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ABSTRACT

The glycocalyx is an essential structural and functional component of endothelial cells. Extensive hemodynamic
changes cause endothelial glycocalyx disruption and vascular dysfunction, leading to multiple arterial and
venous disorders. Chronic venous disease (CVD) is a common disorder of the lower extremities with major
health and socio-economic implications, but complex pathophysiology. Genetic aberrations accentuated by
environmental factors, behavioral tendencies, and hormonal disturbances promote venous reflux, valve
incompetence, and venous blood stasis. Increased venous hydrostatic pressure and changes in shear-stress
cause glycocalyx injury, endothelial dysfunction, secretion of adhesion molecules, leukocyte recruitment/
activation, and release of cytokines, chemokines, and hypoxia-inducible factor, causing smooth muscle cell
switch from contractile to synthetic proliferative phenotype, imbalance in matrix metalloproteinases (MMPs),
degradation of collagen and elastin, and venous tissue remodeling, leading to venous dilation and varicose
veins. In the advanced stages of CVD, leukocyte infiltration of the vein wall causes progressive inflammation,
fibrosis, disruption of junctional proteins, accumulation of tissue metabolites and reactive oxygen and nitrogen
species, and iron deposition, leading to skin changes and venous leg ulcer (VLU). CVD management includes
compression stockings, venotonics, and surgical intervention. In addition to its antithrombotic and fibrinolytic
properties, literature suggests sulodexide benefits in reducing inflammation, promoting VLU healing, improving
endothelial function, exhibiting venotonic properties, and inhibiting MMP-9. Understanding the role of
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glycocalyx, endothelial dysfunction, and vascular remodeling should help delineate the underlying mechanisms
and develop improved biomarkers and targeted therapy for CVD and VLU.

(Cite this article as: Diaz JA, Gianesini S, Khalil RA. Glycocalyx disruption, endothelial dysfunction and
vascular remodeling as underlying mechanisms and treatment targets of chronic venous disease. Int Angiol
2024;43:563-90. DOI: 10.23736/S0392-9590.24.05339-2)
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he glycocalyx is composed of glycoproteins, proteo-

glycans, and glycosaminoglycans (GAGs), and acts as
amolecular sieve, selectively allowing the passage of mol-
ecules based on their size, charge, and shape. Addition-
ally, it serves as mechanosensory, transducing mechanical
forces exerted by blood flow into biochemical signals that
modulate endothelial function. Some conditions may alter
the glycocalyx functions, and recently, it has been postu-
lated that there is a potential involvement in venous dis-
eases, including but not limited to chronic venous disease
(CVD), which deserves our attention.

CVD is a common vascular disorder characterized by
dilation and tortuosity of the lower extremity veins and
varicose veins (VVs), with several stages of severity. If
not treated, CVD progresses in ~10% of cases to chronic
venous insufficiency (CVI) with venous complications,
skin changes, and venous leg ulcer (VLU). Family history,
genetic background, and environmental factors, including
sedentary lifestyle, obesity, and sex hormones, influence
the risk for CVD. A study of nearly half a million sub-
jects (VVs and control), utilizing genome-wide associa-
tion studies (GWAS) and machine learning, suggested ad-
vanced age, female sex, obesity, pregnancy, deep venous
thrombosis (DVT), increased height, and leg bioimped-
ance as risk factors for VVs.! However, the pathophysiol-
ogy of primary varicosis is not clearly understood. Theo-
ries ranging from the incompetence of the venous valves
to structural changes in the vein wall have been proposed
as essential events leading to CVD, and biochemical and
functional studies support both theories.2 Glycocalyx dis-
ruption and endothelial dysfunction have been observed
in multiple vascular diseases, including hypertension,
atherosclerosis, peripheral arterial disease, and coronary
artery disease. Additionally, glycocalyx disruption and
endothelial dysfunction could initiate events that trigger
a cascade of proteolytic enzymes, metabolic products, and
inflammatory factors, leading to venous remodeling and
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CVD and progressing to venous tissue damage and VLU.
Management of CVD includes elastic compression stock-
ings, sclerotherapy, endovenous therapies, and surgical
removal. Venoactive drugs could limit the progression of
VVs to CVI. Sulodexide has shown benefits in improving
endothelial function, and could exhibit venotonic proper-
ties, and inhibit matrix proteinases and venous remodeling
in CVD and VVs.24

This scoping review of scientific and clinical reports
published in Pubmed and Medline from 1990-2024 as well
as data from our laboratories will provide insights into the
importance of the glycocalyx for normal endothelial cell
(EC) function and how the glycocalyx disruption could
contribute to endothelial dysfunction in different cardio-
vascular disorders, including CVD. We will first describe
the role of the glycocalyx in EC biology and vascular phys-
iology. Then, we will describe how the changes in the gly-
cocalyx and EC bio-signaling observed in basic scientific
research and animal models could help to understand the
mechanisms of different vascular disorders encountered in
clinical practice. In addition, we will discuss how under-
standing the role of glycocalyx and EC pathophysiology
has helped delineate the underlying mechanisms of CVD.
Lastly, we will summarize some of the medical and surgi-
cal strategies used for the management of VVs and discuss
some of the reported benefits of sulodexide and its effec-
tiveness in reducing inflammation and promoting VLU
healing, as well as recent observations of its benefits in
improving EC function and venous contraction and inhib-
iting MMP-9 and extensive venous remodeling in CVD.

Endothelium and glycocalyx
in vascular physiology

The endothelium is a single layer of cells lining the inte-
rior surface of blood vessels, forming a critical interface
between circulating blood and the vessel wall. This layer

December 2024



UNDERLYING MECHANISMS AND TREATMENT TARGETS OF CVD

plays multifaceted roles in vascular physiology, including
regulating vascular tone, maintaining vascular homeosta-
sis, and participating in immune responses. ECs dynami-
cally respond to various physiological and pathological
stimuli, orchestrating processes such as vasodilation, va-
soconstriction, inflammation, and coagulation. Further-
more, the endothelium communicates with surrounding
tissues and blood cells, regulating vascular permeability
and angiogenesis.’

Central to the endothelial function is the glycocalyx,
a carbohydrate-rich layer covering the luminal surface
of ECs. Composed of glycoproteins, proteoglycans, and
glycosaminoglycans (GAGs), the glycocalyx acts as a
molecular sieve, selectively allowing the passage of mol-
ecules based on their size, charge, and shape. Addition-
ally, it serves as mechanosensory structure, transducing
mechanical forces exerted by blood flow into biochemical
signals that modulate endothelial function. The glycoca-
lyx is crucial for maintaining vascular integrity, regulating
leukocyte-endothelial interactions, and preventing exces-
sive platelet adhesion and aggregation.6

The glycocalyx also plays a pivotal role in vascular per-
meability by forming a barrier that restricts the passage of
macromolecules and circulating cells from the bloodstream
into the vessel wall and surrounding tissues. Disruption of
the glycocalyx, whether due to pathological conditions or
mechanical trauma, compromises endothelial barrier func-
tion, leading to increased vascular permeability and tissue
edema. Moreover, shedding glycocalyx components into
the circulation has been implicated in the pathogenesis of
various cardiovascular diseases, including atherosclerosis,
hypertension, and acute lung injury.”

Several factors influence the structure and function of
the endothelial glycocalyx, including shear stress, inflam-
matory mediators, and oxidative stress. Physiological
levels of shear stress exerted by blood flow promote gly-
cocalyx synthesis and maintenance. In contrast, disturbed
flow patterns associated with atherosclerosis and vascu-
lar stenosis can lead to glycocalyx degradation and dys-
function. Inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-a) and interleukin-1 (IL-1), stimulate
glycocalyx shedding and disrupt endothelial barrier func-
tion by activating matrix metalloproteinases (MMPs) and
other proteolytic enzymes.8

Glycocalyx - biochemistry

The glycocalyx is an important macromolecule composed
of glycoproteins with acidic oligosaccharides and terminal
sialic acid, proteoglycans (heparan sulfate proteoglycan,
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syndecans and glypican core proteins), and glycosamino-
glycan side chains that are sulfated (chondroitin sulfate,
dermatan sulfate, heparan sulfate, keratan sulfate, and
heparin), and non-sulfated (hyaluronic acid).®

The glycocalyx has a complex and dynamic structure.
Central to its composition are glycoproteins, which are
proteins covalently linked to carbohydrates. In addition
to glycoproteins, the glycocalyx contains proteoglycans,
proteins attached to long chains of repeating disaccharide
units called glycosaminoglycans (GAGs). Proteoglycans
confer unique properties to the glycocalyx, such as its
ability to trap water molecules and form a hydrated gel-
like matrix. This matrix regulates vascular permeability,
mechano-transduction, and molecular sieving within the
endothelial glycocalyx.10

Among the glycosaminoglycans found in the glycoca-
lyx, heparan sulfate is particularly abundant and contrib-
utes significantly to its structure and function. Heparan
sulfate chains interact with various growth factors, cyto-
kines, and enzymes, modulating their bioavailability and
activity. These interactions regulate diverse physiological
processes, including cell proliferation, angiogenesis, and
inflammation. Furthermore, heparan sulfate is a binding
site for anticoagulant molecules such as antithrombin III,
inhibiting coagulation cascade proteins.!!

Another essential component of the glycocalyx is hyal-
uronic acid, a non-sulfated glycosaminoglycan that forms
long, unbranched chains. Hyaluronic acid contributes to
the hydration and lubrication of the glycocalyx, promot-
ing its mechanical resilience and anti-adhesive properties.
Moreover, hyaluronic acid interacts with cell surface re-
ceptors, such as CD44, to modulate cell adhesion, migra-
tion, and differentiation. Dysregulation of hyaluronic acid
metabolism has been implicated in various pathological
conditions, including cancer metastasis and inflammatory
diseases.!2

Sialic acids represent another class of carbohydrates
present in the glycocalyx, serving as terminal residues on
glycoproteins and glycolipids. These negatively charged
molecules confer anti-adhesive properties to the glycoca-
lyx by repelling negatively charged particles and cells in
the bloodstream. Additionally, sialic acids participate in
cell-cell recognition and immune responses by interact-
ing with lectin receptors on leukocytes and pathogens.
Alterations in sialic acid expression have been observed
in inflammatory disorders and cancer, highlighting their
importance in modulating cell adhesion and signaling.!3

Furthermore, the glycocalyx contains a variety of gly-
cosphingolipids, which are lipid molecules decorated with
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carbohydrate moieties. Glycosphingolipids are enriched in
lipid raft domains of the plasma membrane, where they
play roles in cell signaling, membrane organization, and
cholesterol metabolism. Within the glycocalyx, glyco-
sphingolipids interact with cholesterol and membrane
proteins to regulate cell surface dynamics and receptor
function. Aberrant glycosphingolipid metabolism has been
implicated in neurodegenerative diseases and lysosomal
storage disorders.!4

Mechanical signal transduction

The glycocalyx serves as a crucial mechanosensor in vas-
cular physiology, transducing mechanical forces exerted
by blood flow into biochemical signals that modulate en-
dothelial function. Shear stress, generated by the frictional
force of flowing blood on the endothelial surface, induces
deformation of the glycocalyx, leading to the activation of
mechanosensitive signaling pathways. Key mechanotrans-
duction mechanisms involve the activation of ion chan-
nels, such as transient receptor potential (TRP) channels
and piezo channels, which respond to changes in mem-
brane tension and cytoskeletal deformation. Additionally,
integrin-mediated signaling pathways play a role in mech-
anotransduction, as mechanical forces transmitted through
the glycocalyx can trigger conformational changes in in-
tegrin receptors, initiating intracellular signaling cascades
that regulate gene expression, cell proliferation, and cyto-
skeletal remodeling.10, 15

Moreover, the glycocalyx acts as a reservoir for mecha-
nosensitive molecules, including growth factors, cyto-
kines, and enzymes, which are released in response to
mechanical stimulation and contribute to the regulation
of vascular function and homeostasis. For example, shear
stress-induced deformation of the glycocalyx promotes the
release of nitric oxide (NO) from ECs, leading to vaso-
dilation and inhibition of platelet aggregation and leuko-
cyte adhesion. Additionally, mechanical forces applied to
the glycocalyx stimulate the secretion of vasoactive pep-
tides and molecules such as endothelin-1 and prostacyclin
(PGI,), which regulate vascular tone and blood pressure.
These findings underscore the pivotal role of the glycoca-
lyx in translating mechanical cues into physiological re-
sponses that govern vascular health and disease.!¢

