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Abstract: Vascular calcification is calcium deposition occurring in the wall of blood vessels, leading
to mechanical stress and rupture due to a loss of elasticity and the hardening of the vessel wall.
The role of the Transient Receptor Channel Vanilloid 4 (TRPV4), a Ca2+-permeable cation channel,
in the progression of vascular calcification is poorly explored. In this study, we investigated the
role of TRPV4 in vascular calcification and the development of abdominal aortic aneurysm (AAA).
Experimental mice were randomly divided into four groups: wild-type (WT) sham operated group,
WT CaCl2-induced aortic injury, TRPV4-KO sham operated group, and TRPV4-KO CaCl2-induced
aortic injury. The TRPV4-knockout (TRPV4-KO) mice and wild-type (WT) mice were subjected to the
CaCl2-induced abdominal aortic injury. In histopathological analysis, the aorta of the TRPV4-KO mice
showed extensive calcification in the tunica media with a significant increase in the outer diameter
(p < 0.0001), luminal area (p < 0.05), and internal circumference (p < 0.05) after CaCl2 injury when
compared to WT mice. Additionally, the tunica media of the TRPV4-KO mice aorta showed extensive
damage with apparent elongation and disruption of the elastic lamella. These results indicate a protective
function of TRPV4 against vascular calcification and the progression of AAA after CaCl2 injury.

Keywords: aneurysm; aorta; TRPV4 channel; vascular calcification

1. Introduction

The vascular system transports oxygen, nutrients, and waste products throughout
the body to facilitate their exchange between different compartments [1]. Several dis-
eases are associated with the cardiovascular system and affect both blood vessels and the
heart. AAA is a stealthy ailment carrying an 85% fatality risk upon rupture, characterized
by a weakening of the abdominal aorta’s vessel walls, leading to their enlargement or
dilation [2,3]. AAA involves the calcification and infiltration of inflammatory cells and the
degradation of elastic lamellae, remaining asymptomatic until a potentially catastrophic
rupture event [4,5]. Vascular calcification is one of the prevalent pathological conditions
that affect human health in a severe manner [6]. Aortic calcification is associated with an
increased risk of ruptured intracranial aneurysms [7]. Different factors increase the risk
of developing vascular calcification, including aging, cardiovascular diseases, diabetes,
chronic kidney diseases, etc. [8–11]. Blood vessels, in particular arteries, are composed
of three layers: tunica adventitia, which is the outermost connective tissue layer; tunica
media, made up of smooth muscle cells and elastin in its extracellular matrix; and tunica
intima, which consists of a single thin layer of endothelial cells [10]. Recent studies have
identified vascular microcalcification as a novel pathological characteristic and a poten-
tial mediator of AAA, suggesting that targeting microcalcification may be a promising
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strategy for both prevention and treatment [12]. Vascular calcification is characterized by
mineral deposition in the tunica media or intima. Intimal calcification mainly occurs in
atherosclerosis, which is associated with inflammation, lipid deposition, and the formation
of microcalcifications [10,13]. Tunica media calcification is not entirely described; however,
it is similar to intimal calcification as both processes resemble bone formation [14]. The
primary outcome in tunica media calcification is vascular stiffness that leads to low vessel
compliance, which can ultimately lead to an aortic aneurysm due to mechanical stress,
highlighting the importance of understanding the underlying mechanisms of calcification
in cardiovascular disease [15,16].

Indeed, the exact molecular mechanism behind the development of vascular calcifi-
cation has yet to be understood, possibly due to the involvement of several overlapping
mechanisms. However, studies have shown that smooth muscle cells are involved in patho-
genesis, differentiating into osteoblast-like cells and producing a calcifying matrix [17–19].
The exact signaling pathway is still under investigation. Different factors contribute to
the initiation of this process. Such factors include the absence of calcification inhibitors,
a rise in smooth muscle cell oxidants, damage to DNA, apoptosis, and disturbance of
calcium–phosphate hemostasis [20]. In differentiated smooth muscle cells, bone-related
transcription factors, which upregulate bone proteins, are detected [20]. Bone morpho-
genetic proteins and inflammation mediators like TNFα are observed to activate the Msx2
transcription factor that, in turn, activates other factors like Runx2 and osterix. Moreover,
bone-related proteins, including osteocalcin, sclerostin, RANKL, sialoprotein and alkaline
phosphatase, are expressed and thus promote vascular calcification [20].

