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A B S T R A C T

The Vav family of guanosine nucleotide exchange factors (GEFs) regulates the phosphorylation of tyrosinase, 
influencing various physiological and pathological processes by modulating the binding of Rho GTPases to GDP/ 
GTP. Recent research has highlighted the critical role of Vav family activation in tumorigenesis, neurological 
disorders, immune-related dysfunctions, and other diseases. This review offers a comprehensive overview of the 
structure and function of Vav proteins and their significant impact on the pathophysiology of atherosclerosis. In 
addition, we pay attention to the development of diagnostic and therapeutic targets centered around Vav 
proteins.

1. Introduction

The Vav proteins, comprising Vav1, Vav2, and Vav3, are signaling 
molecules that regulate the phosphorylation of tyrosinase. As guanosine 
nucleotide exchange factors (GEFs), they act as enzymes that regulate 
the activity of Rho GTPase protein in cell signal transduction. The Vav 
family converts the combined state between Rho GTPase and GTP/GDP, 
further transferring Rho GTPase from the inactive state (GDP bound) to 
the active state (GTP bound). Beyond their GT-pase-dependent func-
tions, Vav proteins also participate in various signaling pathways 
through GTPase-independent pathways [1–3].

Vav1 was the first member of the Vav family to be discovered. It was 
discovered by Barbacid et al. when searching for new oncogenes [4]. 
Vav2 and Vav3 were subsequently identified and separated by re-
searchers using standard cloning procedures [5–7]. Studies have shown 
that Vav1 was only expressed in bone marrow-derived cells, while Vav2 
and Vav3 are broadly distributed among cells and exert more biological 
effects.

Multiple studies have linked the Vav family to the development of 
various diseases, including cardiovascular disorders. Genetic poly-
morphism analyses have found that the Vav2 rs602990 genotype and 
the Vav3 rs7528153 genotype are closely associated with increased risk 

for obesity, hypertension, and retinal arteriosclerosis [8,9]. Moreover, 
Vav-deficient mice exhibit significantly reduced atherosclerosis in ani-
mal models, further indicating a close relationship between the Vav gene 
and the occurrence and progression of atherosclerosis [10–15].

Vav proteins participate in several key cellular functions related to 
atherosclerosis, such as macrophage migration [16–19], lipid accumu-
lation [19–21], cytoskeletal remodeling [19,20,22–24], and the over-
production of reactive oxygen species [19,21,25,26]. This review 
provides a comprehensive overview of the Vav family, including its 
structure, functions, signaling pathways, and specific roles in the path-
ogenesis of atherosclerosis.

2. Structure and functions of the Vav family

Each Vav protein exhibits a conserved structural network, 
comprising an N-terminal calponin-homology (CH) domain, an acidic 
(Ac) domain, a catalytic Dbl-homology (DH) domain, a pleckstrin- 
homology (PH) domain, a C1 subtype zinc finger (ZF) domain, a 
proline-rich region (PRR), and an SH1-SH2-SH3 domain composition. 
The DH, PH, and ZF domains constitute a common enzyme core essential 
for catalytic ability (Fig. 1A and B) [27–29]. This core also establishes 
phosphorylation-dependent interactions with the CH-Ac and CSH3 
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regions [27,30]. In its non-phosphorylated state, the Vav protein adopts 
a closed conformation due to extensive intramolecular interactions be-
tween CH-Ac, CSH3, and the DH–PH–ZF box, occluding the GTPase 
binding site. Upon stimulation, multiple tyrosine phosphorylations 
within the Ac (Tyr142, Tyr160, Tyr174), ZF (Tyr541, Tyr544), and 
CSH3 (Tyr836) domains disrupt these interactions, leading to an “open” 
conformation that allows Vav proteins to bind to their substrates and 
exert biologic functions, a process known as the catalysis-dependent 
approach (Fig. 1C) [5,27,30,31].

