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Role of mechanosignaling on pathology of varicose vein

Shirin Saberianpour’ (» - Mohamad Hadi Saeed modaghegh' - Hamidreza Rahimi'? - Mohammad Mahdi Kamyar’

Received: 13 November 2020 /Accepted: 5 January 2021/ Published online: 16 February 2021
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Varicose veins are the most common vascular disease in humans. Veins have valves that help the blood return gradually to the
heart without leaking blood. When these valves become weak, blood and fluid collect and pool by pressing against the walls of
the veins, causing varicose veins. In the cardiovascular system, mechanical forces are important determinants of vascular
homeostasis and pathological processes. Blood vessels are constantly exposed to a variety of hemodynamic forces, including
shear stress and environmental strains caused by the blood flow. In varicose veins within the leg, venous blood pressure rises in
the vein of the lower extremities due to prolonged standing, creating a peripheral tension in the vessel wall thereby causing
mechanical stimulation of endothelial cells and vascular smooth muscle. Studies have shown that long-term increased exposure
to vascular wall tension is associated with the overexpression of HIF-1o and HIF-2« and increased levels of MMP-2 and MMP-
9, thereby reducing venous contraction and progressive venous dilatation, which is involved in the development of varicose
veins. Following the expression of metalloproteinase, the expression of type 1 collagen increases, and the amount of type 3
collagen decreases. Therefore, collagen imbalance will cause the varicose veins to not stretch. Loss of structural proteins (type 3
collagen and elastin) in the vessel wall causes the loss of the biophysical properties of the varicose vein wall. This review article
tries to elaborate on the effect of mechanical forces and sensors of these forces on the vascular wall in creating the mechanism of
mechanosignaling, as well as the role of the onset of molecular signaling cascades in the pathology of varicose veins.
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Abbreviations

MMP Matrix metallopeptidases

HIF Hypoxia-inducible factor-1alpha
FOXC2  Forkhead box protein C2

MTHFR Methylene tetrahydrofolate reductase
CSK C-terminal Src kinase

ROS Reactive oxygen species

eNOS Endothelial NOS

ECM Extracellular matrix

RGD Arg-Gly-Asp

LOXL1 Lysyl oxidase-like 1

VEGF Vascular endothelial growth factor
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Varicose veins

A diverse array of cellular receptors and binding proteins exist
in the walls of blood vessels so that changes in the lumen
(interior of the blood vessel tube) can be transmitted to the
vascular tissue and its surrounding supporting structures by
these proteins/receptors via intracellular signaling. Changes in
blood pressure distort the vein wall as blood travels through
the vein, and this pressure can trigger changes in the intracel-
lular signaling pathway (Norouzpour et al. 2013) (Fig. 1).
Varicose veins are alternatively called dilations or swellings
of the veins. They constitute the most common human vascu-
lar disease, affecting about 10-20% of the population
(Raffetto and Khalil 2008a). Varicose veins are long and di-
lated, and are often found on the inner surfaces of the lower
extremities (Metcalfe et al. 2007). The return of the blood
from the vein to the heart is facilitated by a series of valves
in the veins, and varicose veins occur whenever these valves
have a problem (Hamann et al. 2019; Birdina et al. 2017). Any
factor that disrupts the work of veins can be a cause of vari-
cose veins. For example, obesity (especially around the abdo-
men) can put extra pressure on the leg veins (Sadick 1992;
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Varicose Vein

Normal Vein

Fig. 1 Intracellular signaling due to changes in blood pressure in the
varicose vein. Changes in mechanical stress in the varicose vein can be
transmitted into the cell through an extracellular matrix dependent on

Jacobs et al. 2017; Cavallini 2019). In this study, we try to
elaborate on the effect of mechanical forces and sensors of
these forces on the vascular wall in creating the mechanism
of mechanosignaling, and also the role of the onset of molec-
ular signaling cascades in the pathology of varicose veins.
Table 1 shows comparison of blood pressure and characteris-
tics among of arteries, veins, and capillaries.