Endothelial bio-signaling: from basic science
to clinical practice

The endothelium can be considered an “organ” because of
its multiple actions on vessel contraction, cell and nutrient
trafficking, coagulation balance, and permeability regula-
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tion.!7 Such organ replies to the hemodynamic forces act-
ing on itself by expressing different phenotypes that could
be summed up in an anti or pro-inflammatory kind, based
on the physiological or pathological flow, respectively
flushing them. The phenomenon is regulated by flow-
sensitive proteins and gene expression modulation, lead-
ing first to vascular remodeling and then to pathological
manifestations like vessel wall inflammation, thrombosis,
and atherosclerosis.!8

Not only shear but also stretch stress (transversal force)
is involved in the phenomenon. This is an important con-
sideration, particularly if related to vessels with signifi-
cant caliber variations, such as those veins behaving as
capacitance reservoirs.!9 Turbulent flow is associated with
a venous pro-inflammatory, pro-thrombotic phenotype,
similar to how endothelial expression becomes athero-
genesis in the arteries.20 Conversely, laminar flow leads
to anti-inflammatory signaling, demonstrating even ath-
eroprotective properties.2! Different types of flow were
demonstrated to change even the shape of the same ECs.
For example, in the presence of turbulent flow, ECs were
found to be more rounded with random and short actin fila-
ments, mainly at the periphery of the same cell.22

Turbulence modulates the expression and permeability
of intercellular junctional proteins such as connexins and
vascular endothelial cadherin.23 A reliable way to inves-
tigate the specific phenotype expression of ECs exposed
to different types of flow is the vascular ECs culture. The
comparison between ex vivo human ECs from CVD pa-
tients vs. healthy controls demonstrated how venous re-
flux leads to an increased surface expression of CD146,
CD31/PECAM-1, and intercellular adhesion molecule-1
(ICAM-1). The CD146 elevation justifies monocyte tran-
sendothelial migration alterations associated with venous
hypertension.2¢ Similarly, CD146 involvement explains
the angiogenesis promotion in this condition.25 CD31/
PECAM is involved in the leukocyte trans-endothelial mi-
gration, endothelial integrity protection, and the responses
to shear stress.2

ICAM-1 recruits leukocytes, platelets, and erythrocytes,
an action that aligns with the pathogenesis of venous dis-
orders.2¢ Pathological ECs show higher proliferation and
survival in starvation rate, but decreased migration prop-
erties. CVD endothelium also demonstrates an increased
release of osteoprotegerin (OPG, a bridge between leu-
kocytes and ECs) and vascular endothelial growth fac-
tor (VEGF). Interestingly, in varicose patients, OPG and
VEGF levels have been found to increase as well, there-
fore paving the way for venous inflammation biomark-
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ers.2” While it is well known that CEAP Clinical Class is
not a severity score.?8 Interestingly, OPG was found to be
more elevated in C3 than in C2 ECs than in controls.?’
This finding is of particular importance considering also
that OPG high levels have been found to be correlated with
an increased risk for cardiovascular disease.? This is also
in line with the increased risk of cardiovascular disease
in CVD patients.3 The suppression of the venous reflux
leads to the normalization of several inflammatory media-
tors in an interesting timing: during the first 2 months after
the procedures IL-8, PDGF, EGF, VEGF, and Regulated
upon Activation, Normal T Cell Expressed and Presum-
ably Secreted (RANTES) are further increased, possibly
as a consequence of the surgical insult and the vascular re-
modeling, but then, after 6 months, the inflammatory pan-
el normalizes. Patients presenting a CVD recurrence also
showed a recurrence in the elevation of EGF, PDGF, and
RANTES.3! Interestingly, venous reflux time correlated
with the spontaneous release of PDGF-BB, which could
also explain the thrombogenic action of the CVD state.32
In terms of both morphology and inflammation mediators
release, endothelial phenotype is, therefore, the expression
of the interaction between the living vessel wall and the
hemodynamic forces acting on it. Translating such me-
chanical force into a biochemical message is known as
“mechano-transduction” or bio-signaling.33

A fundamental aspect of the endothelial “organ” correct
expression is the ability of its cells to sense changes in
the bloodstream and signal-related biochemical messages.
This is made possible by receptors on its surface that act
like real antennas decoding the physical force into a pro
or anti-inflammatory message. In this sense, blood flow
acquires morphogenetic properties as it can shape the en-
dothelial lining phenotype and expression, affecting tran-
scriptional processes and governing cellular specification.
Biosignaling is made possible by an intricate machinery
on the endothelium lining and inside the cytoskeleton and
the extracellular matrix (ECM). This process involves
components like actomyosin stress fibers, microtubules,
scaffolding proteins, phosphatases, and several kinases.33
Different endothelial monolayers present different types of
cells and related structures based on their location in the
vascular tree. This finding has a rationale in the different
hemodynamic solicitations acting on the vessel wall in the
heterogeneous anatomical regions of the body.

Different sites also present different ECM composi-
tions, with even specific elasticity and, therefore, reac-
tion to the stretch and shear acting on the vessel. Litera-
ture shows how flow can influence even the nuclear ar-
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chitecture by means of a connection between the nuclear
lamina and the cytoskeleton network.34 The same physical
force can act on the cytoskeleton and then on the nuclear
lamina to stretch the chromatin and facilitate the binding
of RNA polymerase II with the transcription factors.35 In
a metaphor, it’s possible to imagine the different kind of
vegetation populating the different lands of different re-
gions around the earth in order to adapt to the different
climatic conditions. In a similar way, along the different
anatomical vascular beds, the endothelium adapts to the
heterogeneous types of hemodynamics flowing over it by
expressing different phenotypes. Such forces are transmit-
ted on the endothelial surface receptors as well as on the
cytoskeleton.3¢

This aspect is particularly evident in the ciliary struc-
tures over the endothelium. The ciliary length is correlated
with the kind of flow acting on it: in the case of low-force
fluids, the length is higher compared to regions where
high forces are impacting on the endothelium structures.
Ciliary structures are fundamental in sensing the flow and
in translating it into a biochemical message by means of
ions movement associated with the same ciliary bending.37
The glycocalyx can be depicted as a cilia-like structure re-
sponsible for regulation of the endothelial permeability
and integrity, vessel tone control, and coagulation bal-
ance, among other functions. The glycocalyx is the first
point of contact of the vessel wall with the blood and its
function is considered pivotal in vascular pathophysiol-
ogy. Indeed, the glycocalyx alteration is associated with
conditions such as atherosclerosis, hypertension, stroke,
CVD, thrombosis and even sepsis.3 39 Its critical role
in maintaining endothelial physiology and in stimulating
thrombo-inflammation in case of malfunctioning has been
observed during COVID-19 pandemic when restoration of
the glycocalyx reported potential systemic benefits.40. 41
Loss of glycocalyx volume has been correlated with in-
creased hyperglycemia-induced endothelial damage. In a
similar way, loss of glycocalyx volume has been correlat-
ed with atherosclerosis manifestation.42

The structure of the glycocalyx is shaped by the he-
modynamics acting on it. Shear stress induces cluster-
ing of glypican-1, a cell membrane heparan sulfate pro-
teoglycan representing a main glycocalyx component.43
Sphingosine-1-phosphate (S1P) is another glycocalyx
component involved in endothelial barrier function and
vascular tone, therefore potentially explaining the vaso-
motion effect demonstrated in association with the same
glycocalyx restoration.#4 A recent publication confirmed
the role of the glycocalyx in the vasomotion control,
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showing also a dose-dependent venocontractile action of
sulodexide (glycocalyx restorer) in human veins.4> The
glycocalyx negative charge forms an electrostatic barrier
whose degradation facilitate turbulent flow and the related
vicious circle on the same endothelium phenotype expres-
sion. Interestingly, the knockdown of glypican-1 blocks
the activation of NO synthase (NOS), therefore pairing
the glycocalyx presence with the endothelial pathophysi-
ology.4¢ Syndecan is another glycocalyx component re-
lated to endothelial correct functioning as it is involved
in EC survival and correct proliferation. A pathological
flow altering syndecan presence is, therefore, leading to
an altered endothelium turn-over.#” Syndecan is also one
of the main players in mechano-transduction as it senses
the flow direction.*8

The carotid bifurcation is a perfect example of the gly-
cocalyx derangement associated with turbulence, as in-
deed, only in the regions where the laminar flow is lost
glycocalyx shows a related alteration.#® High shear stress
for a prolonged time has been associated with enhanced
endothelial NO synthase (eNOS) activity and NO pro-
duction, and a role of glypican-1 has been suggested in
enhancing EC sensitivity to laminar flow, mediating the
eNOS activation under shear stress, protecting endothelial
function against disturbed flow and preventing the prog-
ress of atherosclerosis.? In experimental models, the se-
lective degradation of glycocalyx heparan sulfate or the
silencing of glypican-1 genes showed a consequent inhibi-
tion of the shear-stress induced activation of eNOS and
the production of NO.50. 51 The glycocalyx modifications
caused by the different hemodynamics can lead to ECs
functional changes in terms of eNOS activation, NO pro-
duction, proliferation, and migration. For example, hepa-
ran sulfate degradation leads to decreased sensitivity to
shear stress and alterations in ECs alignment in the direc-
tion of flow and their suppressed proliferation in response
to flow, which could influence the adhesion of leukocytes
to the endothelium.5!

Sphingosine-1-phosphate (S1P) plays a fundamental
role in the endothelial permeability regulation as it binds to
albumin, in this way inhibiting the shedding of the glycoc-
alyx syndecan-1, therefore regulating the filtration through
the endothelium.52 All the above described basic science
features are quite easily translated into clinical practice as
we sum up the glycocalyx role in endothelial protection,
permeability regulation, contractility modulator and co-
agulation balance. Recent data demonstrated the presence
of a glycocalyx-like structure in the lymphatics, therefore
widening the same glycocalyx involvement in fluid shifts
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and paving the way for its potential involvement in venous
and lymphatic edema management.53 Clearly, Starling law
is not the only mechanism involved in edema formation
and a sieve of various porosity as the glycocalyx could
play a fundamental parts in vein-lymphatic filtration and
therefore in both venous and lymphatic edema pathophysi-
ology.>* Interestingly, macrophages activity on the glyco-
calyx degradation mechanism were recently highlighted,
paving the way as well for future clinical work on intersti-
tial edema inhibition.55 In light of the several scientific re-
ports showing how the glycocalyx deterioration is associ-
ated with cardiovascular risk factors like hypertension, di-
abetes, obesity, and thrombo-inflammation, the glycocalyx
is now considered a significant treatment target for related
cardiovascular disorders.5¢ Such systemic role has been
highlighted during the COVID-19 pandemic, in which
COVID infection represented a pan-endotheliopathy with
potential damage to the glycocalyx integrity.57

Thus, glycocalyx is a pivotal translator of hemodynamic
forces turning into biochemical signaling, while also act-
ing as direct protector of the endothelial integrity. A vicious
circle is established once the glycocalyx action is lost, for
which the endothelial inflammation can negatively impact
the same flow of hemodynamics and coagulation balance,
leading to a pro-thrombotic state.58 Summing up, glycoca-
lyx represents a fundamental treatment target in CVD as it
allows to counteract pathological shear stress, the related
endothelial possible thrombo-inflammation, while also
acting on the vessel tone. This is clinically supported by
the evidence of glycocalyx restoration positive effect on
venous inflammation signs and symptoms control, includ-
ing edema, pigmentation, and skin ulceration.59: 60

Clinical manifestations and risk factors of CVD

Clinical manifestations and pathological features of
CvD

CVD is a common venous disorder of the lower limb veins,
affecting ~25 million of the adult population in the United
States.®! Based on the clinical-etiology-anatomy-patho-
physiology (CEAP) categorization, CVD is classified into
clinical stages C0-6. C0 indicates no visible signs of CVD,
C1 shows telangiectasias (spider veins), C2 is manifested
as VVs. and C3 shows tissue edema. C4a presents as ec-
zema or skin pigmentation, C4b shows atrophie blanche
or lipodermatosclerosis, C5 indicates healed VLU, and
C6 presents as active VLU. The advanced CVD stages
C4-6 are often designated as chronic venous insufficiency
(CVI).62 Other CEAP classifications use C2r for recurrent
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VVs, C4c for corona phlebectatica with increased risk for
VLU, and Cé6r for recurrent active VLU.63

VVs have a major socioeconomic impact, and their
unsightly appearance exacerbates psychological distress.
VVs are manifested as large, distended, engorged, and tor-
tuous lower limb superficial veins. VVs also show incom-
petent venous valves and venous reflux that is maintained
for more than half a second.? If untreated, VVs can prog-
ress to CVI with VLU and may increase the risk for throm-
bophlebitis and DVT.62 Although VVs are thought as a lo-
calized dysfunction in the lower limb veins, increased dis-
tensibility and pathological changes are often observed in
distant arm veins,** suggesting that VVs is one component
of'a systemic venous disorder, and it manifests in the lower
limb because of the high venous hydrostatic pressure.