In atherosclerosis, Vav primarily functions through the catalysis- 
dependent approach, interacting with substrates, such as Rac, RhoA, 
and Cdc42 within the Rho GTPase superfamily, including Ncf2 and 
calmodulin [32–34].

In addition to the catalysis-dependent approach, Vav proteins can 
also exert biological effects through a non-catalysis-independent 
mechanism. A prime example is the activation of the nuclear factor of 
activated T cells (NFAT) in T lymphocytes. Although the exact mecha-
nism remains to be fully elucidated, it involves the CH domain of Vav 
proteins inducing the activation of the PLCγ–IP3–Ca2+ axis, leading to 
Ca2+-dependent calcineurin activation and NFAT dephosphorylation 
and nuclear translocation [31,33–37].

The non-catalytic effect of Vav1 also extends to other biological 
processes, such as integrin-mediated signal transduction in T cells and 
the stabilization of Slp-76 microclusters following T cell receptor (TCR) 
activation. Furthermore, the SH2 domain of Vav1 negatively regulates 
the intracellular active fragments of Notch1 (ICN1), promoting the 
formation of a cytoplasmic complex between ICN1 and the E3 ubiquitin 
ligase Cbl-B. This tumor suppressor-like function is closely associated 
with the occurrence of T-cell leukemia [38–40]. However, current 
studies have not identified a non-catalysis-independent role for Vav in 
the pathological of atherosclerosis.

3. Vav family in atherosclerosis

Atherosclerosis, the underlying cause of acute cardiovascular and 
cerebrovascular events, such as myocardial infarction and cerebral 
embolism, involves a complex interplay of pathological processes. These 

include vascular endothelial injury, lipid accumulation in monocytes 
and macrophages, and vascular smooth muscle cell proliferation and 
phenotypic transformation. As atherosclerosis progresses, vascular 
calcification and inflammation within the plaque exacerbate the pro-
cess, leading to increased plaque hardness and fragility, ultimately 
resulting in acute cardiovascular events.

In the context of atherosclerosis, the Vav gene exerts its effects pri-
marily through a catalysis-dependent mechanism, with no reported non- 
catalytic roles. Genetic polymorphism studies have explored the impact 
of different Vav2 and Vav3 alleles on cardiovascular diseases. In addi-
tion, basic research has demonstrated the extensive involvement of the 
Vav family in the initiation and progression of atherosclerosis by influ-
encing downstream Rho GTPases via a catalysis-dependent approach.

In this chapter, we will describe the functions of the Vav family in the 
pathological process of atherosclerosis such as lipid metabolism disor-
ders, inflammatory cell migration, vascular calcification, and platelet 
activation and aggregation (Table 1).

3.1. Disturbance of lipid metabolism and foam cell formation

Hyperlipidemia, a key risk factor for atherosclerosis, is characterized 
by the initial accumulation of lipids in blood vessels. Low-density lipo-
protein (LDL) deposited on the vascular wall aggravates endothelial cell 
dysfunction, leading to the recruitment of monocytes to the sub-
endothelial layer. These monocytes engulf lipids, transforming into 
foam cells, which further accelerates vascular dysfunction, lipid streak 
formation, and the progression of atherosclerosis [41–43].

Chen et al. demonstrated the significant impact of Vav proteins on 
blood lipid stabilization in mice. Compared with wild-type ApoE− /−

mice, Vav1− /− ApoE− /− mice and Vav1/Vav3− /− ApoE− /− mice exhibi-
ted markedly lower serum cholesterol and LDL levels under high-fat 
feeding conditions, accompanied by reduced plaque areas around the 
aortic root [12,14]. Although the blood lipids and plaque areas of 
Vav2− /− ApoE− /− mice reduced as well, the extent of reduction was less 
pronounced than in Vav1− /− ApoE− /− and Vav1/Vav3− /− ApoE− /− mice 
[11].

