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Abstract

Background—Matrix metalloproteinases (MMPs) are implicated in the pathogenesis of varicose
veins. We have shown that MMP-2 causes relaxation of venous segments and suggested a role of
venous smooth muscle (VSM) hyperpolarization; however, the downstream mechanisms are unclear.
We tested whether MMP-2 induced venous relaxation involves inhibition of the Ca2* mobilization
mechanisms of VSM contraction due to generation of Arg-Gly-Asp (RGD)-containing peptides.

Methods—Circular segments of inferior vena cava (IVC) were isolated from male Sprague-Dawley
rats, suspended between two wires in a tissue bath, and isometric contraction was measured.
Contraction data in mg/mg tissue were presented as means+SEM.

Results—In IVC incubated in normal Krebs (2.5 mM Ca2*), the a-adrenergic agonist phenylephrine
(Phe, 107> M) caused initial peak (133.2+17.5) followed by a maintained contraction (73.4+11.6),
that was inhibited by MMP-2 (1 pg/mL) to 32.4+12.8 in 30 min. The inhibitory effects of MMP-2
were reversible by washing the tissue with Krebs or in the presence of the MMP inhibitors TIMP-1
(1 pg/ml), Ro 28-2653 and BB-94 (10-% M), and were not associated with changes in IVC structure,
demonstrating specificity. Angiotensin I (Angll, 10 M) caused a monophasic contraction (114.2
+12.2), that was also inhibited by MMP-2 (66.0+7.4), suggesting a post-receptor effect on the
downstream mechanisms of VSM contraction. To test the role of CaZ* release from the sarcoplasmic
reticulum, 1VC was incubated in CaZ*-free (2 mM EGTA) Krebs with or without MMP-2. In Ca%*-
free Krebs, caffeine did not cause contraction, suggesting limited role of the Ca2*-induced Ca?*-
release mechanism, and Phe and Angll caused a small contraction (7.2+1.7 and 14.9+2.8) that was
slightly increased by MMP-2 (10.4+3.0 and 33.8+£10.0), suggesting little effect on IP3-induced
Ca®* release. To test the role of CaZ* entry through membrane channels, after eliciting a transient
Phe contraction in nominally 0 Ca2* Krebs, increasing concentrations of CaCl, (0.1, 0.3, 0.6, 1, 2.5
mM) were added and the [Ca%*]-contraction relationship was constructed. The [Ca2*].-contraction
relation was reduced in MMP-2 treated I\VC, suggesting inhibition of Ca2* entry. In IVC treated with
MMP-2, the Ca2* channel blocker diltiazem (10-°M) did not cause any further inhibition of Phe
contraction, suggesting that Ca2* entry is already inhibited by MMP-2. To test whether MMP-2
actions involve generation of RGD and modulation of integrin receptors, experiments where repeated
in IVC segments saturated with RGD (10> M), or pretreated with the a,p3 integrin blocker cyclo-
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RGD. RGD-peptide caused only small relaxation of Phe contracted 1\VVC (6.4+3.4%), and addition
of MMP-2 to RGD-treated IVC caused further relaxation (69.7+3.0%). Pretreatement of I\VC with
cyclo-RGD did not significantly affect MMP-2 induced relaxation (55.0+5.0%).

Conclusions—In rat IVC, MMP-2 attenuates [Ca2*].-dependent VSM contraction, without
affecting Ca2* release from intracellular Ca2* stores. MMP-2 induced VVSM relaxation may not
involve RGD generation or activation of o33 integrin receptor. MMP-2 induced inhibition of the
Ca?* entry mechanism of VSM contraction may play a role in the venous dilation associated with
varicose vein formation.

Keywords

vascular smooth muscle; calcium; inferior vena cave; extracellular matrix; matrix metalloproteinase;
varicose veins

INTRODUCTION

Varicose veins are a common venous disease with unclear mechanism. Varicose veins
histology shows fragmentation of the elastic lamellae, loss of circular and longitudinal smooth
muscle fibers, and damage of endothelium.1:2 The late stages of varicose veins are
characterized by degeneration of extracellular matrix (ECM), endothelium, and venous smooth
muscle (VSM) of the vein wall. In addition, alterations in collagen-to-elastin ratio are observed
in varicose veins indicating an imbalance in the connective tissue matrix.2 There are several
predisposing risk factors for varicose veins formation including female gender, pregnancy,
obesity, aging and family history, suggesting a multifactorial etiology.4:5 However, the cellular
mechanisms involved in early and recurrent varicose veins formation remain unclear.