Genetic bases

The hereditary basis of varicose veins is controversial. Cornu-
Thenard (1994) found that children with both parents with
varicose veins had a 90% risk of developing varicose veins
(Krysa et al. 2012; Fukaya et al. 2018). Further investigations
revealed an autosomal dominant inheritance pattern with var-
iable permeability (Bradbury and Pappas 2006) suggesting
that there is a strong genetic component to primary venous
insufficiency (Kim et al. 2005). The FOXC2 gene was the first
one identified in connection with venous valve insufficiency
in both superficial and deep vessels of the lower extremities
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integrins, ion channels, or ATIR. The resulting changes can eventually
cause remodeling in vein structure, inflammation, hypoxia, and
vasoconstriction

(Ng et al. 2005). Another gene involved with demonstrated
involvement is thrombomodulin (TM), a glycoprotein recep-
tor on the surface of endothelial cells that binds to thrombin.
Further to this point, it was found that 19% of people with
varicose veins suffered from venous thrombosis (Segiet et al.
2015). The C677T methylenetetrahydrofolate reductase
(MTHFR) functional polymorphism, which has been consis-
tently associated with arterial disease, has also been linked to
the development of varicose veins (Karathanos et al. 2013).
The MTHFR gene encodes the enzyme methyl hydro folate
reductase, which functions to help regulate homocysteine
levels in the body. This gene is critical for the uptake of folic
acid and other forms of folate by cells. In this gene, the most
important polymorphisms are C677T and A1298C (Hiraoka
and Kagawa 2017), with the former being 40-60% incapable
of producing methyl folate, which itself is a vital and effective
nutrient for the production of cardiovascular carriers.
Sverdlova et al. found that people with at least one C677T
MTHEFR allele had an increased risk for varicose veins as
compared to the general population (Wilmanns et al. 2015).

Table 1 Comparison of blood

pressure and characteristics Type of Blood pressure (mmHg) Lumen diameter ~ Wall Wall Valves
among of arteries, veins, and vessel thickness layer
capillaries (McGhee and Bridges
2002; Williams et al. 1988; Ma Veins 5-10 Low Thin Three Yes
etal. 2018) Capillaries 10.5-22.5 Extremely Extremely Three No
narrow thin
Arteries Systolic 65-95 Diastolic Narrow Thick One No

30-60
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Stretching changes and its effect
on the pathology of venous varicose veins

Mechanical forces play an important role at every stage of
development and in every part of the body, from the early
growth to the physiology and pathology of adults (Raffetto
and Khalil 2008a). During development and physical forma-
tion of a growing fetus, vascular development and morpho-
genesis of all organs are regulated by mechanical forces (Xu
and Shi 2014). Similarly, mechanical forces in adulthood are
involved in several physiological processes, including the
senses of touch, hearing, and the production of respiratory-
induced pulmonary surfactant (Atta 2012). Mechanical forces
also play an important role in the etiology of pathological
conditions, such as tumor metastasis and atherosclerosis
(Shyu 2009). In the cardiovascular system, mechanical forces
are important determinants of vascular homeostasis and path-
ological processes, such as varicose veins (Atta 2012).
Blood vessels are constantly exposed to various types of
hemodynamic forces, including shear stress and environmen-
tal strains due to the blood flow (Atta 2012). Shear stress is the
force of blood friction on the endothelial layer, while periph-
eral tension is caused by total pressure within the vein (Fitts
et al. 2014). The effect of these forces on endothelial cells,
internal smooth muscle cells, fibroblasts, and extracellular
matrix is the release of biochemical reagents which assist in
maintaining physiological function (Wang et al. 2010). The
pathological process of varicose veins can be due to the me-
chanical process of “vascular traction” which contributes to
the synthesis of natural collagen and blood circulation, but can
also lead to the development of atherosclerosis (Raffetto and
Khalil 2008a). In addition, increased cardiac load (read blood
pressure) due to exercise or high blood pressure can lead to
cardiac hypertrophy (Kockx et al. 1998). In varicose veins,
venous blood pressure rises in the vein of the lower extremi-
ties due to prolonged standing and creates the peripheral ten-
sion in the vessel wall and the mechanical stimulation of the
EC and SMC (Kucukguven and Khalil 2013; Atta 2012).
Among the sensors that help respond to this mechanical force
are integrins, ion channels, and G protein receptors (Martinac
2014; Atta 2012). We will describe each of these in turn.