In vitro experiments revealed that Vav proteins primarily mediate 

Fig. 1. Structure and mechanism of activation of Vav proteins. (A) Depiction of the structure, the main phosphorylation site, and the main downstream pathways 
were shown at the bottom of the domain of Vav protein. (B) Crystal structure of the autoinhibited Vav1 CH-Ac–DH–PH–ZF region (PDBID:3KY9). (C) A model for 
activation of Vav protein from non-phosphorylation state to phosphorylation state based on recently described structural and biochemical data.
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intracellular signaling through the CD36-Src axis activation during the 
formation of macrophage-derived foam cells induced by oxidized 
(oxLDL) [13,44–46]. Vav proteins play key roles in ligand–receptor 
binding and internalization [19–21]. Rahaman et al. observed that Vav 
protein deficiency in macrophages impaired the maturation of 
oxLDL-laden endocytic vesicles, thereby impairing lipid accumulation 
[15]. Dynamin 2, a macromolecular GTPase, was found to co-localize 
with internalized oxLDL and Vav1 in macrophage-derived foam cells, 
suggesting the critical role of Vav1 in mediating foam cell formation 
[13]. In addition, Rahaman et al. identified a Ca2+-mediated feedback 
mechanism in the SFK-Vav-PLCγ1 pathway in oxLDL-CD36 signaling, 
indicating the importance of Ca2+ in Vav family activation [13]. Singh 
et al. found that Vav proteins interact with Cdc42 to promote the for-
mation of the lysosomal synapse (LS) in the cytoskeleton, which in turn 
facilitates the uptake of aggregated LDL (AgLDL) [10].

Huang et al. conducted unbiased whole-genome RNA sequencing on 
three types of macrophages with Vav gene defects independently and 
discovered that each gene defect up-regulated the expression of other 
Vav genes. Moreover, the deficiency of any individual Vav protein 
broadly affected the expression of proteins related to cell function, 
including cell cycle, cell adhesion, metabolism, and phagocytosis [11]. 
Genomic and bioinformatics analysis led Huang et al. to propose that 
Vav1, Vav2, and Vav3 form a ternary complex. The loss of one Vav 
protein disrupted the function of the complex, explaining the indis-
pensability of each Vav member protein in foam cell formation. Further 
experiments revealed that the absence of one Vav protein could diminish 
CD36 internalization, consequently modifying lipid uptake and foam 
cell signaling [11]. However, direct protein–protein interactions be-
tween the three Vav proteins have not been definitively demonstrated 
through techniques such as co-immunoprecipitation.

Another study revealed that Siglecs, a family of sialic acid-binding 
immunoglobulin-like receptors predominantly expressed on immune 
cells, can inhibit oxLDL uptake by interacting with CD36, thereby sup-
pressing Vav phosphorylation and downstream signaling pathways. In 

Siglec-E-deficient mice, higher Vav phosphorylation levels were 
observed, suggesting that Siglec-E reduces foam cell formation and the 
progression of atherosclerosis by inhibiting Vav activity [47].

Studies mentioned above have indicated that Vav proteins play 
essential roles in the lipid regulation of atherosclerosis. The effect of Vav 
proteins on lipid metabolism primarily depended on CD36 signaling and 
the activation of downstream Rho GTPase. Various studies have docu-
mented that the activation of downstream Rho GTPase was diverse and 
complex; however, whether these different research results can be 
attributed to the difference in irritants (such as agLDL and oxLDL) needs 
further exploration. In addition, due to the diversity of irritants in 
human atherosclerotic plaques, the downstream targets of Vav proteins 
remain indefinite. Therefore, future studies should focus on obtaining 
direct evidence of Vav protein activation in human atherosclerosis.

3.2. Migration of inflammatory cells

The pathological process of early atherosclerosis involves the acti-
vation, recruitment, and migration of monocytes to the subendothelial 
layer under the influence of vascular endothelial inflammatory factors 
[41,48]. The efflux of lipid-laden macrophages from blood vessels to 
perivascular lymph nodes contributes to the regression of atheroscle-
rotic plaques [49,50].