In specimens of human varicose veins there is evidence of overexpression of matrix
metalloproteinases (MMPs), and MMPs are found histologically in all layers of the vein wall.
2:6'7 Also, thrombophlebitic varicose veins demonstrate a more pronounced expression and
activity of MMPs than control veins.8 MMPs are highly conserved zinc-containing
endopeptidases which are important in ECM tissue homeostasis, responsible for tissue turnover
and remodeling, and MMPs proteolytic activity is balanced by the naturally occurring tissue
inhibitors of MMPs (TIMPs).9:10 Other synthetic small molecule MMP inhibitors
(hydroxamates, carboxylates, thiols) have been used to study MMP function in normal and
diseased tissues. These inhibitors have variable affinity, specificity, and potency depending on
the substitution groups affecting the zinc binding site or the catalytic domain of MMPs.11

Although the role of MMPs in varicose veins has largely been attributed to degradation of the
ECM proteins, the effects of MMPs on VSM cell function particularly during the early stages
of varicose veins formation are unclear. In a previous report we demonstrated that MMP-2
induced relatively rapid relaxation of phenylephrine contracted venous segments and suggested
that it may involve VSM hyperpolarization and activation of K* channels.12 The discovery of
these novel rapid inhibitory effects of MMP-2 on venous function has made it necessary to
further clarify their specificity. Also, the downstream mechanisms via which MMP-2 induced
membrane hyperpolarization could lead to inhibition of VSM contraction are unclear.
Furthermore, the cellular mechanisms via which MMP may affect VSM membrane channels
are not clear.

Ca?* is a major determinant of vascular smooth muscle contraction, and previous studies have
shown that MMPs inhibit Ca2* influx in the large conductance aortic tissue.13 Also, studies
have suggested that integrins can detect injury-generated molecules derived from ECM
proteins, and transfer the information to plasma membrane channels in vascular smooth muscle
cells which then respond with either vasoconstriction or vasodilation.14 Peptides containing
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the amino acid sequence Arg-Gly-Asp (RGD) are important ligands that interact with the
integrin receptors.15:16 These observations have led to the suggestion that the proteolytic
activity of MMPs on ECM proteins could increase the generation of RGD peptides, which in
turn affects VSM membrane integrins and channels activity. In the present Study, we further
characterized the specificity of MMP-2 on VSM by testing its effects on vein architecture, and
the reversibility of these effects using MMP inhibitors. Also, since membrane
hyperpolarization is predicted to inhibit voltage-gated Ca2* channels, we hypothesized that the
venorelaxant effects of MMP-2 involve changes in the Ca?* mobilization mechanisms of VSM
contraction. Furthermore, we tested whether the effects of MMP on VSM function may involve
an effect of RGD/integrins on membrane channels.

MATERIALS AND METHODS

Solutions, Drugs and Chemicals

Normal Krebs solution contained: NaCl 120 mmol/L, KCI 5.9 mmol/L, NaHCO3 25 mmol/L,
NaH,PO4 1.2 mmol/L, Dextrose 11.5 mmol/L (Fisher Scientific, Fair Lawn, NJ), CaCl, 2.5
mmol/L (BDH Laboratory Supplies Poole, England), MgCl, 1.2 mmol/L (Sigma, St. Louis,
MO). Krebs solution was bubbled with 95% O, and 5% CO» for 30-45 min, at an adjusted pH
7.4. For nominally 0 Ca?* Krebs, CaCl, was omitted. For Ca2*-free Krebs, CaCl, was omitted
and 2mM EGTA (Sigma) was added. 96 mmol/L KCL was prepared as normal Krebs but with
NaCl 5.9 mmol/L and KCI 120 mmol/L. Phenylephrine (Phe, Sigma), Angiotensin Il (Angll,
Sigma), MMP-2 (Human recombinant, Biomol, Plymouth Meeting, PA), diltiazem
(Calbiochem, La Jolla, CA). TIMP-1 (Human recombinant, Calbiochem, La Jolla, CA), Ro
28-2653 (5-biphenyl-4-yl-5-[4-(-nitro-phenyl)-piperazin-1-yl]-pyrimidine-2,4,6-trione,
Roche Diagnostics GmbH, Pharma Research Penzberg, Germany), and BB-94 (Batimastat,
British Biotech, Ltd, Oxford, United Kingdom). Stock solutions of RGD (Arg-Gly-Asp)
sequence, and Cyclo(Ala-Arg-Gly-Asp-3-Aminomethylbenzoyl), an RGD peptidomimetic
antagonist of ay B3 integrin,1” (Sigma) (102 M) were prepared in 0.1N HCI, and serial dilutions
were prepared in deionized water. All other reagents were prepared in deionized water