The induction of abdominal aortic injury through the administration of calcium chlo-
ride (CaCl2) has become a pivotal approach in vascular research, contributing significantly
to our understanding of arterial pathology [21,22]. This experimental model involves
the topical application of CaCl2 to the abdominal aorta, leading to localized injury and
subsequent pathological changes. The injury induces a cascade of events, including in-
flammation, elastin degradation, and medial layer thinning, mimicking aspects of aortic
aneurysm development [21,23]. CaCl2-induced abdominal aortic injury offers a controlled
and reproducible method to investigate the molecular and structural alterations associated
with vascular diseases, providing valuable insights for developing therapeutic strategies
and interventions aimed to mitigate aortic pathologies. This model has been widely em-
ployed in preclinical studies, allowing researchers to explore the mechanisms underlying
aortic injuries and their implications for cardiovascular health [23,24].

The Transient Receptor Potential (TRP) is a large superfamily of channels in mam-
malian that are divided into six subfamilies according to their DNA and protein sequence:
TRPV (vanilloid), TRPC (canonical), TRPM (melastatin), TRPA (ankyrin), TRPP (poly-
cystin), and TRPML (mucoliptin). Twenty-eight genes encoded for TRP cation channels are
expressed on different mammalian cell types [25]. The TRPV family is subdivided into six
isoforms, among them, 1–4 isoforms are clearly found to play an essential role in vascular
regulation [25]. The human TRPV4 gene is located in chromosome twelve, that encodes for
Ca2+-permeable non-selective cation channels. It comprises six membrane-spanning helices
(S1–S6), a pore loop between S5 and S6, and intracellular N-, C-termini. TRPV4 is found to
be expressed in many tissues; its messenger RNA has been detected in kidney, lung, spleen,
testis, and adipose tissue using multiple tissue Northern blots. TRPV4 mRNA has been
detected in the brain neurons using in situ hybridization [26]. Moreover, it is expressed in
the heart, blood vessel endothelium, and some vascular smooth muscle cells [25].

The TRPV4 channel is multimodal and responds to a variety of signals, including
physical stimuli like heat [27], chemical stimuli like lipid agonists [1], mechanical stim-
uli [27], and extracellular osmolarity changes [26]. It is found to play different biological
functions due to its wide range of expression in tissues and ability to respond to multiple
stimuli. TRPV4 in endothelial cells has a role in vasodilation by different independent
pathways like nitric oxide, prostacyclin, and endothelium-derived hyperpolarizing factor
(EDHF) [28]. Moreover, its expression in smooth muscles contributes to the activation
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of conductance potassium channels and hyperpolarization of smooth muscles [29]. In
addition, the TRPV4 channel mediates osteoblast differentiation, which is involved in
vascular calcification mechanisms, as described previously [30]. Despite previous studies,
the precise role of TRPV4, a Ca2+-permeable cation channel, in the progression of vascular
calcification and AAA, remains unclear. To shed light on this matter, the present study
utilized TRPV4-knockout mice and subjected them to standard CaCl2-induced abdominal
aortic injury to investigate the involvement of the TRPV4 channel in the progression of
vascular calcification.

2. Materials and Methods
2.1. Animals

All animal experiments were performed in accordance with Sultan Qaboos University
(SQU) Animal Ethics Committee regulations and SQU Guidelines for Care and Use of
Laboratory Animals, and the experiments were conducted after obtaining approval from
the Institutional Animal Ethics Committee of SQU (SQU/AEC/2017-2018/12).