Integrins

Integrins are a large family of cell surface receptors that attach
cells to the extracellular matrix of the ECM and surrounding
cells (Cario-Toumaniantz et al. 2007). The ability of integrin’s
to act as a bridge between the extracellular environment and
intracellular protein kinases enables them to transmit extracel-
lular signals into the cell (Giancotti and Tarone 2003). There
are 24 known integrins, 16 of which are involved in the vas-
cular system (Martinez-Lemus et al. 2003). During stress on

the cell, integrins bind to adhesive proteins via an extracellular
dimer that binds to the ECM. This binding causes the intra-
cellular skeleton to tighten and the formation of a second
intracellular message that causes the phosphorylation of tyro-
sine kinase bound to CSK, resulting in the transfer of mechan-
ical forces within the membrane (Han et al. 2004).

Vascular muscle-related integrins

Smooth muscle cells are in a three-dimensional network of
ECM proteins including collagen, fibronectin, elastin,
vitronectin, and laminin (Laronha and Caldeira 2020). The
ECM interacts with the integrins during high blood pressure,
in which the ECM itself, in conjunction with the integrins, will
transfer the pressure to the underlying vascular layers.
Therefore, an acute increase in vascular pressure increases
both the peripheral wall tension and the longitudinal stress,
all of which are micromechanical changes mediated by
integrins (Zhu et al. 2019). The mechanism of integrin regu-
lation is based on the binding of peptides containing specific
amino acid sequences that bind within integrins. There are
specific sites in the vascular wall that can detect Asp-Gly-
Asp amino acid (RGD) sequences. These diagnostic sites are
commonly found in extracellular proteins, such as collagen
and fibronectin, and an antibody against the outer part of the
vascular wall integrin heterodimer can cause decreased vascu-
lar myogenic dilatation by the above mechanism (Cario-
Toumaniantz et al. 2007).

Regulation of calcium in integrin-dependent
myogenic responses

Another important role in signaling transmission is the overlap
between both calcium and integrin signaling pathways in vas-
cular smooth muscle (Kucukguven and Khalil 2013).
Interaction between vascular cell integrins and their appropri-
ate ligands can induce calcium entry, after which integrin is
absorbed into the ECM by calcium channel kinases, such as
FAK, and other calcium-dependent signaling proteins, such as
Rho GTPase, paxillin, and vinculin (Ward et al. 2004),
followed by the beginning of phosphorylation cascades. This
process can be inhibited by protein tyrosine kinase inhibitors
(Lim 2010).

Role of CSK in integrin-dependent myogenic
responses
CSK acts as an interface between extracellular and intracellu-

lar environments in the generation of the myogenic response
through signaling pathways (Sharif-Naeini et al. 2008). In
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terms of its location, Csk is part of an organized three-
dimensional network suspended between elastin and actin fil-
aments (Wang et al. 1993). After exposure to external me-
chanical stress, CSK undergoes partial deformation which
then causes a change in function that affects a series of reac-
tions, including microtubule polymerization, thereby produc-
ing cellular pressure tolerance, which significantly increases
vascular muscle myogenesis (Martinac 2014).

Flow-sensitive ion channels

The activation of ion channels of calcium, potassium, and
sodium is one of the fastest ways to respond to changes in
vascular flow velocities. Ionic channels act in response to
different types of flow profiles (Raffetto et al. 2007).
Potassium channels have been shown to be activated by low
and oscillating blood pressures, while calcium channels are
activated by stable, non-oscillating currents (Raffetto et al.
2007), which indicates the differentiation power of types of
currents in ion channels (Raffetto and Khalil 2008b).