Tissue histology of VVs shows both hypertrophic re-
gions with abnormal smooth muscle cells (SMCs) shape/
orientation and extensive ECM deposition, as well as atro-
phic regions with ECM degradation and inflammatory cell
infiltration.®5 VVs lack distinct vascular layers or clear
boundaries between the intima, media, and adventitia.
VVs show focal intima thickening and increased media
thickness. In VVs, SMCs are disorganized in the media
and in the vicinity of the intima, with undefined poorly-
structured materials. The collagen fibers are disorganized,
making it difficult to distinguish between the media and
adventitia, while the elastin fibers are thick and fragment-
ed in the intima and adventitia.66

Predisposing demographic and environmental factors
in CVD

Several demographic, behavioral, and environmental fac-
tors increase the risk for VVs, including old age, female
sex, use of contraceptive pills, estrogen therapy, preg-
nancy, obesity, history of leg injury, and venous inflam-
mation and phlebitis. Some studies suggest that CVD is
more prevalent in females than males. For instance, the
Framingham Study showed a greater annual incidence of
VVs in women (2.6%) than in men (1.9%).67 Also, the Ed-
inburgh Vein Study screened for CVD in 1456 subjects,
and while the incidence rates appeared similar in men and
women, the 13-year age-adjusted incidence of VVs was
17.4% (13.1-21.7%) in women and 15.2% (10.4-20.0%)
in men.% Experimental studies also showed reduced con-
tractile response in inferior vena cava (IVC) isolated from
female vs. male rats. The sex differences in venous func-
tion are likely due to greater estrogen and estrogen recep-
tor levels leading to increased venous relaxation and wall
distention in females.®® Hemodynamic and uterine chang-
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es during pregnancy could also promote venous dilation
and VVs formation. Pregnancy is associated with elevated
circulating levels of estrogen (E2) and progesterone, salt
and water retention, and plasma volume expansion.”? Also,
the progressive fetal growth during pregnancy increase in-
tra-abdominal pressure and venous hydrostatic pressure,”!
leading to venous dilation, valve incompetence and VVs.

Among women, obesity increases the risk for VVs.72 A
study found that overweight women (BMI 25.0-29.9 kg/
m?2) were more likely, and obese women (BMI>30 kg/m?)
were 3 times more likely to present with VVs than lean
women. This may be partly related to the greater plasma
estrogen levels in overweight versus lean women, particu-
larly after menopause.’ A positive relation between BMI
and CVD was not found in men.7

Behavioral factors, including a sedentary lifestyle and
prolonged sitting or standing, increase the risk for CVD.7s
Physical activity and ergonomics in a workplace also in-
fluence VVs epidemiology. A study in Jerusalem showed
higher VVs prevalence among individuals spending most
of their workday in a standing position. Also, the rate of
reporting occupations involving prolonged standing was
higher in women (31.4%) than in men (13.6%), although
the ratio of standing vs. sitting workplace posture was
higher in men (1.88) than in women (1.53).76

Predisposing hereditary and genetic factors in CVD

Family history and hereditary and genetic factors influ-
ence the risk for CVD.7” The lower extremity venous he-
modynamics and wall elasticity are reduced in children
of patients with VVs.78 The heritability of about 17% of
cases suggests genetic risk factors for CVD.” Microarray
analysis of 3,063 cDNAs from patients with VVs showed
upregulation of 82 genes, especially those involved in the
regulation of myofibroblasts, cytoskeletal proteins and
ECM.80 Also, GWAS in ~half a million VVs and control
subjects found 30 genome loci associated with VVs, in-
cluding genes encoding for blood pressure, mechanosens-
ing channels, vascular development, maturation, and in-
tegrity, and genes near the hemochromatosis gene that is
strongly associated with VLU and DVT.! Ehlers-Danlos
syndrome is a connective tissue disorder involving defec-
tive COL3A1 gene and abnormal collagen synthesis, and
manifested as distensible skin, hypermobile joints, fragile
and deformed bones, ocular disease, weak prone-to-rup-
ture blood vessels and visceral walls, and VVs.8!

Primary lymphedema-distichiasis syndrome involves
mutation in the forkhead box C2 (FOXC2) gene on chro-
mosome 16q24 and is associated with VVs in early age.82
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Patients with Klippel-Trenaunay Syndrome present with
congenital venous anomalies, atresia and agenesis of the
deep veins, valve incompetence, venous aneurysms, em-
bryonic veins, impaired venous muscle pump function,
VVs, limb hypertrophy, dermal capillary hemangiomas or
port wine stain, and abnormal lympbhatics.83 Also, Notch3
gene mutation has been detected in the CADASIL (cere-
bral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy) pedigree with VVs.84

Single nucleotide polymorphism (SNP) -1562C/T in
the promoter region of MMP-9 gene has been linked to
increased plasma MMP-9 levels and VVs in the Chinese
population.85 Also, genes for MMP-12, fibroblast growth
factor receptor-2, hemochromatosis, coagulation factor
XIII, and ferroportin have been associated with advanced
CVI and VLU 86

The hemodynamics and molecular
mechanisms in CVD

The pathophysiology of CVD and VLU is complex, and
several mechanisms have been proposed. Increased venous
hydrostatic pressure causes glycocalyx disruption and EC
dysfunction and initiates a cascade of events, including ve-
nous hypoxia, SMC switch from contractile to synthetic
phenotype, MMP imbalance and changes in ECM struc-
tural proteins, venous inflammation, release of cytokines,
tissue metabolites, reactive oxygen species (ROS) and re-
active nitrogen species (RNS) and iron deposition.

Venous hydrostatic pressure and CVD

Greater saphenous vein (GSV) valve incompetence and
wall dilation result in venous retrograde flow in the lower
extremities, increased distal venous pressure, and dis-
tended veins. A study also examined microvenous valves
using retrograde resin injection and vein casting in am-
putated lower limbs of patients with CVD versus control
subjects.87 The network of tributaries was divided into six
sequential generations before reaching the small venous
networks. The valves in GSV and major tributaries were
designated generation 0, and the valves in each subsequent
tributary were consecutively designated generation 1-5. In
control limbs and despite a competent GSV, retrograde
venous filling was demonstrated, and microvalves were
detected down to the 6t generation tributaries. Only in re-
gions with incompetent microvalves out to the 3td genera-
tion tributary (“the boundary”), the injected resin penetrat-
ed deeper into the microvenous networks of the dermis. In
limbs with VVs and VLUs, reflux into the small venous
networks and capillary loops was extensive, with more
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dense networks and greater tortuosity. Thus, in addition
to superficial axial GVS insufficiency, microvenous valve
insufficiency also exists, and compromised 3t generation
microvalves are associated with a greater risk for dermal
VLUs. This may explain why some patients with long-
standing VVs do not develop VLUs, likely because their
3rd generation microvenous valves are intact and prevent
clinical deterioration.8” On the other hand, CVD-related
skin changes, hyperpigmentation, and small ulceration
may be seen in patients with normal duplex ultrasound of
the superficial, deep, and perforator venous systems, likely
because of compromised 314 generation microvalves.

The mechanisms linking the increased venous hydro-
static pressure to CVD and VLU could involve initial
glycocalyx injury, EC dysfunction, and a cascade of other
intermediary biological processes, including the early re-
lease of hypoxia-inducible factors (HIFs) and MMPs, and
subsequent inflammation and late release of cytokines,
metabolites, ROS, RNS, and iron deposition.2 88

Glycocalyx injury, endothelial dysfunction, and inflam-
matory cell adherence in CVD

VVs show multiple structural and functional abnormali-
ties. Histological examination of VVs show damaged en-
dothelium areas,?® and weak immunostaining of the EC
marker CD31/PECAM-1 suggesting initial stages of EC-
mesenchymal transition.?0 ECs are key regulators of vas-
cular tone, blood flow, and coagulation. In CVD, elevated
ambulatory venous pressure and altered shear stress in the
venous microcirculation trigger ECs to release vasoactive
factors, selectins, cytokines and chemokines, and pro-
thrombotic factors.%!

ECs can sense changes in blood flow and shear stress
and respond by modulating NO production. L-arginine is
metabolized by NOS, to produce NO, or by arginase to
produce ornithine. Studies have shown increased levels/
activity of both NOS and arginase in VLU, with ECs and
inflammatory cells as the key sources. Excess NO interacts
with hydroxyl free radicals to form peroxynitrite (ONOO-
), which promotes vascular inflammation and tissue de-
struction and delays VLU healing. Arginase enhances
matrix deposition and the formation of matrix cuff around
blood vessels, thus contributing to CVI, lipodermatoscle-
rosis, and the development of VLU.92

VEGEF is an EC mitogen that binds VEGFR1 (Flt-1) and
VEGFR2 (Flk-1, KDR) to promote EC growth, prolifera-
tion, migration, survival, and differentiation. In concert
with NO, VEGF maintains vascular integrity, reactivity
and dilatory response. Aberrant VEGF release/activity per-
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turbs vascular homeostasis and integrity, leading to VVs.
A study suggested that among Russians polymorphism
rs2010963 located in the 5 untranslated region of the
VEGFA gene influences genetic susceptibility to VVs.93
Another study showed increased mRNA expression of
VEGF isoforms VEGF121/VEGF165 and their receptors
Flt-1 and KDR in VVs overall and in VVs with incompe-
tent sapheno-femoral junction vs. normal GSV.94

Prostaglandin E2 (PGE2) is an arachidonic acid deriva-
tive that regulates vascular tone and could influence in-
ducible NOS (iNOS) and transforming growth factor-B1
(TGF-B1) signaling and MMP expression during the de-
velopment/progression of VVs. Studies found an upregu-
lation of PGE2 and TGF-B1 in the tunica intima and media
of VVs. PGE2 promoted the migration and tube formation
ability and upregulated iNOS, TGF-B1, and MMP-1 (col-
lagenase-1) in human umbilical vascular endothelial cells
(HUVECs). The PGE2-induced iNOS expression can pro-
mote venous relaxation and aggravate venous blood sta-
sis. TGFf-1 regulates cell growth, proliferation, differen-
tiation, migration, and apoptosis, while MMP1 degrades
collagen I and III. Thus, the PGE2-induced upregulation
of TGF-B1 and MMP-1 can affect ECM remodeling and
reduce the vein wall elasticity in VVs.95

GWAS have identified genes encoding for mechano-
sensing channels and proteins (calcium channels, glyco-
calyx) in association with VVs.! ECs sense changes in
vein wall stretch via mechanosensitive transient receptor
potential vanilloid channels (TRPVs).% Also, the glycoca-
lyx functions as a mechanical sensor on EC surface, where
it senses changes in shear stress, mediates mechanotrans-
duction, acts as a selective permeability and electrostat-
ic barrier to cells and proteins, and an anti-coagulation,
anti-inflammatory, and anti-adhesive barrier, and counter-
acts EC injury induced by hemodynamics forces.® Thus,
healthy glycocalyx prevents leukocyte adhesion, inflam-
mation, and thrombosis.

Prolonged increases in venous hydrostatic pressure, al-
tered shear stress and mechanical forces on the lower ex-
tremity vein wall cause EC injury, glycocalyx disruption,
increased EC permeability, activation of adhesion mole-
cules, and leukocyte adhesion to the vein wall.65 Structural
damage of the glycocalyx could be an initiating event lead-
ing to increased venous inflammation in CVD and VVs.97
In support, VVs show disruption in endothelial glycocalyx
and increased circulating levels of degraded sulfated gly-
cosaminoglycans, likely due to glycocalyx degradation by
heparanase and MMPs. 88

Studies have examined the effect of shear stress on the
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expression of the glycocalyx (heparan sulfate proteogly-
can, syndecan family, and glypican-1) in ECs, and their
role in vascular dysfunction.98 In rat model of acute mes-
enteric venous occlusion, the increased venous pressure
and reduced shear stress were associated with leukocyte
activation/adhesion, release of inflammatory markers, and
MMPs expression.?® Human leukocytes also show similar
behavior in response to low shear stress.!00 Rat models of
increased hind limb venous pressure induced by a femoral
arterio-venous fistula also show increased saphenous vein
venous pressure, upregulation of P-selectin and ICAM-1,
and leukocyte infiltration and inflammation of the vein
wall.101 Changes in shear stress also promote the expres-
sion of ICAM-1, (CD54), vascular cell adhesion mol-
ecule-1 (VCAM-1, CD-106), endothelial leukocyte adhe-
sion molecule-1 (ELAM-1, CD-62, E-selectin), L-selectin,
and macrophage chemoattractant protein-1 (MCP-1), lead-
ing to adherence of leukocytes and their transmigration
into the vein wall and valve, and initiation of an inflamma-
tory cascade with increased release of chemokines (IL-8),
cytokines (TNF-a, IL-1, TGF-B1), and MMPs.2. 91. 102

Leukocytes are a major source of MMPs, and the ac-
tivation of adhesion molecules and subsequent leukocyte
adhesion/infiltration in the vein wall augment the produc-
tion of MMPs. MMPs in turn degrade different ECM pro-
teins, leading to weakening of the vein wall, venous dila-
tion, valve incompetence, further increases in the lower
extremity venous hydrostatic pressure, and progression
of CVD (Figure 1).2 The relationship between increased
lower limb venous hydrostatic pressure, inflammation of
the vein wall, increased release of MMPs, and degradation
of ECM proteins is typically observed in the VVs atrophic
regions.