We have previously performed dose-response curves with MMPs in rat aorta rings.13 We found
that MMP-2 at 1 ug/ml caused maximal aortic relaxation. Our experiments on rat IVC have
also shown that MMP-2 caused time-dependent relaxation that reached steady-state in 30 min.
In order to maintain internal consistency of the data and to be able to compare the effects of
MMP-2 in the presence of various inhibitors, we used the maximal MMP-2 concentration and
measured its effect after 30 min treatment. The concentrations of the agonists KCI, Phe, and
Angll and the Ca2* channel blocker diltiazem are standard concentrations that are used in
isometric contraction experiments. Maximal concentrations of TIMP-1,18:19 Ro 28-2653,20
and BB-94,21 were determined based on reported ICso. The RGD saturating concentration was
determined by performing a dose-response curve. The concentration of Cyclo-RGD used was
based on results from published reports.17:22:23

Animals and tissues

Male Sprague-Dawley rats (12 wk, 250-300g, Charles River lab, Wilmington, MA) were
housed in the animal facility and maintained on ad libitum standard rat chow and tap water in
12 hr/12 hr light/dark cycle. Rats were euthanized by inhalation of CO». The inferior vena cave
(IVC) was rapidly excised, placed in oxygenated Krebs solution, and carefully dissected and
cleaned of connective tissue under microscopic visualization. The IVC was portioned into 2
to 3 mm rings in preparation for isometric contraction experiments. All procedures followed
the NIH guide for the Care of Laboratory Animal Welfare Act, and the guidelines of the Animal
Care and Use Committee at Harvard Medical School.
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Isometric contraction

Histology

IVVC segments were suspended between two wire hooks, one hook was fixed and the other hook
was connected to a Grass force displacement transducer (FT03, Astro-Med Inc., West
Warwick, RI). Vein segments were stretched under 0.5 gm of resting tension and allowed to
equilibrate for 30-45 min in a tissue bath filled with 50 ml Krebs solution continuously bubbled
with 95% O, 5% CO» at 37°C. The changes in isometric tension were recorded on a Grass
polygraph (Model 7D, Astro-Med Inc.).

Control contraction was elicited in response to 96 mmol/L KCI. Once maximum contraction
was reached and a plateau achieved (within 10-15 min) the tissue was washed 3 times in Krebs,
10 min each. The control contraction to 96 mmol/L KCI was repeated twice prior to further
experimentation. IVC segments were stimulated with phenylephrine (Phe, 10 M) to elicit a
contraction. When Phe contraction reached steady-state, MMP-2 (1 ug/ml) was added and the
effects on contraction was observed for 30 min. To test the specificity of the effects of MMP-2,
experiments were repeated in IVC segments treated with MMP inhibitors TIMP-1 (1 pg/ml),
Ro 28-2653 (106 M), or BB-94 (106 M) for 15 min. Also, angiotensin Il (Angll, 106 M)
induced contraction was measured in IVC segments nontreated or pretreated with MMP-2. To
test the effects of MMP-2 on the Ca?* release mechanism, the effects of caffeine (25 mM), Phe
(10> M) and Angll (106 M) induced contraction were measured in I\VC segments incubated
in CaZ*-free (2mM EGTA) Krebs and nontreated or pretreated with MMP-2. To evaluate the
effects of MMP-2 on Ca2* entry, IVC segments nontreated or pretreated with MMP-2 were
incubated in Ca%*-free (2mM EGTA) Krebs for 5 min followed by nominally 0 Ca* Krebs
for 5 min, stimulated with Phe (10-> M), then increasing extracellular CaCl, concentrations
([Ca?*].) were added and the contractile response was measured after 5 min in each [Ca2*],.
To further test the effect of MMP-2 on Ca?* entry, the effect of MMP-2 on Phe contraction
was tested in IVC segments treated with the Ca2* channel blocker diltiazem (107> M).

To test for possible role of RGD/integrin, the effect of MMP-2 on Phe contraction was tested
in IVC segments treated with saturating concentrations of RGD. To determine the saturating
concentrations of RGD, IVC segments were stimulated with either 96 mmol/L KCI or Phe
(10" M), to produce a steady-state contraction, increasing RGD concentrations (109 to 104
M) were added and any relaxation response was observed. To test for the effectiveness of the
RGD peptide used in this study, their effects on rat mesenteric artery rings were also tested. In
other experiments, the effects of MMP-2 were examined in IVC segments treated with Cyclo
(Ala-Arg-Gly-Asp-3-Aminomethylbenzoyl) (Cyclo-RGD) (10 uM), an RGD peptidomimetic
antagonist of ay B3 integrin, to determine if the relaxation effects of MMP-2 are reversed.

To test for changes in vein wall structure cryosections of IVC (6 um thick) were placed on
glass slides and prepared for staining with hematoxylin and eosin to assess for the integrity/
thickness of the endothelium, smooth muscle layer, and adventitia in the vein wall. Stained
sections were coded and labeled in a blinded fashion. Images were acquired on a Nikon
microscope with digital camera mount and analyzed using Metamorph Image software.