The mice were housed in SQU’s small animal facility under carefully controlled
conditions, including a 12-h light and 12-h dark cycle, a room temperature of 22 ◦C, and a
relative humidity of 50–60%. They had been acclimatized for seven days prior to the surgery
with free access to food and water. The body weight of each mouse was recorded daily after
the surgery. For this in vivo experiment, 8–10-week-old male wild-type (WT) (C57BL\6NCr)
(n = 30) and TRPV4-knockout (TRPV4-KO) (n = 30) mice were used. The animals were
randomly divided into four equal groups, with 10 mice in each sham-operated group
and 20 mice in each CaCl2-induced aortic injury groups including: WT sham-operated
group (n = 10), WT CaCl2-induced aortic injury (n = 20), TRPV4-KO sham operated group
(n = 10), and TRPV4-KO CaCl2-induced aortic injury (n = 20). Some mice from each group
did not survive the surgery, and the remaining numbers are specified in the figure legends.

2.2. CaCl2-Induced Abdominal Aortic Injury

After seven days of acclimatization, an abdominal aortic injury was induced in two
groups: WT and TRPV4-KO mice. CaCl2-induced aortic injury was performed as described
previously with minor modifications [31]. Briefly, the mice were anaesthetized with an
intraperitoneal injection of ketamine (75 mg/kg) and xylazine (5 mg/kg) prior to the
laparotomy. An abdominal incision of approximately 2 cm was made, and the infra-renal
aorta was exposed by moving the intestinal loops apart. Then, small pieces of gauze soaked
with 0.6 mol/L CaCl2 were placed around the infrarenal aorta circumference for 10 min.
The sham-operated mice were exposed to gauze soaked in 0.95% NaCl instead of CaCl2.
After gauze removal, the aorta was rinsed with 0.95% NaCl and wiped using cotton swabs.
Then, the incision was closed, and the mice were allowed to recover from anesthesia on a
warm plate. Free access to food and water were provided for the mice after the surgical
procedure until the sacrifice day. The surgery resulted in the mortality of some mice in each
group, with the surviving numbers documented in the figure legends.

2.3. Aorta Collection and Morphometry

The mice were sacrificed two weeks postoperatively with an overdose of a ketamine
and xylazine combination (ketamine, 100 mg/kg and xylazine, 20 mg/kg). Careful dissec-
tion was performed to expose the whole aorta and heart. Then, the aorta was flushed twice
with a freshly prepared cold phosphate-buffered solution (PBS) through the apex of the left
ventricle. Extraneous tissues were removed, and the abdominal aorta of each mouse was
carefully dissected under a stereomicroscope and photographed with a known scale for
morphometric analysis. Morphometric analysis was then executed using ImageJ software
version 1.8 from the National Institutes of Health, Bethesda, MD, USA. To acquire the
digital images, an Axioskop 2 microscope (Zeiss, Jena, Germany) equipped with a known
micrometer scale was employed. The images were meticulously selected for analysis,
focusing on key parameters such as circumference area, lumen area, and the medial layer.
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The process involved manual delineation to ensure precision in the measurements. It is
important to note that all measurements were performed blindly for each group, enhanc-
ing the objectivity and reliability of the morphometric assessment. This comprehensive
approach allowed for a detailed morphometric evaluation, providing valuable insights into
the structural characteristics of the aortic sections under scrutiny.

2.4. Histological Analysis

The initial segments of the infrarenal aorta (the part of the aorta at the level of renal
artery origin) measuring 2–3 mm in length were dissected carefully with a stereomicroscope
and fixed with 4% paraformaldehyde for 24 h. Then, the tissues were embedded in paraffin
wax and 4-µm-thick cross-sections were collected from each animal of all experimental
groups. For the morphometric analysis, six sections from each mouse were taken at the
interval of 24 µm i.e., 6 sections apart between the 2 adjacent sections onto glass slides. The
sections were deparaffinized three times in xylene and dehydrated in different ethanol con-
centrations for 5 min in each. Next, the sections were stained with hematoxylin and eosin.
The fluorescence properties of hematoxylin and eosin were harnessed to visualize elastin
in the examined samples. Elastic lamellae, integral components of the tissue structure,
emitted a distinct red color when exposed to fluorescent light. This allowed for a detailed
examination of the elastin network within the tissue. Instances of damage to the elastic
lamellae were readily identifiable as they exhibited clear signs such as cuts or elongation.
The use of fluorescence not only facilitated the visualization of elastin but also provided a
sensitive method for detecting structural alterations in the elastic lamellae, enhancing our
ability to discern and characterize tissue integrity [32].