Smooth muscle phenotypic switch and altered prolif-
eration/apoptosis in CVD

Phenotypic transition of venous SMCs from contractile to
synthetic/proliferative phenotype could contribute to the
development of VVs. Longitudinal sections of VVs wall
show considerable heterogeneity, with a succession of hy-
pertrophic and atrophic segments, severe disorganization
of the medial layer and numerous areas of intimal thicken-
ing.89 In the hypertrophic regions, medial SMCs show al-
tered shape, and the number of vasa vasorum is increased.
In the atrophic regions, both cellular and ECM compo-
nents are decreased. TGFB1 and bFGF are increased in
VVs. These observations suggest phenotypic transition
of SMCs, altered ECM metabolism, and angiogenesis as
major mechanisms contributing to the morphological and
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Figure 1.—Pathophysiology and management of CVD. Genetic, environmental and behavioral risk factors cause increases in venous hydrostatic
pressure with subsequent changes in shear-stress, glycocalyx injury, endothelial dysfunction, augmented adhesion molecules, increased perme-
ability, leukocyte infiltration, and the release of inflammatory cytokines and MMPs. MMPs increase the release of growth factors and cause ECM
degradation, decreased vein contraction, venous dilation, valve dysfunction, venous reflux, various manifestations of CVD, and further increases in
venous hydrostatic pressure (vicious cycle). Progressive vein tissue inflammation eventually leads to advanced CVD, CVI, and VLU. Current man-
agement of CVD includes elastic compression stockings, venotonic drugs, sclerotherapy or surgical removal of the affected veins. Treatment with
sulodexide, which exhibits venotonic properties, has shown benefits in improving endothelial function, and inhibits MMPs and venous remodeling
in CVD and VVs. MMP inhibitors may also offer a new approach to the management of CVD/CVI.

CVD: chronic venous disease; CVI: chronic venous insufficiency; ECM: extracellular matrix; MMP: matrix metalloproteinase; VLU: venous leg
ulcer; VVs: varicose veins.

functional changes in VVs. MMPs-induced ECM degra-
dation could be involved in the atrophic regions of VVs.
Increased TGFB1 and bFGF may promote SMC pheno-
typic transition and angiogenesis particularly in the hyper-
trophic regions of VVs.103

GWAS have identified changes in genes encoding for
vascular cell differentiation, and vascular development
and integrity in association with VVs.! Studies also ex-
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amined the role of microRNA (miR)-199a-5p in VVs
and in the phenotypic transition of SMCs. Bioinformat-
ics analysis confirmed that miR-199a-5p had target sites
on the FOXC2 3’-untranslated region. RT-qPCR revealed
that miR-199a-5p was downregulated while FOXC2 was
upregulated in VVs. Biomarkers of SMC contractile phe-
notype, including smooth muscle 22a (SM22a), calponin,
0-SMA and myosin heavy chain 11 were downregulated
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in VVs. Cell counting and transwell migration assays re-
vealed that overexpression of miR-199a-5p by mimics
suppressed, whereas depletion of miR-199a-5p enhanced
SMC proliferation and migration. Notably, the effects of
miR-199a-5p could be reversed by FOXC2 overexpres-
sion. Dual luciferase reporter analysis confirmed that
FOXC2 was a target of miR-199a-5p. These observations
suggest that miR-199a-5p regulates phenotypic switching
in VSMCs by targeting FOXC2 during VVs formation.!04

Desmuslin and desmin are intermediate filament pro-
teins in the cytoskeletal network that help to mechanically
reinforce protein connections and maintain the structural
integrity of tissues. Desmuslin may also regulate SMC
function. The desmulin gene is located on chromosome
15g26.3, and gene variants could be associated with VVs.
Studies examining gene expression profiles of incompe-
tent and normal GSV at the saphenofemoral junctions
showed >30 differentially expressed cDNA. Sequence
analysis revealed that a ¢cDNA fragment downregulated
in incompetent GSV was a portion of mRNA encoding
desmuslin. RT-PCR revealed a similar mRNA expression
profile of the desmuslin gene. The desmuslin protein was
also markedly decreased in venous SMCs of incompetent
veins, which could affect SMC integrity and cause vein
wall deformity.!95 Also, in normal human GSV SMCs,
desmuslin gene knockdown using siRNA increased col-
lagen synthesis and MMP-2 expression, decreased the
differentiation markers o-smooth muscle actin (a-SMA),
SM-myosin heavy chain, and smoothelin, and caused
disassembly of actin stress fibers consistent with a lower
degree of differentiation. These observations suggest that
desmuslin expression is necessary for maintaining SMC
contractile phenotype, and decreased desmuslin levels
could cause SMC switch from contractile to synthetic
phenotype, leading to weakening of the vein wall and the
development of VVs. 100

Studies also examined the phenotypic and functional
differences between SMCs derived from VVs and control
veins. The microfilament structure of the framework and
the proliferation, migration, adhesion, and the aging cell
count were greater in SMCs from VVs. Bas and caspase-3
mRNA expression and protein content were decreased,
whereas Bcl-2 mRNA expression and protein content were
increased in VVs. MMP-2, MMP-9, TIMP-1, and TIMP-
2 mRNA expression and protein levels were increased in
VVs vs. control veins. Thus SMCs derived from VVs are
more dedifferentiated and demonstrate increased prolifer-
ative and synthetic capacity, which may contribute to vein
wall weakness and VVs, 107
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NELIN is an F-actin-binding protein involved in the or-
ganization of SMC cytoskeleton, NELIN and SM22a com-
bine with actin simultaneously, and in turn alter the form/
function of the cytoskeleton. NELIN and SM22a are also
involved in SMC phenotypic transition. RT-PCR analysis
revealed decreases in mRNA expression of NELIN and
SM22a in VVs. Immunohistochemistry localized NELIN
and SM22a in SMC cytoplasm, with marked decrease in
VVs, suggesting the transformation of SMCs from con-
tractile to synthetic secretory phenotype with subsequent
release of MMPs, extensive vein remodeling, and VVs. 108

C-fos is an immediate early gene involved in the regula-
tion of cell proliferation, growth, migration, and possibly
SMC phenotypic transition. VVs showed dilated vein cav-
ities, disordered venous cells, and thicker media partly due
to the proliferation of SMCs. Cell counting assay showed
more numerous SMCs, and scratch-wound assay dem-
onstrated greater migration speed in SMCs derived from
VVs. VVs showed elevated c-fos and osteopontin mRNA
expression/protein levels and decreased a-SMA levels n
VVs, supporting a role of c-fos upregulation in SMC phe-
notypic switching and the pathogenesis of VVs.109

As variations in E2 levels with age and during preg-
nancy could contribute to the pathogenesis of varicosity in
females, studies examined the role of E2 and estrogen re-
ceptors (ERs) in SMC migration in VVs vs. control veins.
ERa expression was upregulated in VVs. In co-culture of
HUVECSs and human umbilical vein SMCs, the number of
migrating SMCs and the migration rate were increased in
E2-treated cells under hypoxia vs. E2-treated cells under
normal oxygen or E2 non-treated cells under hypoxia and
were decreased along with reduced expression of MMP-
2 and MMP-9 in cells treated with E2+tamoxifen under
hypoxia, suggesting that estrogen promotes SMC migra-
tion and VVs formation likely through activation of ER-a
and increased expression of MMP-2 and MMP-9.110 Other
studies showed elevated plasma E2 levels in VVs patients
and increased mRNA expression of G-protein-coupled
receptor 30 (GPR30, GPER) in VVs vs. control veins.
Upregulation of GPR30 was associated with maintained
synthetic SMC phenotype, overexpression of osteopontin,
MMP-1, and MMP-9, and poor expression of a-SMA, sug-
gesting a role of GPER in the pathogenesis of VVs through
maintaining a synthetic SMC phenotype.!!!

Osteopontin is highly expressed in synthetic SMCs
where it regulates SMC proliferation, migration, and ad-
hesion through integrinp3 cell surface receptor. The meth-
ylation levels in the promoter regions of osteopontin and
integrinB3 genes are reduced, and the protein levels of os-
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teopontin and integrinf3 are increased in SMCs of VVs
vs. control veins. Also, SMCs in the neointima of VVs
were transformed into the synthetic phenotype. The hy-
pomethylation of the promoter regions for ostepontin and
integrinP3 genes may increase their expression in VVs,
where they promote SMC phenotypic switching.!12

Foxcl and Foxc2 are two closely related Fox transcrip-
tion factors essential for arterial cell specification during
development by inducing the transcription of Delta-like
ligand 4 (D114), a ligand for Notch receptors. Studies have
shown a positive association between c¢.-512C>T FoxC2
gene polymorphism and upregulated FoxC2 expression in
VVs. Also, FoxC2 overexpression in venous ECs resulted
in overexpression of arterial EC markers such as D114 and
Hairy/enhancer-of-split related with YRPW motif protein
2 (Hey?2). VVs tissue sections also showed elevated levels
of Notch pathway components, including D114, Hey2, and
EphrinB2, and the SMC markers a-SMA and vimentin.
These observations suggest that molecular alterations in
Dll4-Hey?2 signaling are associated with SMC hypertro-
phy/hyperplasia in VVs, and further substantiate a role for
altered FoxC2-DIl4 signaling in SMCs in VVs.90

An important factor in vessel wall remodeling is pro-
grammed cell death or apoptosis. Some studies have
shown a decrease in apoptosis and marked differences in
the expression and localization of the cell cycle regulatory
protein cyclin D1 in VVs vs. healthy veins. Because cell
cycle checkpoint controls are linked to apoptotic signaling,
studies examined the expression of bel-2 family members
BAX and BCL-x, known mediators of apoptosis, and that
of poly (ADP-ribose) polymerase (PARP), a downstream
substrate of apoptosis and DNA cleavage, in VVs vs. con-
trol veins. Pro-apoptotic BAX was decreased in VVs vs.
controls. PARP expression was diminished in VVs intima
and media. Neither BAX nor PARP was observed in the
VVs adventitia, but they were detected in the adventitia
of control veins. The presence of proapoptotic protein bax
in healthy veins supports its role in regulating SMC apop-
tosis, and the downregulation of both bax and PARP may
reduce SMC apoptosis in VVs. 113

However, other studies suggest increased apoptotic
cells in VVs. Proximal GSV segments of VVs showed
reduced SMC population and a marked increase of apop-
totic markers p53, p21, and BCL-2 mRNA expression.
The distal segments of VVs showed greater mRNA ex-
pression of BAX and BCL-2. Taking into account the pa-
tient’s age, elevated p53 mRNA expression was observed
in proximal GSV segments suggest that cell cycle distur-
bances may lead to weakening of the proximal GSV wall,
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and that valve injury is not the only factor causing VVs
formation.!14 Another study showed increased BAX, Cas-
pase 3, BCL-xl and BCL-xs and Ki-67 in GSV specimens
from patients with CVD vs. healthy controls. In the CVD
group, distal GSV showed increased BAX, Caspase 3, and
BCL-xs compared with the proximal GSV. These observa-
tions suggest that VVs exhibit increased apoptotic activity
through increased BAX, Caspase 3, BCL-xl, and BCL-xs.
The increased apoptosis in the distal vs. proximal saphe-
nous trunk among CVD patients suggests an association
between chronic venous hypertension and apoptosis.!!5

Alterations in structural proteins and ECM remodeling
in CVD and VLU

VVs histology shows disorganized SMCs, high density of
vasa vasorum in the tunica media and adventitia, sclerotic
blood vessels, and neoangiogenesis, suggesting marked re-
modeling of the vein wall. Immunohistochemistry shows
positive protein gene product 9.5 (PGP 9.5)-containing in-
nervation and laminin positive structures and a decrease
in collagen IV in subendothelial layer of VVs.89 VVs also
demonstrate an imbalance in the main components of
ECM proteins with marked changes in tissue content of
collagen and elastin.!1¢