Statistical Analysis

Data were analyzed and presented as means+SEM and compared using Student’s t-test for
unpaired and paired data. Differences were considered statistically significant if P < 0.05.
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RESULTS

Effect of MMP-2 on IVC Contraction in Ca2*-containing Krebs

In normal Krebs (2.5 mM Ca2*) IVC segments demonstrated significant contraction with Phe
(10-° M) that reached a peak of 133.2+17.5 mg/mg tissue in 3.9+0.4 min followed by a smaller
steady-state contraction (73.4+11.6 mg/mg tissue) which was maintained for 30 min. Because
of the variability in the time to peak and magnitude of the peak, we chose the steady-state Phe
response for measuring and comparing the effects of MMP-2. Addition of MMP-2 (1 pg/ml)
caused a significant and time dependent relaxation in Phe contraction. MMP-2 induced IVC
relaxation was gradual with 50% of relaxation occurring at 16.0+0.9 min. MMP-2 caused a
decrease in Phe contraction to 32.4+12.8 mg/mg tissue in 30 min or 39.5£10.5% of the control
Phe contraction of 82.0+2.4% (p=0.03) (Fig 1A).

The effects of MMP-2 on Phe contraction were reversible. After 3 washes of MMP-2 treated
IVC segments in Krebs, a significant Phe contraction could still be elicited, and the steady-
state contraction was restored to levels greater than those observed in the presence of MMP-2,
and not significantly different from tissues nontreated with MMP-2 (Fig. 1A).

In IVC segments treated with TIMP-1 the effect of MMP-2 on Phe contraction was blocked
(Fig. 1B). Other MMP inhibitors specifically Ro 28-2653 and BB-94 prevented the effects of
MMP-2, and the Phe contraction in IVC segments treated with MMP-2 plus the inhibitor was
not significantly different from the control Phe contraction (p=0.19, p=0.22, p=0.28, for
TIMP-1, Ro 28-2653, BB-94, respectively) (Fig. 1B). These finding support that the effects of
MMP-2 on venous tissue relaxation are due to specific activity of MMP-2.

To evaluate whether the effects of MMP-2 are specific to Phe contraction and a-adrenergic
receptors, the effects of MMP-2 on Angll contraction were tested. In control IVC segments
Angll (106 M) produced a robust and transient contraction that reached a peak of 114.2+12.2
mg/mg tissue. In MMP-2 treated I\VVC there was a significant reduction in Angll contraction
(66.0£7.4 mg/mg tissue, p<0.01). In IVC segments pretreated with MMP-2 followed by
washing 3 times in Krebs, the tissues still responded to Angll and produced a contraction (106.0
+41.8 mg/mg tissue) that was not significantly different from control Angll contraction in
tissues non-treated with MMP-2 (p=0.86) (Fig. 1C).

In I\VC tissue sections stained with H&E no apparent evidence of tissue degradation could be
detected in control nontreated and MMP-2 treated tissues (Fig. 1D).

Effect of MMP-2 on IVC Contraction in Ca2*-Free Krebs

To determine the effects of MMP-2 on the venous intracellular Ca2* release mechanisms, the
effects of MMP-2 on caffeine (25mM), Phe (10-°M) and Angll (105M) contraction in Ca2* -
free (2mM EGTA) Krebs were examined. In CaZ*-free Krebs, caffeine (25 mM) did not elicit
any detectable contraction, suggesting a limited role of the Ca2*-induced Ca2*-release
mechanism in IVC contraction.

Phe (10-°M) caused a small but detectible contraction (7.2+1.7 mg/mg tissue) in Ca2* -free
Krebs, supporting a role of the IPs-induced Ca?* release from intracellular Ca%* stores. In IVC
segments pretreated with MMP-2, Phe produced a measurable contraction (10.4+3.0 mg/mg)
that was slightly greater but not significantly different from Phe contraction in control tissues
nontreated with MMP-2 (p=0.39) (Fig. 2A).

Also, in Ca?*-free Krebs Angll (10-6M) caused a transient contraction that was slightly greater
but not significantly different in MMP-2 treated (33.8+£10.0 mg/mg tissue) and control
nontreated tissues (14.9+2.8 mg/mg tissue, p=0.19) (Fig. 2B).
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Effect of MMP-2 on [Ca?*].-Dependent Contraction

To determine if MMP-2 induced I1VC relaxation involves modulation of extracellular Ca2*
entry through plasma membrane Ca2* channels, the effects of MMP-2 on the [Ca2*],-
contraction relationship was examined. In IVC segments incubated in nominally 0 Ca?* Krebs,
the addition of increasing [Ca?*], (0.1, 0.3, 0.6, 1.0, 2.5 mM) caused stepwise increases in
contraction. In IVC segments pretreated with MMP-2 (1 ug/ml) for 10 min, the [Ca2*],-
contraction relation was significantly inhibited (Fig. 3).