G protein-coupled receptors (GPCRs)

Receptors belonging to the G family of proteins are expressed
in most organs. One important member of this family is the
angiotensin II typel receptor (AT1R), which is abundantly
expressed in blood vessels. AT1R can be activated in the ab-
sence of ligands by the stimulation of peripheral traction (Atta
2012). Self-activation of AT1R can cause vasoconstriction.
The downstream signaling pathways of ATIR include the ac-
tivation of Rac and PI3 proteins (Yokota et al. 2016). Another
mechanism in the renal and cerebral arteries is the cooperation
of AT1Rs with transient canonical potential receptor (TRPC)
channels. GPCRs are activated when they enter the vascular
wall and then activate TRPC channels (Asghar and Térnquist
2020). TRPC itself activates phospholipase C. Studies have
shown that the three main processes of hypoxia, inflammation,
and stretching, play major roles in the initiation of signaling
pathways responsible for the pathophysiology of varicose
veins (Asghar and Tomquist 2020; Stennett et al. 2009).

Mechanosignaling in the pathophysiology

of varicose veins

Integrin-stimulated signaling

Integrins stimulate intracellular signaling pathways interacting
with the ECM to induce calcium-dependent intracellular sig-

naling. Calcium-sensitive protein kinases, including MAPK
and calcium-rich Rho, are activated in this pathway
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(Schlaepfer et al. 1998). These kinases are located in the path
of phosphorylation cascades. The signaling pathway associat-
ed with the CSK structure is dependent on association be-
tween extracellular matrix and integrins that trigger the myo-
genic response of vascular muscles (Ingber 2002). The role of
the MAPK molecule in causing arterial smooth muscle con-
tractions in different parts of the body has been partially in-
vestigated, with further studies needed to understand the role
of this molecule in causing myogenic responses; however so
far, studies have shown that it is active in this pathway (Ortega
et al. 2018). Signaling molecules are synthesized/released
upon stimulating integrin junctions with the ECM, but other
studies in the cerebral artery show that the activity of this
kinase is dependent on the activity of upstream kinases of
the tyrosine kinases of the src kinase family, which react in
cerebral arteries in response to biomechanical stress
(Kowalewski et al. 2009; Atta 2012; Hu et al. 2020).

Inflammatory changes in the pathology of varicose
veins

Inflammation changes the pathology of varicose veins causing
the activation of leukocytes and the release of inflammatory
factors (Korkmaz et al. 2018). During previous studies, in-
flammatory infiltration in varicose veins was compared with
normal control groups, which showed the infiltration of in-
flammatory cells, such as mast cells, macrophages, mono-
cytes, and T lymphocytes (Korkmaz et al. 2018;
GOSHCHYNSKY and MIGENKO 2019). Evidence suggests
a role of inflammation in regulating the expression of MMPs
in varicose veins similar to that which happens in other dis-
eases, such as atherosclerosis, in response to a series of cyto-
kines and inflammatory cells, such as macrophages
(Ghaderian et al. 2010; Sayer and Smith 2004; Raffetto and
Khalil 2008b).

Hypoxia changes in the pathology of varicose veins

Lower extremity venous wall hypoxia has been shown to play
a role in the formation of varicose veins (Lim and Davies
2009). Both venous hypertension and ischemia are involved
in vascular wall hypoxia (Birdina et al. 2017). Oxygen and
nutrients are transported through the lumen of the vessel to the
endothelium and other layers of the vessel (Birdina et al.
2017). Secondary hydrostatic pressure causes the compression
of the outer layers of the vascular wall (Atta 2012).
Intravenous blood pressure causes the vessel wall to stretch,
which increases the oxygen demand of the vessel wall and the
compression of the vessel wall, resulting in hypoxia of the
vessel wall (Lim 2010). Histological examination of varicose
veins can be used to determine the number of vasa vasorums
due to hypoxia and decreased oxygen supply to the cells of the
vascular wall. Among these changes include differences in
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progenitor cytokines, vascular endothelial growth factor
(VEGF), and its upstream transcription factor, hypoxia-
inducible factor-1alpha (HIF-1cx), which all play an important
role in the formation of oxygen-supplying vessels of the vasa
vasorum in the vessel wall.