VVs show increased collagen-I and decreased collagen-
IIT compared with control veins.!16. 117 Studies examined
the abnormal distensibility of VVs and measured hydroxy-
proline in VVs vs. control veins and the synthesis of col-
lagen-1, -1I1, and -V in cultured venous SMCs and dermal
fibroblasts from VVs patients and control subjects. Hy-
droxyproline was increased in VVs, suggesting increased
collagen content. Collagen-I mRNA was overexpressed in
VVs, whereas collagen-IIl mRNA was not altered. Cultured
SMCs and dermal fibroblasts from VVs patients showed
elevated protein levels of collagen-I and reduced collagen-
IIT compared to cells from control subjects.!!8 Collagen-I11
deficiency appears to be generalized in different tissues,
suggesting genetic alteration of remodeling and a systemic
condition influenced by underlying genetic factors in VVs
patients.!19 Interestingly, the collagen-III gene transcrip-
tion is normal in SMCs from VVs, but MMP-3 activity is
increased, suggesting post-translational modification and
degradation of collagen-III. In support, collagen-III pro-
duction was partially restored in SMCs from VVs in the
presence of the MMP inhibitor marimastat.!20 Collagen-I
mainly confers rigidity while collagen-III determines the
blood vessel elasticity, and alterations in collagen synthe-
sis or proteolysis would alter the ratio between collagen-1
and -III and negatively affect the vein structural integrity
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and lead to weakening of the vein wall, and collagen-I11
deficiency would contribute to the decreased elasticity and
increased distensibility of VVs.¢6

CVI is associated with lipodermatosclerosis (LDS)
characterized by hardening and hyperpigmentation of
lower limb skin. Studies examined whether elevated pro-
collagen-I gene expression and increased cell proliferation
are responsible for the fibrotic changes associated with
LDS. Skin biopsies were obtained from the legs of patients
with varying degrees of CVD and assessed for procolla-
gen gene expression by in-situ hybridization and for cell
proliferation by immunolocalization of proliferating cell
nuclear antigen. The number of cells expressing procol-
lagen-I mRNA was higher in the dermis of LDS-affected
skin compared with samples from the patient other dermal
areas. The number of dermal fibroblasts undergoing prolif-
eration was markedly increased in both LDS samples and
skin samples prior to LDS changes compared with control
samples. There was no apparent difference in the level of
inflammation in tissue specimens between patient classes.
The results suggest the involvement of enhanced procolla-
gen gene expression and cell proliferation in LDS develop-
ment in the absence of significant inflammatory response,
indicating that during CVI the release of profibrotic factors
in the skin may play a role in LDS formation.!2!

Elastin expression is high in blood vessels, where elas-
tic fibers are essential for maintaining vascular function.
Among the possible mechanisms of VVs formation are
changes in the vein elastin content. Some studies suggest
that decreased elastin could reduce the vein wall elastic-
ity and lead to venous dilation and VVs.122 Studies have
examined the expression of the elastin precursor tropo-
elastin, and lysyl oxidase-like 1 (LOXL1), a cross-linking
enzyme responsible for elastin polymer deposition, in
VVs vs. control veins. LOXL1 was markedly decreased
in VVs vs. controls. The LOXL/tropoelastin ratio in the
vein wall diminished with age. In the younger VVs pa-
tients an inverse relationship (LOXL decreased, tropoelas-
tin increased) was observed. Thus the decreased elastin in
VVs may be partly related to decreased LOXL1 levels.!23
VVs may also show a decrease in the elastin content due
to increased elastolytic degradation by MMPs, other prote-
ases or elastases produced by fibroblasts, platelets, macro-
phages and monocytes.!22 The net amount of collagen and
elastin in VVs is influenced by the dynamic interaction be-
tween different biological processes at different stages of
CVD. For example, increases in the vein collagen content
could compensate for the decrease in elastin levels dur-
ing the early stages of CVD. Conversely, the vein colla-
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gen content may decrease in the later stages of VVs. This
may provide an explanation of the divergent reports of the
collagen levels in VVs, showing a decrease, no change or
even an increase vs. control veins.2 However, other reports
suggest an increase in the elastin network in VVs.6¢ Stud-
ies have shown higher elastin mRNA expression and sta-
tistically insignificant upregulation of functionally related
fibulin 5, MMP-2 and MMP-9 mRNA expression in VVs
vs. control veins. Whether upregulation of elastin expres-
sion plays a role in the pathogenesis of VVs needs to be
further examined.!24

VVs also show changes in other ECM proteins includ-
ing increases in tenascin and decreases in laminin levels.
Cultured SMCs from VVs also show decreased fibronectin
levels.2

MMPs Imbalance in CVD and VLU

MMPs are a large family of zinc-dependent metalloendo-
peptidases that are secreted in their latent pro-form by dif-
ferent cells in the vein wall including SMCs, fibroblasts,
and leukocytes. MMPs by virtue of their proteolytic activi-
ties participate in cellular homeostasis, adaptation, tissue
remodeling, and ECM organization/degradation. MMPs
are also involved in SMC functional transformation, phe-
notypic transition, proliferation, and migration. Tissue ho-
meostasis is achieved by a tight balance of MMPs and the
expression/activity of endogenous tissue inhibitors of me-
talloproteinases (TIMPs), which prevent excessive ECM
degradation. MMPs participate in the different stages of
CVD; playing a role in the early events by affecting EC
function, glycocalyx integrity, the EC-SMC interactions
and venodilation, as well as the late events involving ECM
degradation, changes in structural proteins, venous tissue
remodeling and fibrosis, interstitial tissue proteolysis, and
surrounding tissue damage including the dermal and sub-
cutaneous structures leading to skin changes and VLU.2. 88

Several MMPs have been detected in vein specimens
from CVD patients. In VVs the expression of MMP-1, -2,
-3, -7, -9 and -13, and TIMP-1 and -3 is increased. The
increased MMP-2 mRNA expression is strongly correlat-
ed with hyperlipidemia in patients with VVs. TGF-B1 is a
multifunctional growth factor that is widely expressed in
multiple tissues, with a critical role in maintaining venous
tissue homeostasis. TGFB1 activity is increased in CVI
and dermal skin pathology. Studies examined whether
increased TGFI1 activity is associated with changes in
MMPs and TIMP-1 in biopsies of the lower calf and lower
thigh from patients with CVI vs. control. MMP-1 mRNA
was increased in C-4 and C-6 patients, while TIMP-1 was
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increased in C-6 patients only. Active MMP-2 was rela-
tively increased compared with active MMP-1 and TIMP-
1 in C-4 and C-5 patients. Gelatin zymography revealed
both latent and active forms of MMP-2, but only the latent
form of MMP-9. Immunohistochemistry revealed MMP-1
and MMP-2 in dermal fibroblasts and perivascular leuko-
cytes. TIMP-1 was observed only in basal-layer keratino-
cytes of the epidermis. These findings suggest both tran-
scriptional and post-transcriptional regulation of MMPs in
CVI, and that dermal fibroblasts and migrating leukocytes
are possible sources of MMPs. Alterations in MMP-2 ac-
tivity, in conjunction with TGFp1-mediated events, could
disrupt the tissue homeostasis/remodeling balance and
promote VLU formation. 125

Several MMPs are also overexpressed in VLU and in
the wound fluid, and increased proteinase activity is cor-
related with poor VLU healing. Multiplexed protein assay
showed elevated MMP-1, -2, -3, -8, -9, -12, and -13 protein
levels in VLU vs. healthy tissue. MMP-3, -8, and -9 mark-
edly decreased after 4 weeks of high-strength compression
therapy. Reduction in the levels of MMP-1, -2, and -3 was
associated with higher rates of VLU healing at 4 weeks.
These findings suggest that compression therapy reduces
the pro-inflammatory environment in VLU partly through
reduction in the expression/levels of specific MMPs.126

MMP release/activity is regulated by multiple fac-
tors including hypoxia-inducible factor (HIF), cytokines,
urokinase-type plasminogen activator (uPA), extracellu-
lar MMP inducer (EMMPRIN, CD147), platelet-derived
growth factor (PDGF) isoform AA, and mitogen-activated
protein kinase (MAPK). Cytokines, chemokines, growth
factors, MMPs, EMMPRIN, and TIMPs have been identi-
fied in VLU tissue and wound fluid. Changes in membrane
type-MMPs (MT-MMP), and a disintegrin and metallo-
proteinase with thrombospondin motif (ADAMTS) have
also been observed in CVD and VLU.2 127

Some reports suggest that certain MMPs are decreased
in VVs.128 The discrepancy in MMP measurements may
be related to the structural and pathological differences in
the atrophic vs. hypertrophic regions of VVs. Increases in
MMP activity is expected to cause degradation of ECM
proteins in the atrophic regions,% while decreased MMP
activity would preserve ECM proteins in the hypertrophic
regions of VVs.129 In support, studies on GSV samples
from control subjects and patients with early and late stag-
es of CVD showed decreased gene expression of MMP-
12, TIMP-2, TIMP-3, TIMP-4, and TGFBR2 in VVs C2-
C3 vs. control specimens from the ankle region. In CVD
samples, findings were uneven across anatomical regions
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with decreased gene expression of MMP-9 and TGFBR3
and increased gene expression of MMP-2 and TIMP-3 in
advanced clinical stages C4-C6 vs. control specimen from
the ankle region.!30

Alterations in MMP activity are expected to affect ECM
composition and contribute to the abnormalities in vein
structure and function associated with CVD. Beside the
MMP-induced changes in ECM proteins, MMPs could
participate in the pathophysiology of CVD by influencing
SMC migration, growth, apoptosis and contractile func-
tion. MMP-mediated ECM proteolysis modulates cell-
ECM adhesion and facilitates SMC migration. MMP-1
and -9 promote human aortic SMC migration.!31. 132 In
rat aortic SMCs, upregulation of MMP-1 increases flow-
mediated cell motility through phosphorylation of ERK,
and increases in c-Jun and c-Fos transcription factors.!3!
In cultured human SMCs, MMP-2 affects chemokine-
induced chemotaxis.!33 Also, MMP-2 or MMP-9 knock-
out reduces SMC migration and neointima formation in
mouse models of filament loop injury and carotid artery
occlusion. 134-136

MMPs disrupt the basement membrane, facilitate the
interaction between ECM components and integrins, and
promote SMC migration. MMPs cause fragmentation of
basement membrane proteins such as collagen-I, thus un-
covering new integrin-binding sites. MMPs also cleave
E-cadherin in epithelial cells, VE-cadherin in ECs and
N-cadherin in SMCs, thus dissolving adherence junctions
and allowing the cells to migrate.!37 In addition, MMP-1
binds to and cleaves protease-activated receptor-1 (PAR-1)
and in turn uncovers tethered ligands that stimulate cell
signaling and migration.!38 By sensing a proteolytic envi-
ronment, the cells then actively and gradually move to the
area where ECM is degraded.

SMC reorganization and migration into the vein intima
may occur in CVD.139. 140 SMCs in VVs appear disorga-
nized, and show vacuolization and phagocytosis.!39: 140
Compared to the SMC contractile phenotype in healthy
veins, SMCs isolated from VVs are largely dedifferenti-
ated and show increased MMP-2 secretory potential and
tendency for migration.!4! MMP-mediated SMC dedif-
ferentiation, migration and phenotypic switch from con-
tractile to synthetic phenotype cause decreases in the vein
contractile response and venous dilation.

MMPs facilitate the release of growth factors from their
binding proteins, which could promote SMC growth in the
hypertrophic regions of VVs. MMPs allow a growth-per-
missive environment for SMCs in ECM through integrin-
mediated signaling.!42 ECM-integrin interactions activates
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FAK and regulates p53 signaling and cell survival.l43
Normal MMP levels are required for FAK activation and
cell survival, but excessive MMP production increases
degradation of ECM proteins and integrins and leads to
anoikis.!44 Also, MMP-7 cleaves N-cadherin and regulates
SMC apoptosis. MMPs could also regulate apoptosis by
cleaving the death ligands TNF-a and Fas and their recep-
tors.2 While MMPs regulate cell apoptosis, the contribu-
tion of SMC apoptosis to VVs pathology needs to be fur-
ther examined.