Effect of MMP-2 in the Presence of Ca2* Channel Blockers

In IVC segments precontracted with Phe (10-°M), the Ca2* channel blocker diltiazem (106
M) alone caused significant reduction of Phe contraction to 55.5+6.2%, that was slightly less
than the relaxation induced by MMP-2 alone (36.1+7.3%, p=0.056). In IVC segments
contracted with Phe then treated with MMP-2, addition of diltiazem did not cause any further
relaxation (38.0+8.8%, p=0.4), indicating that Ca2* entry is already inhibited by MMP-2.
Interestingly, in IVC first treated with diltiazem followed by the addition of MMP-2 there was
a substantial relaxation of Phe contraction to 6.7+1.3% (p<0.001) (Fig. 4).

Effect of MMP-2 in the Presence of RGD (Arg-Gly-Asp) Peptides

To test whether the effects of MMP-2 on membrane channels involve generation of RGD and
possible effects on membrane integrins, we tested the effects of MMP-2 in IVC segments
treated with RGD peptides. In IVC segments contracted with 96 mM KClI, increasing
concentrations of RGD did not inhibit contraction, and at 10-> M RGD concentration only 3.6
+1.8% relaxation could be detected (Fig. 5). Similarly, in IVC segments contracted with Phe,
increasing RGD concentrations up to 10" M caused minimal tissue relaxation (6.4+3.4%). In
parallel experiments on mesenteric artery segments, RGD caused concentration-dependent
relaxation (Fig. 5C). To ensure that we did not overlook any vasodilatory effects of RGD in
venous tissue, we increased RGD concentration to 10™*M, which still caused minimal tissue
relaxation (6.3+2.4%, p=ns). Because there was no difference in venous relaxation between
the RGD concentrations 10°M and 10-4M, we tested the effects of MMP-2 on Phe contraction
in IVC segments saturated with RGD (10-°M). In RGD saturated IVC, MMP-2 caused
significant relaxation of Phe contraction to (69.7+3.0%, p=0.0001 compared to RGD alone)
(Fig. 5A,D). Also, addition of Cyclo(Ala-Arg-Gly-Asp-3-Aminomethylbenzoyl) (10 uM), an
RGD peptidomimetic antagonist of a3 integrin receptor, did not reverse MMP-2 induced
relaxation (55.0+5.0%, p=0.1 compared with MMP-2 relaxation in the absence of cyclo-RGD)
(Fig. 5B,D).

DISCUSSION

The main findings of the present study are: 1) MMP-2 induced relaxation of rat I\VVC contraction
is specific and reversible; 2) MMP-2 induced venous relaxation does not appear to involve
degradation of the vein architecture, or the VSM contractile proteins or specific receptors; 3)
MMP-2 inhibits [Ca2*]. dependent VSM contraction, but not intracellular CaZ* release
mechanisms; and 4) MMP-2 induced VSM relaxation may not involve generation of RGD or
modulation of membrane a, 3 integrin receptor.

We have previously shown that MMP-2 and -9 cause relaxation of rat aorta that reaches a
maximum in 1 hr.13 Because MMPs may have different distribution and function in arteries
as compared to veins, we have examined the effects of MMPs on rat IVC. We tested the effects
of MMP-2 as a prototype, but with the understanding that different MMPs may have different
expression, location, activity and functions in different venous preparations. Consistent with
our previous reports,12:13 we observed that MMP-2 caused significant relaxation of Phe
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contraction in IVC. In the this study, the specificity of these novel effects of MMPs on venous
tissue function and the cellular and molecular targets involved were systematically examined.

MMP-induced IVC relaxation is specific because it was reversed by TIMP-1, an endogenous
inhibitor of many MMPs including MMP-2,24 and was also blocked by other MMP inhibitors
with variable specificity and affinity such as Ro 28-2653 and BB-94. The prevention of MMP-2
induced venous relaxation by three chemically unrelated MMP inhibitors supports the
contention that the venodilatory effects are related to specific MMP activity.

Because MMPs induce proteolysis and ECM turnover,9:25:26 one would predict that MMP-
induced venous relaxation is due to destruction of vein architecture, membrane receptors or
contractile proteins. This is unlikely because: 1) The effects of MMP-2 were reversible, and
in IVC segments treated with MMP then washed in Krebs, a significant Phe and Angll
contraction could still be elicited, 2) Histological analysis of MMP treated I\VVC revealed intact
vein architecture, 3) MMP-2 did not inhibit Phe or Angll contraction in Ca2*-free Krebs;
instead, a slight increase in contraction was observed, and 4) In normal Krebs, MMP-induced
inhibition of IVC contraction to Phe, an a-adrenergic receptor agonist, and Angll, an
angiotensin type 1 receptor agonist, indicate that the effects of MMP are not related to changes
in a particular receptor, but may involve a common pathway downstream from the membrane
receptor.

