case is harmful, since an increase in NO may 

result in an increase in MMP-2 activity.

NO is known to modify the activity of enzymes either 

directly on the physical enzyme itself or via some NO-dependent 

metabolic pathway. One study investigated the role of NO in the 

expression of MMPs within rat primary astrocytes.53 Inhibition 

of NO production using the nitric oxide synthase inhibitor 

l-NAME increased MMP-9 even further. The authors con-

cluded from this that NO inhibits MMP-9 expression in vivo.53 

Moreover, the authors even added exogenous NO donors 

sodium nitroprusside or S-nitroso-N-acetylpenicillamine, which 

showed an inhibition of MMP-9 expression in astrocytes. The 

authors also showed that the inhibitory effect of NO was medi-

ated by downregulation of mRNA and protein levels of MMP-9, 

not by direct modification of enzymatic activity of MMP-9. In 

fact, these in vivo effects were thought to be mediated via the 

ERK½ pathway.53 This is consistent with other studies that have 

found utilization of the ERK pathway.42

Another study analyzed the effect of continuous treat-

ment of an iNOS inhibitor as well as superoxide dismutase 

on MMP-9 activity.54 This study showed that the NO inhibitor 

reduced the MMP-9 enzyme and activity. This is in contrast to 

the beneficial effects NO is thought to exude. Moreover, this 

decrease in MMP-9 activity and protein level was associated 

with improvement of endothelium-dependent and independent 

coronary vasomotor function in the cardiac allografts.

Another study investigated the role of the NOS inhibitors 

aminoguanidine and baicalein, which resulted in a decrease 

in MMP production. Specifically, MMP-1 and MMP-2 pro-

duction was reduced to approximately 40% of basal levels 

when treated with small micromolar amounts of baicalein 

in the culture media of ultraviolet-irradiated human dermal 

fibroblasts.55 Again, this makes us question what role NO has 

in activating or deactivating MMPs.

Hydrogen sulfide MMP-activation 
atherosclerosis
Hydrogen sulfide is both a vasodilator and antioxidant that 

leads to a decrease in MMP activity.56 H
2
S can be acquired via 

various conversion steps of Hcy in an anaerobic pathway. Hcy 

is converted to cystathionine by CBS, and then to l-cysteine 

by the cystathionine γ-lyase (CSE) enzyme. l-Cysteine can 

be converted to H
2
S, which is used by adenylyl cyclase to 

convert adenosine triphosphate to the cyclic adenosine mono-

phosphate involved in vasorelaxation. This is illustrated in 

the schematic in Figure 3.

One pivotal study conducted in our lab investigated 

the effects of vascular damage on MMP expression and 

activity.57 Carotid artery injury was created by inserting a 

polyethylene-10 catheter and rotating it several times before 

removing and sealing the entry site. The following groups 

were used: control, damaged artery, control + H
2
S, and 

damage + H
2
S. Our results showed a large increase in p47, 

nitrotyrosine, MMP-9, MMP-12, and TIMP-3. Moreover, 

there was a decrease in superoxide dismutase 1 and MMP-2 

levels in injured arteries. Treatment with H
2
S mitigated the 

vascular remodeling by normalizing the levels of redox stress 

and normalizing MMPs and TIMPs.

Moreover, H
2
S treatment decreased the activity of MMPs 

in cerebrovascular cells. Hydrogen sulfide is a metabolite 

of Hcy that is produced via the following enzymes, some 

of which have already been discussed: CBS, CSE, and 

3-mercaptopyruvate sulfurtransferase. Using triple-gene 

therapy and increasing these enzymes, our lab showed a 

greater generation of H
2
S in the presence of Hcy; this was 

conducted using a plasmid that contained all three genes.56 

The upregulation of MMP-13 and downregulation of TIMP-1 

were normalized by overexpression of the three genes in 

the triple-gene therapy, thereby inhibiting the destructive 

remodeling effects.

One study investigated the CSE/H
2
S pathway, whereby 

Hcy is converted by CSE to H
2
S, in order to determine its 

role on neointimal formation and atherosclerosis.58 The SMCs 

and aortic explants from CSE-knockout mice showed more 

migration and outgrowth compared to that from wild-type 

mice. Moreover, exogenous sodium hydrosulfide H
2
S donor at 

concentrations of 100 µM resulted in significant attenuation of 

SMC migration, resulting in less vessel narrowing. Moreover, 

there was an increase in neointima formation in the carotid 

artery 4 weeks after ligation that was prevented by H
2
S donor.58 
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H
2
S establishes itself as a potential molecule that can be used 

in the clinical setting to help patients with atherosclerosis.

Another study from our lab showed that H
2
S decreased the 

expression of MMP-9 activation while inducing the expres-

sion of MMP-2 in a pressure-overload aortic-banding experi-

ment in mice. The aortic band increases afterload on the heart 

that creates hypertrophy, subsequent fibrosis, and eventual 

heart failure as the pump becomes less efficient at pumping 

blood. The results showed that H
2
S was able to induce MMP-2 

and promote VEGF synthesis and angiogenesis. Moreover, 

it suppressed MMP-9 and TIMP-3 levels, thereby inhibiting 

antiangiogenic factors and also inhibiting the process of fibro-

sis and heart-pump destruction that results from increased 

fibrosis created by activated MMP-9 enzymes.59

One experiment used a hypoxic pulmonary artery treated 

with H
2
S to study effects on various parameters. It was 

found that H
2
S was a beneficial molecule that reduced the 

expression of collagen I and III, elastin, TGFβ
3
 protein, and 

procollagen I and III mRNA.60

Conclusion
Hcy is known to promote oxidative stress and to act as a 

signaling molecule to activate MMPs that are involved in 

pathological remodeling. Nitric oxide, in some cases, has 

been shown to be beneficial in alleviating atherosclerosis. 

Moreover, H
2
S is of special promise in deactivating MMPs 

and reducing the atherosclerotic burden. There are over 

20 MMPs involved in remodeling of vessels, and their 

roles in doing that have been explored via several gene-

knockout and -silencing models. Exogenous administration 

of MMP-10 may actually be beneficial to vessels occluded 

with plaque. Genetic predisposition to overactivated MMPs 

is being explored by determining various polymorphism 

variations in the population and examining susceptibility 

to disease.
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