Using in vivo fluorescence imaging and intravital video microscopy, 
Silverstein et al. observed that Vav1-deficient monocytes were less ad-
hesive to the vascular wall and decreased plaque infiltration [14]. In 
vitro experiments demonstrated that under the stimulation of No2-LDL, 
a specific ligand for CD36, the migration of macrophages was inhibited. 
It was found via live cell imaging that this effect of No2-LDL was exerted 
by inhibiting the aggregation of the cytoskeleton and the formation of 
lamellar pseudopodia [13]. Compared with wild-type macrophages, 
Vav1− /− and Vav1− /− Vav3− /− macrophages displayed reversed cell 
polarity and impaired migration ability [49]. The interaction between 
Vav proteins and integrins represents another pivotal link in cell 
migration. This interaction transmits signals to the downstream Rac1, 
which mediates cytoskeletal polymerization and affects macrophage 
migration. In the leukemia cell line K562, Vav1 directly interacts with β3 
integrin to induce cell adhesion, while Vav1 mutants impair the acti-
vation of RhoA, Rac1, and Cdc42, influencing cell migration [51–53]. 
Our previous study revealed that the activation of Vav1 inhibits the 
migration of macrophages from the inside to the outside of the vascular 
wall, primarily mediated by the downstream Rac1 protein. These find-
ings suggest that the Vav family plays a negative role in the migration of 
various immune cells in atherosclerosis, promoting their adhesion and 
preventing their egress from the blood vessel wall, thereby contributing 
to the development of atherosclerosis [49].

These studies demonstrate that Vav proteins not only influence lipid 
metabolism in macrophages but also regulate the migration ability of 
inflammatory cells. It is worth noting that under the stimulation of 
oxLDL, the Vav family binds with Cdc42 to induce macrophages to 
engulf lipids. However, Silverstein’s research shows they activate Rac1 
in Rho GTPase instead of Cdc42 or RhoA under No2-LDL stimulation.

These contrasting findings remind us that the mechanism of Vav 
activation in atherosclerosis is more than complicated. Analogous 
stimuli, such as ox-LDL and No2-LDL, activate different downstream 
molecules, leading to different biological effects. Given the variety of 
stimulating factors in humans, therefore, further exploration of the 
activation targets and mechanisms of the Vav family is warranted.

3.3. Vascular calcification

Vascular calcification is a process in which arterial mesenchymal 
cells transdifferentiate into osteogenic–chondrogenic cell phenotype 
under the influence of various pathological factors, inducing calcium 
salt deposition and calcified foci formation. This process mainly depends 
on various mechanisms. These include the formation of nucleation sites 

Table 1 
Pathological phenomenon and cell types related in Vav-mediated Rho GTPase in 
atherosclerosis.

Rho 
GTPase

Cell types Pathological 
phenomenon

Related 
signal 
pathway

Reference

Rac1 Macrophage Foam cell 
formation

CD36-Src Singh et al. 
(2019)

 Macrophage Monocyte 
recruitment

Vav-Rac1- 
Rock

Bhavsar et al. 
(2009)

 leukocytes Migration of 
leukocytes

αvβ3-Vav- 
Rac1

Gao et al. 
(2005)

 neutrophils Migration of 
neutrophils

Vav1/3- 
Rac1-PAK

Gakidis et al. 
(2004)

 Macrophage Diabetic 
macrophage 
migration

CML-Vav1- 
Rac1

Bao et al. 
(2020)

 Platelet Platelet activation Vav1/3- 
PLCγ-Rac1

Pearce et al. 
(2007)

Rac2 Osteoclast Osteoclast 
differentiation

Vav1-Rac2 Jang et al. 
(2019), 
Kang et al. 
(2020)

Cdc42 Macrophage Foam cell 
formation

CD36-Src Singh et al. 
(2019)

 neutrophils Migration of 
neutrophils

Vav1/3- 
Cdc42-PAK

Gakidis et al. 
(2004)