In vascular smooth muscle, agonist-receptor interaction is coupled to increased release of
inositol-1,3,5-trisphosphate (IP3) and activation of plasma membrane Ca2* channels. IP3
induces Ca2* release from the intracellular Ca2* stores. Parallel activation of Ca2* channels
promotes Ca2* influx from the extracellular space.2” To test whether MMP-2 induced VSM
relaxation involves inhibition of Ca2* release the effects of MMP were examined in Ca%*-free
solution. In Ca%*-free Krebs, Phe and Angll produced transient contraction, suggesting that
they activate IPs-induced Ca2* release. Angll-induced contraction was significantly greater
than that induced by Phe, and may reflect greater distribution of angiotensin type-1 receptors
than a-adrenergic receptors or their downstream signaling mechanisms in rat IVC. The
observation that MMP-2 did not inhibit Phe or Angll contraction in CaZ*-free solution suggests
that it does not block the IP3-sensitive Ca%* release.28-30 In effect, MMP-2 caused a slight
increase in Phe and AnglI contraction in Ca*-free Krebs. MMP-2 may facilitate the turnover
of phosphatidyl-4,5,bisphosphate and thereby increase the generation of 1P3 during receptor
activation. This is supported by reports that platelet activation is associated with MMP-2
release, and that MMP-2, added before stimulation with subthreshold doses of different
agonists, potentiates platelet activation, IP3 formation and activation of Pl3-K pathway.31

In contrast, when Phe contraction was measured at increasing [Ca2*]e, MMP-2 caused
significant venous relaxation, suggesting inhibition of extracellular Ca%* influx through

Ca?* channels. Our findings in rat IVC are consistent with the previous observation that MMPs
inhibit Ca2* influx in rat aorta.1® However, the present study evaluated the effects of MMPs
on veins which are structurally and functionally different form arteries. Also, while the effects
of MMP-2 on the aorta may have implications in abdominal aortic aneurysm, the present
observations on venous tissue may have implications in varicose veins. Ca?* enters vascular
smooth muscle cells via voltage-gated, ligand-gated and store-operated Ca?* channels. There
are also several types of voltage-gated Ca2* channel (CaV1.1-1.4, 2.1-2.3, 3.1-3.3) broadly
classified into L-, T- and N-type channels.32:33 Ca?* antagonists such as diltiazem, verapamil
and nifedipine block L-type Ca?* channels.3 In this study, diltiazem inhibited Phe-induced
contraction, suggesting the presence of functional voltage-gated Ca2* channels in rat IVC.
Also, diltiazem did not cause any further relaxation in MMP-2 treated IVC, indicating that the
L-type channels are already inhibited by MMP-2. Importantly, MMP-2 caused further
relaxation in diltiazem treated IVC (Fig. 4), suggesting that during blockade of L-type Ca2*
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channels, MMP-2 may inhibit other subclasses of voltage-gated channels (T- or N-type) or
perhaps ligand-gated, store-operated Ca2* channels or non-specific cation channels.27:35