Remodeling in the pathology of varicose veins

In varicose veins, MMPs have a negative effect on the vascular
wall (Kucukguven and Khalil 2013). These MMP enzymes are
the cause of vascular wall relaxation in varicose veins (Lim
and Davies 2009). The spread of varicose veins will increase
the expression of metalloproteinase, which further causes the
vascular wall to relax and not contract (MacColl et al. n.d.). A
relationship has been shown between increased size and dura-
tion of wall tension with decreased vasoconstriction and over-
expression of MMPs 2 and 9 (Raffetto et al. 2008). On the
other hand, further studies on the expression of HIF-1 and
HIF-2 showed that the expression of HIF-1 and HIF-2 in-
creased during the stretching and dilation of varicose veins,
along with elevated expression of MMPs 2 and 9. This asso-
ciation led to increased progressive vasodilation, which is in-
volved in the formation of varicose veins (Raffetto et al. 2008).

Mechanical traction of the wall can increase the level of
TGF-31 in the ECM (Pascual et al. 2007). This cytokine is
involved in the proliferation and expansion of the ECM
(Sprague and Khalil 2009). Signaling studies in varicose veins
have shown increases in the expression of TGF-31 and the
downstream effectors of this signaling pathway. Various stud-
ies show the hypertrophy in the layers of the wall of varicose
veins compared to normal vessels (Wali and Eid 2001).
Biochemical studies concerning the wall of varicose veins
show a decrease in the density and size of elastin minerals
(Gormiis et al. 2014). According to studies, a reduction of
elastin in the vascular wall will reduce the level of lysine
oxidase (LOXL1) (Behmoaras et al. 2008), which is a cross-
linking enzyme for elastin that will be responsible for the
deposition of elastin polymer (Liu et al. 2004). In addition to
elastin, a disorder has also been observed in the regulation of
collagen levels. In the case of collagen, the expression of type
1 collagen increases and the amount of type 3 collagen de-
creases due to the production of more metalloproteinases,
hence the collagen imbalance will cause the varicose veins
not to stretch (Sansilvestri-Morel et al. 2005). Studies on the
loss of structural protein in the walls of elastin and collagen
type 3 cause the loss of biophysical properties of the wall of
varicose veins. Elastin, which plays an important role in reg-
ulating vascular diameter (Travers et al. 1996), can play an
important role in blood pressure and thus the spread of vari-
cose veins by losing elastin (Atta 2012).

Conclusions

Studies show that genetics play a role in the development of
varicose veins. However, it should be noted that venous var-
icose veins are a multifactorial disease determined by a num-
ber of genetic and environmental factors (Raffetto and Khalil
2008a; Lim and Davies 2009). Varicose veins can be a sec-
ondary manifestation of other vascular diseases; hence, there
are many limitations despite many techniques available for
determining genetic factors. In addition, determining the con-
tribution of a genetic factor found can be difficult (Kucukguven
and Khalil 2013; Shadrina et al. 2019). Therefore, determina-
tion of a genetic factor requires a complete examination of the
patient. First of all, the patient’s family history, age, sex, and
pregnancy should be taken into consideration (Evans et al.
1999). There are various methods to determine the role of
genetics in the development of venous varicose veins. One of
these methods is to verify the gene expression profile by ex-
amining FOXC2, Desmoglein, thrombomodulin, and methy-
lene tetrahydrofolate reductase genes (Krysa et al. 2012; Cario-
Toumaniantz et al. 2007). Another technique could be to study
the relationship between genome, metabolism, and microRNA
analysis in patients with venous varicose veins (Lee et al.
2005). Contrasting clinical diagnosis with a molecular under-
standing of the pathology of varicose veins is the next major
research step (Kim et al. 2005).
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