MMPs could have additional venous dilation effects.?
MMPs are released in the vein wall in response to me-
chanical stretch and in turn affect different components of
the vein wall.44 Besides the tunica adventitia and ECM, the
localization of MMPs in the tunica intima and media sug-
gests additional effects on ECs and SMCs.!45 [n-vitro stud-
ies have shown that mechanical stretch increases MMP
expression in cultured ECs, SMCs and fibroblasts. MMPs
regulate EC integrity and vascular permeability. MMP-2
and MMP-9 also disrupt membrane barrier integrity and
the MMP inhibitor GM6001 prevents degradation of the
tight junction protein occludin and reduces the intercel-
lular gaps and vascular permeability in porcine cerebral
microcapillary ECs.146

ECs regulate vascular tone by releasing NO, PGI, and
endothelium-derived hyperpolarizing factor (EDHF).
PARs 1-4 are G-protein coupled receptors (GPCRs). PAR-
1 is expressed in ECs, VSMCs, 147 and platelets,!48 and is
coupled to increased prostaglandin production.!4® Also,
MMP-1 activates PAR-1,138 which could contribute to ve-
nous dilation and CVD. EDHF causes vascular relaxation
through the opening of small and intermediate conduc-
tance Ca2*-activated K* channels and EC hyperpolariza-
tion. The hyperpolarization of ECs then spreads through
myoendothelial gap junctions and causes SMC relaxation.
EDHF-mediated vascular relaxation may involve epoxye-
icosatrienoic acids, which are produced from the metabo-
lism of arachidonic acid by cytochrome P450 epoxygen-
ases. Other EDHFs include K+ ion and hydrogen peroxide
(H,O,). EDHF could then open large-conductance Ca2*-
activated K* channels (BK,) and cause hyperpolarization
of SMCs.150 Ex-vivo studies have shown that prolonged
stretch of rat IVC increases the expression of MMP-2 and
MMP-9 in the vein tunica intima and MMP-9 expression
in the vein media. Also, prolonged vein stretch is asso-
ciated with a decrease in contraction to the o-adrenergic
receptor agonist phenylephrine or prostaglandin F2a,
and the decrease was reversed by MMP inhibitors. Also,
MMP-2 and MMP-9 inhibit Ca2+ influx in rat aorta,!5! and
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MMP-2 inhibits extracellular Ca2*-dependent contraction
in rat IVC.152 Interestingly, the MMP-2 induced relaxation
of rat IVC is prevented in veins incubated in a high KCl
depolarizing solution, which blocks outward movement
of K* ion via K* channels. Also, iberiotoxin, a blocker of
BK,, inhibited MMP-2 induced relaxation of rat IVC,
suggesting that MMP-2 actions involve membrane hy-
perpolarization, activation of BK,, and inhibition of Ca2?*
entry through Ca2* channels.!53 Long-term, the maintained
MMP-induced hyperpolarization and inhibition of Ca2*
entry and vein contraction could lead to progressive ve-
nous dilation and VVs.44 On the other hand, MMP-3 may
impair EC function and endothelium-dependent vasodila-
tion,!54 and therefore it is important to further study the ef-
fects of MMPs on ECs and vascular relaxation pathways.

Venous hypoxia, HIFs and CVD

Some studies suggest an association between venous hy-
poxia, vein cells apoptosis and CVD.155 GWAS have shown
associations between genes related to hypoxia and VLU.!
Also, the average minimum O, tension is markedly lower
in VVs versus non-VVs. Hypoxia-inducible factors (HIFs)
are transcriptional factors that regulate the expression of
genes involved in O, homeostasis. HIF-1a and HIF-2a are
overexpressed in VVs versus control.136 GSV specimens
from patients with valve incompetence and venous reflux
show marked increase in the levels of HIF-10/HIF-2a and
phosphoinositide 3-kinase (PI;K)/mTOR, and the number
of mast cells CD4+, CD8+, and CD19+ cells and masto-
cytes.157 HIF-1a may also regulate MMP-2 and MMP-9
expression in arterio-venous fistulas and hemodialysis
polytetrafluoroethylene grafts.!58 Also, HIF target genes
and protein levels of glucose transporter-1 (GLUT-1), car-
bonic anhydrase-9, VEGF, and BCL2/adenovirus E1B 19-
kDa protein-interacting protein 3 (BNIP-3) are elevated
in VVs versus control. Additionally, the HIF regulatory
enzymes prolyl-hydroxylase domain (PHD)-2 and PHD-3
are elevated in VVs vs. control. Furthermore, exposure of
VVs and non-VVs cultures to hypoxia (O, tension 1%), or
to the PHD inhibitor dimethyloxallyl glycine (DMOG) in
normoxia is associated with increases in HIF-1a and HIF-
20 and HIF target genes compared with normoxia alone.
These observations support that hypoxia, HIF, and target
genes contribute to the pathogenesis of CVD.156

In addition to hypoxia, mechanical stretch could affect
HIF expression. Prolonged stretch of rat skeletal muscle
increases HIF-1a and HIF-20 in the muscle capillaries
ECs.159 Also, mechanical stretch of the rat ventricular wall
increases HIF-lo expression.!®0 Prolonged mechanical
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stretch of the rat IVC also causes increases in HIF-10, HIF
-20, MMP-2 and MMP-9 accompanied with a decrease
in vein contraction to phenylephrine. Pretreatment of rat
IVC with DMOG, which inhibits PHD and prevents HIF
inactivation, caused further reduction in vein contraction.
On the other hand, the HIF inhibitors echinomycin and
UO0126 prevented the decrease in contraction in [IVC under
prolonged stretch, suggesting that HIF is an intermediary
mechanism between the increase in venous hydrostatic
pressure, increased MMP-2 and MMP-9 and the reduction
in vein contraction.!6! It is likely that mechanical stretch
activates Ca?* entry via transient receptor potential van-
naloid TRPV4 channel, leading to activation of PI;K and
induction of HIFs.162 Mechanical stretch may also affect
membrane integrins and trigger a signaling cascade that
causes activation of mitogen-activated protein kinase
(MAPK) and induction of HIF mRNA expression. Also,
mechanical stretch may stimulate GPCRs or tyrosine ki-
nases or increase ROS, leading to MAPK activation and
increased HIF expression. Interestingly, MAPK inhibitors
reverse the increases in HIFs and the decreases in contrac-
tion in IVC under prolonged mechanical stretch, support-
ing arole of MAPK as a linking factor between mechanical
stretch, HIF expression and reduced vein contraction.!6!
Beside hypoxia and mechanical stretch, low pH, metallic
ions, heat exposure and hormones could affect the expres-
sion of HIFs and MMPs in lower extremity veins.

Metabolic abnormalities in CVD and VLU

Metabolic products could play a role in venous dysfunc-
tion and CVD. Creatine, lactate, and myoinositol metabo-
lites are increased in VVs versus control veins.!63 Also,
studies have shown higher levels of glutamate, taurine,
myo-inositol, creatine and inosine in aqueous extracts,
and phosphatidylcholine, phosphatidylethanolamine and
sphingomyelin in lipid extracts of specimens from VVs
versus control veins. Out of 7 differentially expressed
miRNAs, hsa-miR-642a-3p, hsa-miR-4459 and hsa-miR-
135a-3p expression was correlated with inosine in the vein
tissue, while miR-216a-5p, conversely, was correlated
with phosphatidylcholine and phosphatidylethanolamine.
Phosphatidylcholine and sphingomyelin were correlated
with inflammation and myo-inositol was correlated with
cell proliferation, thus implicating major metabolic path-
ways in the pathogenesis of CVD.!64 Other studies have
shown upregulated metabolites in vein specimens from
patients with CVD including lipids, branched-chain ami-
no acids, glutamate, taurine, lactate, and myo-inositol, as
well as in VLU wound fluid and ulcer biopsies including
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lactate, branched-chain amino acids, lysine, 3-hydroxybu-
tyrate, and glutamate.!65 These observations are consistent
with the pathology observed in VVs and CVD, and pro-
vide insight into the underlying metabolic pathways.
Increased levels of valine, choline and triglyceride moi-
eties were also detected in association with decreased con-
traction observed in rat IVC under prolonged stretch vs.
non-stretched vein. The increased branched-chain amino
acid valine and cell membrane constituent choline suggest
increased muscle breakdown. The increased triglyceride
moieties in stretched IVC suggest an inflammatory re-
sponse to prolonged IVC stretch and high venous tension.
These observations support that increased vein wall ten-
sion/venous pressure could alter the tissue metabolic pro-
file in the setting of VVs.166 Whether the increases in tissue
metabolites affect vein contraction through changes in the
expression of HIFs and MMPs remains to be examined.

Inflammation in CVD and VLU

GWAS have shown associations of genes related to in-
flammation with VLU.! Also, GSV specimens from VVs
show increased monocyte/macrophage infiltration in the
vein wall and valves,!167. 168 and increased expression of
ICAM-1 and VCAM-1 in ECs.1¢® VVs patients also show
increases in plasma levels of ICAM-1, VCAM-1, angio-
tensin converting enzyme, L-selectin and proMMP-9,
supporting a relationship between postural blood stasis,
increased lower limb venous hydrostatic pressure, infiltra-
tion of polymorphonuclear leukocytes in the vein wall, and
increased MMP release in VVs.170 Pro-inflammatory cyto-
kines play an important role in different stages of CVD by
contributing to the inflammatory process and its propaga-
tion in the interstitial space and the VLU bed.2 88 A study
examined the expression of cytokines and chemokines in
surgically-retrieved primary VVs vs. control veins, and
the effect of treating V'V patients with acetylsalicylic acid
(Aspirin) 15 days prior to removal of varices on cytokine
expression. Control veins expressed low levels of MCP-
1 and IL-8 mRNA. In contrast, VVs showed marked up-
regulation of MCP-1 and IL-8 and increased expression of
interferon-y (INFy)-induced protein 10 (IP-10), RANTES,
macrophage inflammatory protein-la (MIP-1a) and MIP-
18 mRNA. On the other hand, VVs obtained from patients
treated with acetylsalicylic acid showed a decrease in
chemokine expression.!”! Also, among CVD patients, un-
treated VLU displayed high levels of TNF-q, interleukins
and IFN-y, but after 4 weeks of compression therapy, the
cytokines levels markedly decreased, transforming growth
factor (TGF-B1) increased and the VLU began to heal. In-
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terestingly, healing was much better in VLUs with higher
levels of IL-1 and IFN-y before compression therapy.!72
Inflammatory cytokines promote the release of MMPs.
Cytokines could also increase ROS which in turn affect the
expression/activity of MMPs. TNF-q, IL-17 and IL-18 in-
crease MMP-9 gene promoter activity and MMP-9 mRNA
expression through activation of specificity protein-1 (Sp-
1), activator protein-1 (AP-1), and nuclear factor x light
chain enhancer of activated B cells (NF-xB).173 Also, the
levels of TNF-a, IL-1, IL-6, and IL-8, MMP-1 and MMP-
8, and VEGF are greater in infected vs. non-infected VLU,
supporting an association between inflammation, cytokine
secretion, and MMP activation in CVIL.174 Another study
showed marked increases in the levels of MMP-1, 2, 3, 8,
9, 12, and 13 in VLUs compared to healthy tissue, and 4
weeks compression therapy was associated with reduced
MMP-3, 8, and 9 levels. The study also showed a correla-
tion between reduced MMP-1, 2, and 3 levels and higher
VLU healing rates.!2¢ Also, studies on inflammatory vs.
granulating VLUs showed marked differences in the levels
of cytokines, chemokines, granulocyte-monocyte colony-
stimulating factor, and growth factors in the wound fluid
depending on the wound environment. Notably, marked
differences in the levels of MMPs and TIMPs are also ob-
served depending on the stage of the VLU wound; inflam-
matory versus granulating.!7s In addition to venous hyper-
tension, inflammation, vein wall remodeling, and increased
expression of cytokines and MMPs, a fibrin cuff containing
collagen I and III, fibronectin, vitronectin, laminin, tenas-
cin, fibrin, TGF-B1, and a2-macroglobulin is often identi-
fied in the post-capillary venules of VLU and represent a
major abnormality in the dermal microcirculation.!7¢ Inter-
estingly, macrophages and mast cells have been detected
in the fibrin cuff, and may represent a major source of the
elevated cytokines and MMPs and the consequent patho-
logical changes in CVD, skin changes and VLU.
Urokinase plasminogen activator (uPA) contributes to
the inflammatory process by increasing TNF-a expression
in injured vessels. Binding of uPA to the uPA receptor also
potentiates the activity of MMP -2 and aggravate VLU
pathology. Studies found elevated uPA and uPA receptor
levels in VLU vs. healthy skin. Also, fibrin zymography
showed greater endogenous uPA fibrinolytic activity in
VLU vs. healthy skin. These observations suggest that ele-
vated plasminogen activation is crucial in maintaining pro-
teolytic activity in VLU.!77 Hyaluronan synthases 2 gene
(HAS2) code for ECM proteins and scaffolding vascular
structure and plays a role in angiogenesis, cell adhesion
and vascular injury. HAS2 mRNA expression is decreased
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in specimens of VVs. Also, HAS2 knockdown in zebraf-
ish resulted in dilated venous structures with static venous
flow, supporting that downregulation of HAS2 contributes
to the pathogenesis of VVs.178