The question remains as of how MMPs inhibit Ca2* entry through membrane channels. MMP
may directly or indirectly interact and alters the Ca?* channel activity. In a recent report we
suggested that MMP-induced venous relaxation may involve membrane hyperpolarization and
activation of large conductance K* channels (BKc,).12 Since membrane hyperpolarization is
expected to inhibit voltage-gated Ca?* channels, then the inhibitory effects of MMP on Ca2*
channels may be secondary to its activation of K* channels. Whether Ca2* channels are affected
first or secondary to changes in K+ channel activity, it remains to be clarified how MMP may
modify membrane channel activity in VSM. Soluble RGD peptide bind to smooth muscle
ayP3 integrin receptors cause K* channel activation leading to smooth muscle
hyperpolarization and relaxation.36 Also, studies in smooth muscle cells isolated from rat
cremaster arterioles have demonstrated a relationship between oy f3 integrin receptors and the
RGD stimulated dilation and lowering of [Ca2*];.22 In addition, a,B3 and asB; integrins are
differentially linked through intracellular signaling pathways to L-type Ca2* channel, and
thereby alter Ca2* influx in vascular smooth muscle.3’ These studies, together with our
previous report that MMP-2 induced IVC relaxation may involve membrane hyperpolarization
and activation of BK,12 and the present observation that MMP-2 inhibits [Ca2*], dependent
IVC contraction, have led us to hypothesize that MMP-2 may function via RGD/a, 83 integrin
receptor. If MMP-2 functions viaan RGD/a,f3 integrin receptor relaxation pathway, then RGD
peptides should cause relaxation of VSM, MMP-2 should have no effect in VSM saturated
with RGD, and MMP-2 induced relaxation should be prevented by blockers of a,3 integrin
receptors. Consistent with other reports evaluating the effect of RGD on various arteries,23:
38-41 our preliminary experiments on rat mesenteric artery suggest that RGD peptides cause
concentration-dependent relaxation (Fig. 5), confirming that the concentrations of the RGD
used are effective. However, maximal concentrations of RGD (10 to 100 uM) caused only a
small relaxation in rat IVC. Also, in IVC segments pretreated with saturating concentrations
of RGD MMP-2 caused significant venorelaxation. Furthermore, MMP-2 induced IVC
relaxation was not reversed by o, B3 integrin antagonist, supporting that the inhibitory effects
of MMP-2 on [Ca?*].-dependent VSM contraction do not involve a, B3 integrin receptor. Some
shortcomings are that we only used RGD (Arg-Gly-Asp) tripeptide to induce venous relaxation,
and several RGD-containing peptidomimetics (GPenGRGDSPCA, GRGDNP, RGDRGD,
GRGDSP) could have variable effects ranging from vasodilation to constriction depending on
the vessel type and RGD motif used.23:36:38:4244 Also, we only examined the role of a,f3
integrin, while other integrins may be expressed in rat I\VC, and should be further characterized.
41:44+* Furthermore, MMP may function via a mechanism(s) not involving RGD/integrins.
For example, MMPs may interact with cell surface proteins such as ICAM-1 or protease-
activated receptors (PARs) and activate signaling pathways that could change smooth muscle
Ca?* channels activity.#6-48 This is supported by reports that proteases such as thrombin
activate PARS and cause vascular smooth muscle relaxation by inhibiting Ca2* influx.4°

The present ex vivo study examined the acute effects of one member of a large MMP family
on rat IVC. Whether MMP-2 exerts long-term inhibition of VSM should be examined in
chronic and in vivo studies. Also, whether other MMPs exert similar effects on other types of
veins from rat and human remain to be examined. Furthermore, while acute exposure of veins
to MMPs may mainly affect VSM function while causing limited histological and structural
changes, chronic exposure of vein wall to MMPs may lead to additional degradation of the
ECM, structural changes and extensive venodilation. Although the pathogenesis of varicose
veins is unclear, studies in animals and human suggest a role of MMPs in varicose vein
formation. While animal models of venous hypertension have demonstrated increased tissue
levels of MMP-2 and -9 as well as valve remodeling,>%:°1 a mechanistic explanation of MMPs
causing VSM dilation is lacking. Also, in human saphenous vein specimens and venous
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segments with thrombophlebitis from patients with chronic venous insufficiency, there is
overexpression of multiple MMPs in all layers of the vein wall.2:6:8 What is not known is the
implication of these MMPs and whether their presence is an epiphenomenon, or antecedent
and directly contributory to venous dilation, valve dysfunction, tortuosity and varicose vein
formation. This study demonstrates relatively rapid MMP-2 induced dilation of venous
segments, which are specific and reversible and not specific to a particular vasoconstrictor
receptor/agonist. The mechanism of MMP-2 induced venous relaxation appears to involve
inhibition of Ca2* influx through membrane channels, but may not be linked to the a3 integrin
receptor. Future studies defining the mechanism(s) linking MMPs and membrane channel
activity will be helpful in understanding the pathogenesis of varicose veins and designing new
treatment options for de novo and recurrent varicosities.
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IvVC inferior vena cava, MMP, matrix metalloproteinase
Phe phenylephrine

RGD Arg-Gly-Asp

Cyclo-RGD Cyclo(Ala-Arg-Gly-Asp-3-Aminomethylbenzoyl)
TIMP tissue inhibitor of MMP

VSM venous smooth muscle

J Surg Res. Author manuscript; available in PMC 2011 April 1.

Page 12



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Raffetto et al.

A

Phe Contraction (%)

8 &8 8 8

Angll Contraction (mgimg Tissue) O

120 1

o

Page 13

B MMP-2y

$TIMP-1

+MMP-2 4 Phe (105M) S min

1pgiml
* 4
80 1
60 %
40 1
20 1
0

Phe Contraction (%)

160 1
140 -
120 1
100 1
80 1
60 1
40 1
20 -

Phe Phe Krebs Phe Control MMP-2 MMP-2 MMP-2 MMP-2
5 min 30min  3x10min  Steady-State +TIMP-1  +Ro 28-2653 + BB-94

Control

Control +MMP-2 MMP-2 30min
(30 min) Then Krebs 3x10min

Fig. 1.