RhoA neutrophils Migration of 
neutrophils

Vav1/3- 
RhoA-PAK

Gakidis et al. 
(2004)

 leukocytes Migration of 
leukocytes

αvβ3-Vav- 
RhoA

Gao et al. 
(2005)

 VSMC Calcification Vav2-DDR1- 
RhoA

Ngai et al. 
(2020)

Dynamin 
2

Macrophage Foam cell 
formation

Vav1-Fyn- 
Dynamin 2

Rahaman 
et al. (2011)
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from apoptotic bodies and necrotic fragments released from dying in-
flammatory cells, the involvement of matrix vesicles and circulating 
nucleation complexes, the formation and secretion of osteoclasts, and 
the transformation of vascular smooth muscle cells and pericytes into 
calcified phenotype [50,54,55].

Ngai et al. found that Vav2 phosphorylation in vascular muscle 
smooth cells was enhanced by high matrix stiffness and promoted 
collagen-I-dependent stress fiber formation. Furthermore, they identi-
fied a direct interaction between Vav2 and DDR1, regulating the effect 
of the DDR1-RhoA axis on vascular calcification. Vav2 knockdown 
decreased DDR1 protein level by 40 %, suggesting a potential Vav2- 
dependent regulation of DDR1 expression [56]. Unfortunately, they 
only focused on the downstream RhoA but did not work on other Rho 
GTPases like Rac1 and Cdc42, which are known contributors to vascular 
calcification [57].

Osteoclasts, derived from the mononuclear macrophage system, are 
specialized cells for bone digestion. Their function depends on lamelli-
podia, F-actin core polymerization, αvβ3 integrin, and dynamic adhe-
sion structures surrounded by cytoskeletal proteins, including vinblastin 
and talin [58]. During bone resorption, mature osteoclasts polarize and 
undergo morphological changes, comprising the formation of actin 
loops and wrinkled boundaries around the resorption area, which 
facilitate bone destruction [59]. Studies have found that Vav3-deficient 
osteoclasts showed impaired actin cytoskeleton, cell polarization, 
diffusion, and absorption due to defects in the M-CSF receptor and αvβ3 
integrin downstream signaling [60–62]. In vitro studies illustrated that 
Vav3− /− osteoclasts fail to form actin loops, hindering their ability to 
perform bone phagocytosis [63]. Rac1 and Rac2, effector molecules of 
α(v)β(3) integrin, were also affected. Surprisingly, Vav1 deficiency 
promoted both the transformation of bone marrow mononuclear cells 
(BMMCs) into osteoclasts and bone resorption, contrasting with the ef-
fects of Vav3− /− [64]. The study by Kang et al. found that the expression 
of Vav3 was significantly increased in Vav1-deficient mice, suggesting a 
compensatory relationship between the two genes [65], which was not 
explained in previous studies.

Although no dedicated research on the role of Vav proteins in oste-
oclasts of atherosclerosis exists, we speculate that Vav proteins may 
regulate the infiltration of macrophages and promote plaque regression 
in mice atherosclerosis, potentially masking their effects on osteoclasts. 
However, further investigation is needed to substantiate this inference.

3.4. Platelet aggregation

Platelets are non-nuclear fragments derived from megakaryocytes, 
shedding into the blood circulation to perform biological functions. 
Upon activation, platelets change from a disc shape or plate shape 
(resting state) to a dendritic shape, accompanied by the release of pro-
thrombin and other factors. Adenosine diphosphate (ADP) and throm-
boxane are key players in platelet aggregation, initiating a cascade of 
events that lead to platelet cross-linking and the formation of a fibrin 
network.