Alizarin red staining was performed to assess aortic calcification. Alizarin-stained
sections were visualized with an Axioskop 2 plus microscope (Zeiss, Jena, Germany).
A morphometric analysis of the stained sections was performed using software ImageJ
(National Institutes of Health, Bethesda, MD, USA).

2.5. Statistical Analysis

GraphPad Prism software version 7.0 (GraphPad Prism software, San Diego, CA, USA)
was used to analyze the data. A one-way ANOVA followed by Tukey test to compare
changes in all measured parameters between different groups were used. Experimental
results were expressed as the mean ± SD. p < 0.05 was considered statistically significant.

3. Results
3.1. Deletion of TRPV4 Exacerbates Aortic Diameters in CaCl2-Induced Aortic Injury

To evaluate the role of TRPV4 in vascular calcification, we subjected WT and TRPV4-
KO mice to CaCl2-induced abdominal aortic injury. The daily body weights of each mouse
were meticulously documented over two weeks following the surgical procedure. The
corresponding percentage changes in body weight are visually depicted in Figure 1. The
CaCl2-treated groups exhibited a slight decrease in average body weights. However, no
statistically significant variances were observed among the experimental groups (WT sham
vs. WT CaCl2: p = 0.96, TRPV4-KO sham vs. TRPV4-KO CaCl2: p = 0.28).

Following the sacrifice of the mice, the infrarenal aortae were meticulously dissected
and photographed using a predetermined scale for precise morphometric analysis. As
anticipated, both wild-type (WT) and TRPV4-knockout (TRPV4-KO) mice exhibited a
noteworthy augmentation in the outer diameter in response to the CaCl2-induced aorta
injury model, as illustrated by representative images in Figure 2A (WT CaCl2 vs. WT sham:
p < 0.0001, TRPV4-KO CaCl2 vs. TRPV4-KO sham: p < 0.0001). Interestingly, the aortae of
the TRPV4-knockout (TRPV4-KO) mice demonstrated a marked increase in dilation when
contrasted with those of the WT-CaCl2 mice (TRPV4-KO CaCl2 vs. WT CaCl2: p < 0.005), as
morphometrically illustrated in Figure 2B. This intriguing observation suggests a potential
involvement of TRPV4 in averting aortic aneurysm formation, raising the possibility that
TRPV4 plays a crucial role in maintaining aortic structural integrity under conditions of
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CaCl2-induced injury, and indicating a possible role of TRPV4 in preventing the aortic
aneurysm.
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Figure 2. TRPV4 limits abdominal aortic aneurysm induced by CaCl2. (A) Representative pho-
tographs of infrarenal aortas of WT and TRPV4−KO mice two weeks after surgery. (B) Outer
diameter of WT and TRPV4-KO infrarenal aortas two weeks after surgery (WT Sham n = 8, WT CaCl2
n = 14, TRPV−KO Sham n = 9, TRPV4−KO CaCl2 n = 15; One−way ANOVA followed by Tukey’s
multiple comparison test). Data represent the mean ± SD. WT: wild type, TRPV4−KO: Transient
Receptor Channel Vanilloid 4−Knock out. ‘*’ denotes statistical significance.

3.2. Deletion of TRPV4 Aggravates Tunica Media Damage in CaCl2-Induced Aortic Injury

Consistent with the above results, histological analysis of H&E-stained sections re-
vealed an apparent increase in the overall aortic wall thickness of CaCl2-treated mice groups
compared to sham mice groups. The adventitial layer thickness of the aorta was remarkably
higher with an apparent infiltration of immune cells (Figure 3). Moreover, the tunica media
of KO-CaCl2 mice was extensively damaged and detached from the adventitial layer. In
addition, CaCl2-injured aortae showed more elongation and destruction of the tunica media
elastic fibers in KO-CaCl2 mice compared to WT-CaCl2 mice (Figure 4).
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Figure 4. Deletion of TRPV4 induces elongation and destruction of elastic lamellae in CaCl2-
induced aorta injury. Representative fluorescence microscopy images showing the tunica media
elastic lamellae in the cross sections of infrarenal aortas of different study groups. The elongation
and destruction of elastic lamella of the tunica medial layer are clearly observed in TRPV4−KO
aorta after CaCl2 injury (Black arrows indicate elongated and destructed elastic lamella) (scale bar:
100 µm). WT: wild type, TRPV4−KO: Transient Receptor Channel Vanilloid 4-Knock out.