Reversibility and specificity of the effects of MMP-2. Rat IVC segments were treated with Phe
(105 M), the steady-state contraction at 5 min and sustained contraction at 30 min were
measured, the tissues were washed with Krebs, then a second control Phe contraction was
elicited (A, Unfilled Bars). Other tissues were precontracted with Phe (10 M), treated with
MMP-2 (1 pg/ml) for 30 min, washed in Krebs, then a second Phe contraction was elicited to
demonstrate reversibility of the effects of MMP-2 (A, Solid Bars). To test the specificity of
the effects of MMP-2, the experiments were repeated in 1VVC segments treated with MMP
inhibitors TIMP-1 (1 ug/ml), Ro 28-2653 (106 M), and BB-94 (10°6 M) (B). In a representative
tracing, when MMP-2 induced 1VVC relaxation reached steady-state TIMP-1 was added and
reversal of the effects of MMP-2 was observed (B, upper panel). Aggregate data of Phe
contraction in the absence and presence of MMP-2, and specific inhibitors of MMPs were also
measured (B, lower panel). Other IVVC segments were nontreated, pretreated with MMP-2 for
10 min, or pretreated with MMP-2 for 10 min followed by 3 washings in Krebs then stimulated
with Angll (10°6M) and the peak contractile response was measured (C). Sections of IVC
nontreated (control) and treated with MMP-2 were stained with hematoxylin and eosin to
demonstrate the integrity of the vein wall and minimal evidence of structural degradation (D,
Total Magnification 200). Data represent means+SEM of 4-24 measurements.

* Significantly different from control p<0.05

t Not significantly different from control
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Fig. 2.

Effect of MMP-2 on Phe- and Angll-induced IVC contraction in Ca2* free Krebs. Rat IVC
segments nontreated or treated with MMP-2 (1 ug/ml) were incubated in Ca%*-free (2 mM
EGTA) for 5 min. The tissues were stimulated with Phe (10°M) (A) or Angll (10-5M) (B) and
the peak of the transient contraction was measured as an indicator of the intracellular Ca2*
release mechanism from the sarcoplasmic reticulum. Data represent means=SEM of 3-16
measurements.
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Fig. 3.

Effect of MMP-2 on [Ca?*]e-contraction relationship. IVC segments incubated in 0 Ca2* Krebs
were either nontreated (A) or treated with MMP-2 (1 pug/ml) for 10 min (B). After eliciting a
transient Phe contraction in 0 Ca2* Krebs, increasing concentrations of CaCl, were added, the
Ca?*-dependent contraction was measured and the [Ca2*].-contraction relationship was
constructed (C). Data represent means+SEM of 4 measurements.

* Statistically significant p<0.05
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Effects of MMP-2 during Ca2* channel blockade. IVC segments were contracted with Phe
(10"°M), then treated with MMP-2 (1 pg/ml) for 10 min followed by the Ca2* channel blocker
diltiazem (10°5M) (A), or treated first with diltiazem followed by MMP-2 (B). Bar graphs (C)
represent means+SEM of 3 measurements. Note that in IVC treated with MMP-2, diltiazem
did not cause any further reduction in Phe contraction (A,C). In tissues treated with diltiazem
the addition of MMP-2 caused further inhibition of Phe contraction (B,C).

* Statistically significant p<0.05

** Significantly different from tissue treated with MMP-2 or diltiazem alone p<0.01

J Surg Res. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raffetto et al. Page 17
A RGD (M) B
103 3 -1 4 -5
tt t v ¢ yMMP2
lo-RGD 0.25
\ "I ‘l' xH l\g 'i" - 0.25g Yoy .
‘ 'H | i ' ‘ - + MMP-2 =
| Smin 5min
J ‘
M%‘L‘Vu | IMWWM
| F
4 Phe (10-M) 4 Phe (105M)
c D c 100
£ S
S IVC KCI 5
% 100 s
= S 80 4
£ 90 5]
5] S cRGD+MMP
S 80 - E
‘E o 60 1
[8)
S 701 :
w o
= 60 1 |
= Mesenteric Phe E 4
S 50 =
2 i RGD+MMP
40 2 20 . . . . . 1
101 109 10% 107 105 105 10+ 0 5 10 15 20 25 30

[RGD] (M)

Fig. 5.

Time (min)

Role of RGD/integrins in MMP-2 induced IVVC relaxation. I\VC segments were contracted with
Phe (10-°M) (A,C) or 96 mmol/L KCI (C). Increasing concentrations of RGD peptide were

added and their effects on contraction was measured. For comparison, the effects of RGD on
Phe-induced contraction in rat mesenteric artery were also measured (C). In other experiments,
IVC segments were saturated with 10> M RGD or pretreated with the a,B3 integrin receptor
antagonist cyclo-RGD (10-°M), MMP-2 (1 ug/ml) was added and its effect on contraction was
measured over a 30 min period (A,B) and presented as % of initial control contraction (D).

Data represent the average of 2-4 measurements.
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