Gap junctions participate in the different processes in-
volved in chronic wounds including inflammation, edema
and fibrosis. Connexins are the channel forming compo-
nents of gap junctions, facilitating electrical propagation
between excitable cells and the passage of small molecules
between the cytoplasm of adjacent cells. Connexins may
facilitate the spread of inflammation in CVD and VLU, and
connexin43 is elevated in the wound margin of VLU.165 In-
terestingly, ACT1, a peptide inhibitor of connexin43, may
accelerate fibroblast proliferation and wound epithelializa-
tion. In support, VLU treated with compression plus ACT1
gel showed greater mean percent re-epithelialization at 12
weeks and reduced median time to 100% ulcer healing vs.
ulcers treated with compression alone.!7

Reactive oxygen/nitrogen species in CVD/VLU

Early indications of oxidative stress are observed in VVs.
Studies measured the levels of the antioxidant defense
enzymes superoxide dismutase, catalase, glutathione per-
oxidase, and glutathione S-transferase, and the oxidative
stress indicator malondialdehyde in GSV specimens of
VVs versus control veins. Measurements revealed marked
increase in catalase and malondialdehyde levels but no
differences in superoxide dismutase, glutathione peroxi-
dase and glutathione S-transferase enzyme activity in VVs
versus control veins. An increase in the levels of the an-
tioxidant enzyme catalase may represent a compensatory
response to the increase in the levels of the oxidative mol-
ecule malondialdehyde in VVs.180

Oxidative stress is also elevated in patients with VLU
and can lead to slow-healing or non-healing.!8! The high-
ly oxidative state within VLU results from activation of
different oxidative and nitrating pathways. A study of
VLU tissue showed elevated oxidative stress markers (in-
creased lipid peroxidation, gluthathione activity, and radi-
cal scavenging activity), and tissue injury (as indicated
by elevated lactate dehydrogenase). Generation of ROS,
RNS, protein carbonylation, lipid peroxidation, and DNA
oxidation and nitration result in DNA damage and single-
strand breaks.!82 Peroxynitrite (ONOO-) is a potent oxidiz-
ing and nitrating agent that causes irreparable damage to
the mitochondria and DNA, as well as lipid peroxidation,
and protein oxidation and nitration, leading to disruption
of different cellular functions.2 ONOO- causes DNA sin-
gle-strand breaks, which activates poly-ADP ribose poly-
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merase (PARP) and builds at the DNA nicks a branched
poly-ADP-ribose (bPAR) polymer to initiate the repair
process A study found elevation of both bPAR (indicating
PARP activity, DNA damage/repair) and nitrotyrosine (an
ONOO- metabolite) in tissue biopsies of VLU vs. control
tissue.!82 ONOO- and its damaging effect on DNA could
lead to gene mutations and carcinogenic transformation of
VLU as is seen with squamous cell carcinoma.2

In fibroblasts, MMP expression is regulated by NADPH
oxidase-1 (Nox-1).183 Also, uPA affects the expression of
MMP-9 in part through increasing ROS production.!84
ROS could activate MMPs through oxidation of the MMP
prodomain thiol and its autolytic cleavage. ROS may also
modify the critical amino acids required for MMP proteo-
lytic activity and lead to MMP inactivation, and thereby
provide a feedback-mechanism that controls any undesir-
able bursts in MMP activity.!85 ONOO- inhibits superoxide
dismutase, causing further increases in ROS generation
and activation of MMPs. Future work should examine if
inhibition of ONOO- formation can alter the progression
of VLU and improve healing.

Iron deposition in CVD/VLU

Changes in blood levels of iron have been associated with
multiple clinical disorders. Genetically predicted higher
blood levels of iron (serum iron, ferritin, and transferrin
saturation) are associated with lower risks of iron deficien-
cy anemia, but an enhanced risk of VVs. While higher iron
status exerts a detrimental effect on VVs in both genders,
sex-stratified Mendelian randomization analysis revealed
some sex differences in their clinical effects.!86. 187 GWAS
have shown an association between genes related to he-
mochromatosis and VLU.! Local iron overload and de-
posits have been implicated in the pathogenesis of CVD,
the development of skin changes and the progression to
VLU.!88 The number of patients affected by primary CVD
is ~20-40% of the general population and ~10% of these
patients would develop VLU. Detection of venous tissue
iron overload could help in predicting in advance who will
develop VLU. Mutations in iron metabolism genes could
be involved in VVs pathology. Also, prolonged venous
reflux could cause iron overload and dermal hemosiderin
deposition which is directly correlated with manifestations
of CVI such as lipodermatosclerosis and skin changes.!89
Iron deposition promotes free radical formation, thus ag-
gravating tissue injury, and causing further progression
to CVI and VLU.190 Also, coagulation factor XIII is a
cross-linking protein that is critical for VLU healing.19!
and mutations in hemochromatosis HFE gene C282Y and
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Factor XIII gene V34L have been associated with severe
CVI, skin changes and the size of VLU.192-194 A cohort
study examined patients with severe CVD (CEAP C4-C6)
subdivided into patients with VLU (C5-C6, primary and
post-thrombotic), and cases with no skin lesions (C4) vs.
healthy controls, and all subjects were PCR genotyped
for HFE mutations (C282Y and H63D). C282Y mutation
increased the risk of VLU in primary CVD ~7-fold. Ap-
plication of the HFE test in primary CVD demonstrated
increased specificity and positive predictive values. The
high specificity of C282Y blood genetic test in predicting
VLU development suggests that applying this test start-
ing from the C2 class VVs could be useful in predicting
and strengthening the priorities for surgical correction of
CVI.192

Studies have examined the role of HFE-C282Y and
FXIII V34L and P564L gene variants in VLU healing time
in patients with primary VLU (CEAP C6) who underwent
superficial venous surgery. Generally, VLU cases had
a postoperative mean healing time of 8.5 +/- 5.7 weeks.
For the subset of cases above and below the median value
(8.0 weeks), FXIII-V34L genotype distribution markedly
differed. Kaplan-Meier analysis yielded specific heal-
ing time profiles for the different FXIII-V34L classes of
genotype, with an increased risk of delayed healing for the
FXIII-VV genotype. FXIII-P54L genotype distributions
did not differ, but homozygous 564LL cases and double
carriers for both FXIII variants had a markedly reduced
healing time vs. control types. No differences in healing
time were observed between carriers and noncarriers of
the HFE-C282Y variant, but when these cases were strati-
fied by FXIII-V34L genotypes, the L34 carriers had a
markedly shorter healing time, irrespective of the HFE
genotype. Thus, the FXIII-34L variant is associated with
shorter VLU healing time after surgery, suggesting a role
in the healing and tissue regeneration phases. While HFE-
C282Y is involved in VLU development, it did not affect
the postoperative healing time.194

Other studies used DNA-array technology to evalu-
ate SNPs in candidate genes for hemochromatosis HFE
(C282Y, H63D), exporter of non-heme iron ferroportin
1 (FPN1) (-8CG), MMP-12 (-82AG) and FXIII (V34L)
as potential prognostic markers in VLU healing in 638
subjects, 221 with VLU (171 primary and 50 post-throm-
bosis), 112 with severe CVD (C3-C4), and 305 healthy
controls. The HFE and FXIII SNPs were previously geno-
typed by conventional PCR in the same cohort,!92-194 and
re-genotyping by DNA-array resulted in a 100% match-
ing. In the risk computation, the FPN1 -8GG genotype had

December 2024



UNDERLYING MECHANISMS AND TREATMENT TARGETS OF CVD

an overall CVD risk of 4.3 and a VLU risk of 5.2 virtually
the same among primary VLU (4.98). The MMP-12-82AA
genotype had a VLU risk of 1.96 only in primary VLU.
In the genotype-ulcer size association studies, a smaller
mean ulcer size was observed in the MMP-12 GG-geno-
type compared with the other genotypes.8¢

Erythrodiapedesis is a process in which red blood cells
exit the capillaries and pericapillary network and enter
into the interstitial tissue space, leading to erythrocyte
disruption, hemoglobin degradation, and storing of ferric
iron as hemosiderin. Erythrodiapedesis has been detected
in CVD patients with skin changes, lipodermatosclerosis
and VLU.195 Also, the extremely toxic ferric ion (Fe3*) is
detected in tissue biopsies of advanced CVI, lipodermato-
sclerosis and VLU, but not in VVs or only edema and hy-
perpigmentation CVD patients.!95 Free ferrous ion (Fe?*)
also stimulates macrophages, and promotes cytokine and
chemokine release, leading to tissue inflammation, oxida-
tive stress, hemolysis of red cells, and perpetuation of skin
changes and VLU development.19¢

Management of CVD
Conservative and surgical approaches

Treatment of CVD includes conservative approaches in
the early stages, and interventional surgical approaches
in advanced stages. VVs is first managed using graduated
elastic compression stockings to promote venous empty-
ing, decrease pain and edema, and slow VVs progression
to CVL.197 Compression elastic stockings could also re-
duce venous thromboembolism after VVs surgical proce-
dures, and improve the hemodynamics in post-thrombotic
syndrome. 198

In more advanced CVD, several approaches are used to
obliterate the engorged VVs. Sclerotherapy is performed
under the guidance of Duplex ultrasound to infuse hyper-
tonic saline solution or the sclerosing compounds ethanol-
amine oleate and sodium morrhuate in the dilated VVs.
Other sclerosing agents such as the liquid detergent sodi-
um tetradecyl sulfate (STS) and polidocanol produce foam
that displace blood and cause vasoconstriction and eventu-
ally thrombosis and occlusion of VVs. 199,200

Endovenous ablation utilizes radiofrequency or infra-
red laser at wavelengths ranging between 810 to 1550 nm
to produce high heat that denatures venous proteins and
occludes VVs.20l Ablation therapy produces acceptable
vein occlusion rates, good clinical outcomes, and ~2%
vein recanalization rate 4 years following radiofrequency
therapy,22 and only 3 to 7% VVs recurrence rate 2 to 3

Vol. 43 - No. 6

DIAZ

years following infrared laser therapy.293 Other endove-
nous approaches including cyanoacrylate glue and relat-
ed mechanochemical techniques show promising initial
clinical outcomes,204 205 but further studies are needed to
evaluate their benefits vs. the thermal ablation procedures.
Stripping of GSV and high ligation of the saphenofemoral
junction are common surgical approaches with low VVs
recurrence rate.20¢ Ambulatory micro-phlebectomy in-
volves avulsion of clusters of large VVs and incompetent
saphenous vein. Transilluminated powered phlebectomy is
also used to remove clusters of VVs through fewer inci-
sions and a shorter surgical procedure time.207

Venotonics in management of CVD

Venotonic drugs enhance venous tone, improve capillary
permeability, and decrease leukocyte infiltration in the vein
wall. Venotonics include a-benzopyrones (coumarins),
v-benzopyrones (flavonoids), plant extracts (blueberry and
grape seed, ergots, Ginkgo biloba), saponosides (Centella
asiatica, escin, horse chestnut seed extract, ruscus extract),
catechin (Green tea), escletin, hesperitin, hesperidin, ox-
erutin, quercetin, rutosides, troxerutin, umbelliferone, cal-
cium dobesilate, and Daflon (an oral micronized purified
phlebotonic flavonoid fraction containing 90% diosmin
and 10% hesperidin).208, 209