In platelet suspension treated with thrombin and collagen, the 
tyrosine phosphorylation level of Vav1 increased significantly, whereas 
stimulation with the thromboxane mimic U46619 or ADP had a minimal 
effect [66]. In addition, increased platelet adhesive fibrinogen stimu-
lated by the platelet integrin GPIIb-IIIa led to a strong elevation of Vav1 
phosphorylation [67]. Pearce et al. proposed for the first time that Vav1 
and Vav3 deficiency rendered platelets resistant to GPVI-induced acti-
vation [65,68]. Integrin αIIbβ3 activates intracellular signals including 
Src kinase, Syk, SLP-76, and PLCγ2 in platelets [69–73] and regulates 
the spreading and movement of platelets on fibrin. Studies show that the 
spread of normal platelets on fibrinogen requires Vav1 and Vav3, which 
was caused by αIIbβ3-mediated PLCγ2 activation and reduced Ca2+

efflux [62,66]. Under physiological conditions, the limited diffusion of 
platelets triggered by αIIbβ3 was enhanced by G protein-coupled re-
ceptor agonists (such as ADP and thrombin), resulting in Rac activation 

and Rac-dependent perfect diffusion. Unlike in other cells, Vav1 and 
Vav3 deficiency in platelets does not affect the G protein-coupled re-
ceptors of Rac and RhoA agonists but rather induces agonist proteins 
[66]. This suggests that a protein expansion disorder may not be 
involved in platelet spreading disorder.

Vav family deficiency likewise affects the interaction between 
platelets and other cells. Pan et al. observed that the expression of P- 
REX/Vav GEF in platelets plays an important role in neutrophil migra-
tion to inflammatory sites, possibly related to the formation of com-
plexes involving pro-inflammatory platelets, white blood cells, and the 
secretion of soluble factors under inflammatory conditions [60,61]. 
Vav1/Vav3-deficient mice exhibited reduced platelet PSGL1 levels, 
inhibiting L-selectin signaling in neutrophils and E-selectin signaling in 
endothelial cells, which resulted in a decrease in neutrophils integrin 
affinity and vascular adhesion [61].

In the pathological process of atherosclerosis, the adhesion mole-
cules of platelets and inflammatory factors collaborate to thicken blood 
viscosity and promote thrombosis. Chen et al. found that high-fat diet 
(HFD)-induced platelet hyperreactivity in ApoE− /− mice was dependent 
on the phosphorylation of Vav1 and Vav3 [14]. In vitro studies also 
showed that platelet hyperreactivity induced by oxLDL-CD36 interac-
tion relied on Vav1/Vav3. Chen et al. further demonstrated that Vav1 
and Vav3 deficiencies decreased the carotid occlusion time in the 
occlusive thrombi model, intimating that Vav1 and Vav3 may play 
critical roles in protecting hyperlipidemic mice from occlusive thrombi 
[14].

The “interaction” between platelets and other atherosclerotic cells is 
also strongly coupled with the occurrence and development of coronary 
heart diseases [74–76]. Platelets were stimulated by ox-LDL, GDPI, and 
fibrin in this process and worked as an adaptor to activate the down-
stream PI3K/Akt pathway through Lyn signaling, which in turn pro-
motes platelet aggregation [77]. Pearce et al. found that the lack of Vav1 
and Vav3 resists fiber-induced platelet activation, while Vav2 deficiency 
reacts paradoxically [65,68]. There was an increase in Vav2 phosphor-
ylation during platelet activation induced by PDGF. Therefore, whether 
all three proteins work in the pathological process of atherosclerosis 
remains unclear [61].

With the growing understanding of platelet interactions with other 
inflammatory cells, more platelet functions have been discovered [78]. 
Current studies have revealed that Vav proteins interact with platelets 
differently compared with other cells, that is to say, the Vav family did 
not affect Rac1 or other Rho GTPases but influenced the spread of 
platelet cytoskeleton and its rolling on the surface of fibrin instead. 
Therefore, the specific mode of Vav proteins in platelet function remains 
to be fully elucidated, necessitating further research into their down-
stream targets and mechanisms.