3.3. Deletion of TRPV4 Increases Tunica Media Area and Lumen Circumference in CaCl2-Induced
Aortic Injury

To further investigate the morphometric changes in WT and TRPV4-KO mice, we
analyzed H&E sections of the infrarenal aorta using additional parameters. The aortic
circumference (µm) and lumen area (µm2) of the TRPV4-KO mice group were significantly
higher in CaCl2 mice compared with sham mice (TRPV4-KO CaCl2 vs. TRPV4-KO sham:
p < 0.05; Figure 5A,B). Moreover, tunica media area (µm2) was significantly increased in
TRPV4-KO mice after CaCl2 injury compared to that in sham TRPV4-KO mice. (TRPV4-KO
CaCl2 vs. TRPV4-KO sham: p < 0.05, Figure 5C).
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and KO infrarenal aortas from Hematoxylin and Eosin-stained images of cross sections of infrarenal
aortas. TRPV4−KO showed a significant increase in tunica media area, lumen circumference, and
lumen area after CaCl2 injury. One-way ANOVA followed by Tukey’s multiple comparison test (WT
Sham n = 9, WT CaCl2 n = 14, TRPV−KO Sham n = 6, TRPV4−KO CaCl2 n = 13). WT: wild type,
TRPV4-KO: Transient Receptor Channel Vanilloid 4−Knock out. ‘*’ denotes statistical significance.

3.4. Deletion of TRPV4 Enhances Aortic Calcification in CaCl2-Induced Aortic Injury

Alizarin red staining was performed on the histological sections of the infrarenal
abdominal aorta to assess the intensity of calcium depositions, mainly in the medial layer.
The presence of calcium deposition is indicated by orange to red pigment in the tissue.
Aortic sections obtained from both WT-CaCl2 and KO-CaCl2 showed the presence of
calcium depositions. However, the aortae of TRPV4-KO mice revealed more remarkable
calcification after CaCl2 injury (Figure 6). In addition, the tunica media of those aortae
showed n extensive damage with apparent elongation and disruption of elastic lamella in
the medial layer. The medial layer area was larger in TRPV-KO-CaCl2 mice mainly due to
calcium deposition and elastic fibers’ disruption and elongation.
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type, TRPV4−KO: Transient Receptor Channel Vanilloid 4−Knock out.

4. Discussion

The involvement of mechanosensitive ion channels in skeletogenesis and bone for-
mation was well studied [33–35]. However, their role in vascular calcification and AAA
has not been adequately explored. Furthermore, to our knowledge, the role of TRPV4, a
Ca2+-permeable cation channel, in the progression of vascular calcification and AAA has
not been studied. In the present study, the aortae of the TRPV4-KO mice were significantly
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dilated compared to the WT after CaCl2-induced aortic injury. Moreover, the histological
analysis and morphometric measurements revealed that the tunicae adventitia and media
areas increased, leading to aortic-wall thickening. Additionally, a remarkable calcifica-
tion was observed in the medial layer of TRPV4-KO mice compared to the WT mice after
CaCl2-induced aorta injury.