Flavonoids affect EC permeability and leukocyte infil-
tration and decrease edema and inflammation, while sa-
ponosides reduce vein wall distensibility and morphologic
changes. Flavonoids such as diosmin and saponosides
such as Aesculus hippocastanum, Aescin, and Escin have
been used in the management of VVs and VLU.209, 210 Eg-
cin reduces leg edema, pain, fatigue/heaviness, calf itching
and cramps.2!! Escin exerts its venotonic action through
several mechanisms including improved EC permeability,
release of endothelium-derived vasoconstrictors such as
prostaglandin-F2a, and vein sensitization to the contractile
actions of histamine and serotonin.2!2.213 Escin also forms
small pores in the plasma membrane and permit Ca2* and
other biologically-relevant factors (>3000 dalton) includ-
ing calmodulin and heparin to diffuse into the cell without
damaging membrane receptors or coupling mechanisms.214
Diosmin, could improve venous tone, microcirculatory
flow, microvascular permeability and lymphatic drainage
and decrease vein inflammation.20% 215 Diosmin may also
inhibit venous cathecol-O-methyltransferase (COMT) thus
decreasing norepinephrine metabolism and prolonging its
venoconstrictive effects.2!6 Diosmin may also enhance the
venotonic effects of escin.2!7 Studies compared the effects
of escin and diosmin on isolated veins.2!8 In rat IVC seg-
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ments pretreated with escin in a 0 Ca2* solution, gradual
increases in extracellular CaCl, caused stepwise increases
in vein contraction. In escin-pretreated rat [IVC, the con-
traction to phenylephrine, angiotensin Il (Ang II) and high
KCI was reduced. In comparison, in rat IVC pretreated
with diosmin in a 0 Ca2* solution, gradual increases in ex-
tracellular CaCl, caused negligible contraction. Diosmin
did not augment the IVC contractile response to phenyl-
ephrine, Ang II or escin, but increased the vein contraction
in response to high KCI solution. These observations sug-
gest that escin promotes extracellular Ca2*-dependent ve-
nous contraction, but disrupts a-adrenergic receptor- and
angiotensin receptor-mediated contraction mechanisms,
which would limit its long-term usefulness as a venotonic
in VVs. Also, diosmin does not appear to promote vein
contraction on its own or enhance the effects of escin or
endogenous venoconstricting factors, and therefore its
benefits as a venotonic agent need further examination.2!8
In patients with advanced CVI, rutosides have shown
some improvement of EC function.2!® Also, pentoxifyl-
line, a xanthine derivative with anti-inflammatory and
hemorheologic effects including TNF-a inhibition, de-
creased leukotrienes synthesis, and reduced red blood cells
deformability, may have benefits in advanced CVI1.2 PGE1
and red vine leaves (AS 195) may also improve micro-
circulatory blood flow and transcutaneous oxygen tension
and reduce leg edema in CVI.2 Also, calcium dobesilate
may have venoactive properties by reducing VEGF-in-
duced cell proliferation, vascular permeability, venous
inflammation, oxidative stress, platelet aggregation and
blood viscosity associated with VVs and VLU .220-223

Sulodexide mechanism of action in VLU and CVD

Sulodexide is a highly-purified blend of two glycosami-
noglycans; a fast-moving heparin fraction extracted from
porcine intestinal mucosa and a dermatan sulfate compo-
nent. Central to sulodexide’s vascular beneficial effects are
protection and repair of the endothelium, and preservation
of the thickness of the glycocalyx.%7

Sulodexide is biologically active when administered
parenterally or orally, producing antithrombotic and pro-
fibrinolytic effects similar to heparin, but with fewer
changes in blood clotting mechanisms and less bleeding
risks. The sulodexide-induced decrease in blood viscosity
together with its fibrinolytic and lipolytic properties have
shown cardiovascular benefits including prevention of
cardiovascular events in survivors after acute myocardial
infarction, improvement of intermittent claudication in pa-
tients with peripheral arterial disease and chronic leg isch-
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emia, and improved venous circulation in post-thrombotic
venous syndrome and venous thromboembolism.58, 224-226
Sulodexide has also shown some benefits in stabilizing
renal function and reducing proteinuria in patients with
diabetic microangiopathy and nephropathy.227-230 Clinical
and preclinical observations have also supported benefi-
cial effects of sulodexide not only in advanced CVI and
VLU, but also in the initial stages of CVD though multiple
mechanisms on ECs, SMCs, MMPs and the inflammatory
processes in the veins and surrounding tissue.225, 227
Sulodexide undergoes substantial uptake by ECs, where
it induces protective effects.65: 231233 When given orally,
sulodexide maintains EC structural integrity and function,
by reducing metabolites- and toxins-induced EC injury,
stabilizing EC-blood cell interactions, and inhibiting the
microvascular inflammatory response.22’ Experimental
data also suggest that sulodexide promotes arterial va-
sodilation through endothelium-dependent mechanisms.
Phenylephrine-induced contraction is reduced in rat aortic
and mesenteric artery segments pretreated with 1 mg/ml
sulodexide. Also, in rat aortic and mesenteric artery rings
precontracted with phenylephrine, sulodexide (0.001 to 1
mg/ml) caused concentration-dependent relaxation, that
was reduced by endothelium removal or treatment with
the NOS inhibitor No-nitro-L-arginine methyl ester (L-
NAME). Sulodexide also enhances acetylcholine-induced
arterial relaxation and nitrate/nitrite production. These ob-
servations suggest that sulodexide enhances arterial relax-
ation through endothelium-mediated NO release, a ben-
eficial effect that could improve vasodilation and reduce
arterial constriction in occlusive arterial disease.* In sup-
port, meta-analyses of data from clinical trials have shown
that treatment with sulodexide for at least one month may
reduce blood pressure in patients with hypertension.229234
Interestingly, sulodexide shows different effects in
veins vs. arteries. In contrast with the reduced arterial
contraction and enhanced endothelium-dependent arterial
relaxation, sulodexide promotes contraction of venous
SMCs. In rat IVC segments under normal basal tension,
Sulodexide (0.001-1mg/ml) caused concentration-de-
pendent contraction. In IVC segments under prolonged
stretch, high KCI and phenylephrine-induced contraction
was reduced, but was markedly enhanced in veins pre-
treated with sulodexide. Also, MMP-2 and MMP-9 levels
were increased in IVC segments under prolonged stretch,
and reversed to control levels in veins pretreated with su-
lodexide. These observations suggest that sulodexide en-
hances contraction in veins under protracted stretch likely
through decreases in MMP-2 and MMP-9 activity.235
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Prolonged MMP-2 and MMP-9 activation could change
venous SMCs from the contractile to the synthetic pro-
liferative phenotype likely due to inducing venous SMC
hyperpolarization!33 and the release of growth factors in
the veins and surrounding tissue. The sulodexide-induced
decrease in MMP-2 and MMP-9 would reverse their in-
hibitory effects on venous SMC contraction, restore ve-
nous SMC contractile phenotype and promotes venotonic
effects in early stages of CVD.

Sulodexide could also maintain the structure and integ-
rity of ECM and preserve venous structural proteins such
as collagen and elastin through inhibition of MMPs and
other proteases.??” In CVD patients at CEAP stage CS5,
sulodexide treatment for 2 months caused reduction in
MMP-9 serum level.236 Also, treatment of leukemia white
blood cells in culture with sulodexide reduced MMP-9
in a concentration-dependent manner.®> Thus sulodexide
could provide additional vascular benefits that could help
alleviate CVI symptoms and promote VLU healing,225. 227
likely through decreasing MMP expression, modulation
of growth factors, promoting anti-angiogenic effects, re-
ducing inflammatory cell infiltration in the veins and sur-
rounding tissue and decreasing the release of inflammation
products including cytokines, chemokines, metabolites,
ROS and RNS.

MMPs modulators as potential tools in management
of CVD

The growing evidence of a role of MMPs in the patho-
genesis of VVs has generated interest in MMP inhibi-
tors (MMPIs) to reduce the development/recurrence of
CVD. MMPIs are either endogenous such as TIMPs and
a2-macroglobulin, or synthetic Zn2t-dependent and Zn2*-
independent compounds. TIMPs bind to MMPs in a 1:1
stoichiometry.237 TIMPs have 4 homologous subtypes,
TIMP-1, -2, -3 and -4, with different efficacies in inhibit-
ing various MMPs. MMP/TIMP imbalance could contrib-
ute to the pathogenesis of CVD, and serve as a biomarker
for the progress of CVI and VLU healing.

Divalent ions such as Cu2t, Mg?*, and Mn2* inhibit
MMPs by interfering with Zn?* binding in the MMP
catalytic domain.23® Several MMPIs have a Zn2* binding
side-chain such as carboxylic acid, hydroxamic acid, or
a sulthydryl group.23® Zn2* binding globulins (ZBGs) in-
hibit MMPs by displacing the Zn2*-bound water molecule
in the MMP catalytic domain.240 Hydroxamic acid-based
MMPIs include phosphinamide, succinyl, and sulfon-
amide hydroxamates.24!. 242 Succinyl hydroxamates such
as batimastat (BB-94), marimastat (BB-2516), and iloma-
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stat (GM6001) have a structure similar to collagen, and
act as broad spectrum MMPIs through bidentate chelation
of Zn2+.243 Tetracyclines such as doxycycline also inhibit
MMPs by chelating Zn2* from the MMP active site.243
Mechanism-based MMPIs such as SB-3CT not only coor-
dinates with the MMP Zn2* but also form a strong covalent
bond with the MMP molecule thus minimizing its disso-
ciation and reducing the concentration required to saturate
the MMP active site.240, 244

Other MMPIs such as compound-37 do not have ZBGs,
and do not bind to the Zn2* binding site, but rather inter-
act non-covalently with the MMP molecule in a manner
similar to that of the substrate243. 245 MMP-specific siRNA
inhibits the transcription of specific MMPs.24¢ Statins such
as atorvastatin have pleiotropic properties that decrease
MMP-1, -2, and -9 expression in human retinal pigment
epithelial cells,247 and inhibit MMP-1, -2, -3, and -9 re-
lease from human GSV SMCs, rabbit macrophages and
rabbit aortic SMCs.248 Also, treatment of rat models of
heart failure with pravastatin suppresses the increases in
activity of MMP-2 and -9.24

Although several MMPIs have been developed, doxy-
cycline remains the only MMPI approved by the United
States Food and Drug Administration (FDA). Patients with
VLU who received compression therapy with or without
VVs surgery in addition to oral doxycycline 20 mg b.i.d.
for 3 months showed a higher rate of healed VLU than
patients receiving compression therapy alone, suggesting
that doxycycline therapy through its anti-inflammatory
and MMPI effects could preserve ECM integrity and fa-
cilitate VLU healing.250 However. MMPIs cause several
musculoskeletal side-effects including joint pain, stiff-
ness, inflammation, and tendonitis.25! Improved specific-
ity of MMPIs and their directed targeting locally to the
dilated veins could enhance their therapeutic potential and
minimize their systemic side-effects in the management
of CVD.

Conclusions and future perspective

The glycocalyx is an integral structure in the vascular wall
and an important functional component in ECs. Extensive
changes in shear-stress cause damage to the glycocalyx
and lead to endothelial dysfunction. Secretion of adhesion
molecules, recruitment of inflammatory cells and release
of inflammatory cytokines cause further damage to the en-
dothelium and vascular integrity. Endothelial dysfunction
has been observed in several vascular disorders and animal
models of vascular disease. In clinical practice, decreased
brachial artery flow-mediated vasodilation and increases
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in biomarkers of vascular injury and endothelial dysfunc-
tion have been observed in hypertension, atherosclerosis
and other arterial and venous disorders. Specifically, en-
dothelial dysfunction could contribute to the pathogenesis
and manifestations of CVD and VLU. Increased lower ex-
tremity venous hydrostatic pressure and changes in venous
shear-stress cause injury to the glycocalyx, endothelial
dysfunction, activation of different adhesion molecules,
and leukocyte recruitment to the vein wall. Increased low-
er extremity venous pressure could also activate HIFs and
increase MMP expression/activity. MMPs promote pro-
teolytic degradation of ECM structural proteins including
collagen and elastin, leading to weakening of the vein wall
architecture, progressive dilation of the vein wall, valve
incompetence and venous reflux. MMPs also promote
SMC migration, apoptosis and phenotypic transition, and
could modulate K+ channel activity, Ca?* signaling and
SMC contraction. MMPs could also adversely affect the
glycocalyx integrity, EC function and endothelium-de-
rived relaxing factors. This conglomerate of events leads
to leukocyte activation and transmigration into the vein
wall, valves and the interstitium, with the secretion of dif-
ferent cytokines, chemokines, and growth factors, and the
release of MMPs and other proteolytic enzymes causing
further venous dysfunction and inflammation in the lower
limb, and clinical manifestations of CVD. Accumulation
of tissue metabolites, generation of ROS and RNS, eryth-
rodiapedesis, red blood cell degradation, and iron depo-
sition further escalate inflammation and tissue damage,
eventually progressing to advanced CVD, CVI, and VLU.

The complexity of the pathophysiology and mechanisms
of CVD have posed a challenge for effective management.
Current management of VVs includes compression stock-
ings, venotonic drugs, sclerotherapy or surgical removal
of the affected veins. Sulodexide treatment have shown
benefits in CVI and VLU healing largely through endo-
thelium protection and restoration, reducing inflamma-
tory cell infiltration, decreasing the release/accumulation
of inflammatory products such as cytokines, chemokines,
metabolites and oxidative stress and may have venotonic
properties and MMP inhibitory effects that could improve
venous function in patients with CVD. Further genetic
mapping and research of the early events underlying gly-
cocalyx injury, EC dysfunction, venous SMC phenotypic
switch, ECM and proteases imbalance, and subsequent
venous inflammation and tissue damage would provide a
better understanding of the pathophysiologic mechanisms
and disease process and help develop specific targeted
therapies for CVD and VLU.
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