4. Therapeutic values

The above studies have shown that atherosclerosis regression could 
be observed in Vav gene knockout mice, and there have been various 
studies explaining the important role of expression and activation of Vav 
protein in atherosclerosis. Particularly, Silverstein’s discovery of Vav 
proteins in CD36-induced lipid phagocytosis makes Vav a potential 
target for the treatment of atherosclerosis and modulation of lipid 
metabolism. However, to become a de facto treatment or measurement, 
there is still a long way to go. Data from Vav1− /− ApoE− /− deficient mice 
suggested that loss of Vav proteins inhibited the progression of hyper-
lipidemia and atherosclerosis [11,12,14], suggesting that the Vav family 
may serve as a potential target for lowering blood lipids. Meanwhile, 
Vav1− /− Vav3− /− mice were resistant to FeCl3-induced carotid throm-
bosis (5 of the 8 animals studied failed to form occlusive thrombi), and 
the other 3 mice had the carotid artery occlusion time prolonged from 
14.1 min in wild-type mice to 23.2 min, suggesting that inhibitors 
against Vav proteins may act as antithrombotic treatment [14]. Despite 
these promising findings, several challenges still need to be solved. 
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Research has found that Vav gene knockout may cause great side effects 
due to its role in regulating Rho GTPase activity. According to the data 
from knockout mice, these side effects may include hypertension, 
metabolic syndrome, and immunosuppression [36,79–82]; however, in 
Vav1− /− ApoE− /− and Vav3− /− ApoE− /− mice, these side effects have not 
been reported.

To mitigate these side effects, Rodriguez-Fdez et al. built a Vav2L332A 

mutant mice model (70 % Vav2 inhibition rate) by constructing a point 
mutation (L332A) in the catalytic site of the DH domain [83]. The 
enzymatic activities of Rac1 and RhoA were reduced by 70 % and 100 %, 
respectively, in Vav2L332A mutant mice. Compared with Vav2− /− mice, 
there was no hypertension in these mutant mice. In addition, the 
thickness of the aorta, the area of myocardial cells, and the content of 
collagen in the kidney had no significant difference with wild-type mice 
[60,84]. Likewise, Vav2+/− mice (50 % Vav2 inhibition rate) also 
showed similar situations, suggesting that the side effects of Vav family 
inhibition appeared to be dose-dependent. These findings have not been 
applied in model mice of atherosclerosis; however, it is worth noting 
that Vav2L332A mutant mice developed severe hyperlipidemia at 6 
months [83], which implied the target spot L332A was not suitable for 
the treatment of atherosclerosis. Nevertheless, it provides us with a new 
treatment idea by looking for new targets, so that a “window dose” of 
Vav protein inhibitor can be obtained, which both inhibits atheroscle-
rosis progression and reduces complications.

5. Conclusion

The Vav family regulates cardiovascular homeostasis through a va-
riety of biological mechanisms. To develop effective therapeutic stra-
tegies targeting Vav proteins and their pathways, a comprehensive 
understanding of them is essential. Vav proteins act simultaneously on 
multiple levels, including lipid metabolism, inflammation, vascular 
calcification, and platelet aggregation, which demonstrate their signif-
icant impacts on atherosclerosis. Although there are studies on the in-
fluence of Vav gene polymorphism in atherosclerosis and other 
cardiovascular complications, more samples and in-depth clinical 
studies are still needed to evaluate the clinical utility of Vav proteins as 
diagnostic or therapeutic tools.
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[50] J. Llodrá, V. Angeli, J. Liu, E. Trogan, E.A. Fisher, G.J. Randolph, Emigration of 
monocyte-derived cells from atherosclerotic lesions characterizes regressive, but 
not progressive, plaques, Proc. Natl. Acad. Sci. U.S.A 101 (32) (2004) 
11779–11784.