Contrary to the present study results, in previous studies, the TRPV4 channel pro-
moted bone formation and calcification [33,34]. Recently, it has been widely accepted
that vascular calcification occurs through the trans-differentiation of vascular smooth
muscle cells (VSMCs) to osteoblast-like cells [36]. The underlying mechanism of this
trans-differentiation is the activation of β-catenin in VSMCs, which in turn leads to the
translocation of β-catenin to the nucleus, where it can ultimately lead to the transcription
of different osteoblast genes, including osteocalcin, alkaline phosphatase, and ostrex [20].
The inhibition of TRPV4 attenuated osteogenesis by reducing the expression of osteoblastic
genes and Wnt3α/β-catenin in bone marrow stem cells, which conflicts with our find-
ing [37]. However, a recent study by the Espadas–Alvarez group demonstrated that TRPV4
inhibits β-catenin transcriptional activity through the interaction with β-catenin, the main
regulator of osteoblast genes [37]. This might explain the remarkable calcification seen in
the aortae of TRPV4-KO mice. Moreover, the function of TRPV4 can vary depending on
the specific cell type in which it is expressed. TRPV4 plays a significant role in various
physiological functions, such as detecting the osmolarity in kidneys, vascular sheer-stress
changes, as well as osteoclast differentiation regulation. In previous studies, a TRPV4 defi-
ciency resulted in altered vasodilation and fibrosis in the lungs and skin. It also participates
in the regulation of oxidative metabolism in adipose tissue and inflammation [38]. It is
highly expressed in articular chondrocytes, and its defective function is known to cause
joint arthropathy and osteoarthritis [39]. In relation to cardiovascular health, deficiency
of TRPV4 in endothelial cells in the carotid artery resulted in the vasodilation function,
causing the dysregulation of vascular tone and blood pressure [40]. It has been shown
to possess atheroprotective effects by promoting eNOS activation and inhibiting the ad-
hesion of monocytes and endothelial cells. This channel function depends on Ca2+ in a
concentration-dependent fashion [41]. Thus, it can be hypothesized that TRPV4 works as a
positive regulator for calcification in the bone and a negative regulator in the blood vessels.

Infiltration of immune cells such as macrophages and T-cells within the adventitial
layer is associated with vascular calcification and AAA [42–44]. They also contribute to the
development of vascular calcification by releasing inflammatory cytokines and promoting
the differentiation of smooth muscle cells into osteoblast-like cells [45]. Consistent with
these findings, we observed remarkable infiltration of various immune cells within the
medial layer and adventitial layer of TRPV4-KO mice compared with that in WT, which can
explain the augmented calcification in the aorta of TRPV4-KO mice after CaCl2 injury. In
response to CaCl2 injury, it is known that the expression of proinflammatory cytokines will
increase, leading to immune cell recruitment. The release of these cytokines recruits more
immune cells for infiltration, which in turn promotes endothelial and medial layer damage
where elastic fibers undergo disorganization and elongation, leading to the detachment of
the media from the adventitia [46]. As a result, vessel elasticity and integrity will be lost and
an aneurysm will form, as shown in the histological sections of CaCl2 groups. However,
the remarkable infiltration of immune cells and medial layer damage in TRPV4-KO mice
compared to WT mice should be highlighted and necessitates further investigation of the
possible underlying mechanism.

Two previous studies suggested that the inhibition of TRPV4 reduces aortic inflam-
mation and vascular remodeling, hence attenuating AAA formation [47,48]. Those results
conflict with the present study’s findings showing a possible role of the TRPV4 channel
in downregulating vascular calcification and AAA formation. Variations in animal mod-
els of aortic injury induction and AAA formation could be a possible reason for these
conflicting results. More studies need to be conducted to explore the exact molecular mech-
anism behind the role of the TRPV4 channel in vascular calcification and AAA formation.
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The present study findings potentiate the therapeutic potential of TRPV4 activation in
preventing AAA and vascular calcification.

The present study has the following limitations: Although the animal model used
in the present study may closely mimic human pathophysiology, this model may lack
chronicity, which is a characteristic feature of the AAA formation. Another limitation of this
study is the use of global knockout of TRPV4 rather than conditional knockout in VSMCs,
with a possible effect of cells other than the cells of interest (VSMCs), which can interfere
with the results, leading to less accuracy.

5. Conclusions

The results of the present study indicate that deletion of TRPV4 significantly ex-
acerbated AAA and vascular calcification after CaCl2 injury. However, the underlying
molecular mechanisms investigating the precise role of the TRPV4 channel are warranted.
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