[51] S.O. Rahaman, D.J. Lennon, M. Febbraio, E.A. Podrez, S.L. Hazen, R.L. Silverstein, 
A CD36-dependent signaling cascade is necessary for macrophage foam cell 
formation, Cell Metabol. 4 (3) (2006) 211–221.

[52] Z. Zhao, M.C. de Beer, L. Cai, R. Asmis, F.C. de Beer, W.J. de Villiers, D.R. van der 
Westhuyzen, Low-density lipoprotein from apolipoprotein E-deficient mice induces 
macrophage lipid accumulation in a CD36 and scavenger receptor class A- 
dependent manner, Arterioscler. Thromb. Vasc. Biol. 25 (1) (2005) 168–173.

[53] G. Bories, N. Leitinger, Macrophage metabolism in atherosclerosis, FEBS Lett. 591 
(19) (2017) 3042–3060.

[54] P.J. Bhavsar, E. Vigorito, M. Turner, A.J. Ridley, Vav GEFs regulate macrophage 
morphology and adhesion-induced Rac and Rho activation, Exp. Cell Res. 315 (19) 
(2009) 3345–3358.

[55] M.A. Gakidis, X. Cullere, T. Olson, J.L. Wilsbacher, B. Zhang, S.L. Moores, K. Ley, 
W. Swat, T. Mayadas, J.S. Brugge, Vav GEFs are required for beta2 integrin- 
dependent functions of neutrophils, J. Cell Biol. 166 (2) (2004) 273–282.

[56] C. Gao, E. Schaefer, M. Lakkis, S.D. Blystone, Beta3 tyrosine phosphorylation and 
alphavbeta3-mediated adhesion are required for Vav1 association and Rho 
activation in leukocytes, J. Biol. Chem. 280 (15) (2005) 15422–15429.

[57] Z. Bao, L. Zhang, L. Li, J. Yan, Q. Pang, Z. Sun, Y. Geng, L. Jing, C. Shao, Z. Wang, 
εN-Carboxymethyl-Lysine negatively regulates foam cell migration via the vav1/ 
rac1 pathway, J. Immunol. Res. 2020 (2020) 1906204.

[58] K.A. Lomashvili, S. Cobbs, R.A. Hennigar, K.I. Hardcastle, W.C. O’Neill, Phosphate- 
induced vascular calcification: role of pyrophosphate and osteopontin, J. Am. Soc. 
Nephrol. : JASN (J. Am. Soc. Nephrol.) 15 (6) (2004) 1392–1401.

[59] F. Otsuka, K. Sakakura, K. Yahagi, M. Joner, R. Virmani, Has our understanding of 
calcification in human coronary atherosclerosis progressed? Arterioscler. Thromb. 
Vasc. Biol. 34 (4) (2014) 724–736.

[60] C.M. Shanahan, Inflammation ushers in calcification: a cycle of damage and 
protection? Circulation 116 (24) (2007) 2782–2785.

[61] D. Ngai, M. Lino, K.E. Rothenberg, C.A. Simmons, R. Fernandez-Gonzalez, M. 
P. Bendeck, DDR1 (discoidin domain receptor-1)-RhoA (ras homolog family 
member A) Axis senses matrix stiffness to promote vascular calcification, 
Arterioscler. Thromb. Vasc. Biol. 40 (7) (2020) 1763–1776.

[62] S. Cheng, B. Ramachandran, A. Behrmann, J. Shao, M. Mead, C. Smith, K. Krchma, 
Y. Bello Arredondo, A. Kovacs, K. Kapoor, L.M. Brill, R. Perera, B.O. Williams, D. 
A. Towler, Vascular smooth muscle LRP6 limits arteriosclerotic calcification in 
diabetic LDLR− /− mice by restraining noncanonical wnt signals, Circ. Res. 117 (2) 
(2015) 142–156.

[63] S.L. Teitelbaum, F.P. Ross, Genetic regulation of osteoclast development and 
function, Nat. Rev. Genet. 4 (8) (2003) 638–649.
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