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Abstract: Calcific aortic valve disease (CAVD) is a debilitating condition for which there are limited
therapeutic options aside from valve replacement. As such, it is crucial to explore alternative
management strategies for CAVD. Non-steroidal anti-inflammatory drugs (NSAIDs), particularly
celecoxib, have been the subject of debate in the literature regarding their potential impact on CAVD.
We conducted an in-depth analysis of five studies exploring the effect of celecoxib on CAVD and
found discrepancies in both methods and results. Our findings suggest that celecoxib may impact
the development of this disease via multiple mechanisms, each of which may have different effects
on its pathogenesis. We also discovered limited clinical research examining the connection between
celecoxib use and CAVD in medical patients. As such, further studies are needed to clarify the role of
celecoxib and other NSAIDs in CAVD progression in order to inform future treatment options and
clarify their impact on the disease.
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1. Introduction

Calcific aortic valve disease (CAVD) is accompanied by mineralization of bicuspid
(half of all removed calcified valves are bicuspid) [1] or tricuspid aortic valve leaflets,
leading to a progressive decline in function of the aortic valve via both decreased valvular
area and increased valvular narrowing, resulting in a reduced blood flow through the
leaflets [2]. Between 1990 and 2019, the global incidence of CAVD has increased by a factor
of 3.51 (589,000). The prevalence has increased by 4.43 (9,404,000) and attributable deaths
have increased by 1.38 (126,000), making it the most common valvular disorder and a
significant cause of morbidity and mortality worldwide [3]. Due to systemic ramifications
such as sudden death (in severe aortic stenosis), heart failure, pulmonary hypertension,
infective endocarditis (particularly in patients with bicuspid valve calcification), bleeding,
systemic emboli, and strokes [4], it is the most common indication for surgical valve
replacement [5]. In fact, the only treatment modality currently available is surgery, which
emphasizes the importance of uncovering new interventions as well as further illuminating
the disease process behind CAVD.

2. Pathogenesis of CAVD

Previous hypotheses of the pathogenesis of CAVD included passive calcification and
normal degeneration of the aortic valve; however, it has been found to be more complicated.
Current understanding of the disease process includes chronic inflammation, lipoprotein
deposition, and active leaflet calcification [6] contributing to progressive calcification. As
shown in Figure 1, valvular interstitial cells (VIC) are the predominant aortic valvular
cells and under normal circumstances are thought to reinforce valvular structure; however,
they are suspected to be one of the disease drivers in CAVD, as they acquire pro-calcific
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characteristics due to pathological stimuli such as lipoprotein accumulation, endothelial
damage, inflammatory mediators, reactive oxygen species (ROS), increased calcium and
phosphate levels, and cyclic stretch [4,6].
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Figure 1. Pathogenesis of CAVD involves lesions from endothelial damage, mechanical stress,
and ROS. This allows for oxidized LDL and Lp(a) infiltration, plaque formation, and subsequent
leukocytic infiltration of VICs. This leads to progressive mineralization and osteogenic programming
of VICs [4,6].

3. Inflammation

Similar to atherosclerosis, repeated endothelial damage is thought to be responsible for
triggering the development of CAVD due to the loss of valvular homeostasis via reduced
shear stress and increased mechanical stress. Subsequently, vascular cell adhesion molecule-
1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1), which are hallmarks of
early stages of inflammation, are upregulated [1,7]. These cell signaling cascades lead to
inflammatory cells (macrophages, T-Lymphocytes, and mast cells) being recruited into
leaflets and the infiltration of lipoproteins (LDL and Lp(a)), forming subendothelial plaque-
like lesions resulting from LDL oxidation due to the release of ROS from the inflammatory
cells [1]. The binding of oxidized lipid species to TLRs on the VICs, as well as the activation
of the NF-KB pathway via TNF (secreted by immune infiltrates such as macrophages and
monocytes) and binding to TNFR1, are both thought to promote VIC mineralization and
osteogenic programming [2]; however, how the pro-calcific VIC causes ECM mineralization
is still not fully understood. In addition to osteogenesis, it is also postulated that apoptosis
of VICs via ROS, cytokines, and purinergic signaling may lead to dystrophic calcification
containing calcium and phosphorous crystals in CAVD [2]. Neovascularization often
accompanies inflammation. Although the mechanism of its involvement in CAVD is not
entirely clear, it is postulated that it is involved in recruiting both inflammatory cells and
osteoprogenitor cells.

4. NSAIDs

The COX-1 and COX-2 pathways are responsible for converting arachidonic acid
to products that mediate pain and inflammation, as shown in Figure 2 [8]. COX-1 pro-
duces thromboxane A2, and both COX-1 and COX-2 are responsible for the production
of prostaglandins [9]. The COX-2 pathway, specifically, produces prostaglandins during
inflammation [9]. COX inhibitors are a class of non-steroidal anti-inflammatory drugs
(NSAIDs) that are used to block the COX-1 and COX-2 pathways to reduce pain, inflamma-
tion, and fever [8]. However, some COX inhibitors, such as COX-2 inhibitors (the majority
of which have been discontinued from use) and aspirin, are associated with cardiovascu-
lar side effects [10]. It is still unknown whether COX inhibitors might play a role in the
development of CAVD; however, studies have attempted to identify whether there is a
connection due to the role these drugs play in inflammation and cardiovascular risk [10].
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Figure 2. A summary of the cyclooxygenase (COX) pathways and their effects. Celecoxib and its
derivatives selectively block the COX-2 pathway, inhibiting pain, inflammation, and fever without
impacting platelet aggregation [7,8].

5. Mineralization

It is suspected that the cytokine IL-6, a central regulator in chronic and other immune-
mediated responses plays a role in CAVD through its involvement in increasing the ex-
pression of NF-KB.2. IL-6 increased in human calcified stenotic valves, likely due to
the expression of RANKL (receptor activator of an NF-KB ligand), which thereby acti-
vates RANK. RANKL causes VICs to increase the production of the extracellular matrix
(ECM) [11]. Nucleation of calcium and phosphorus can begin on this secreted ECM. IL-6
also promotes mineralization through the BMP2 pathway [2]. Interestingly, Weiss et al.
demonstrated that Osteoprotegerin administration, which is a decoy of RANKL, attenuated
calcification of the aortic valve in mice and preserved valvular function [12]. The role of
various proteins present in the ECM, such as proteoglycans and periostin, are thought to
be involved in the remodeling of the aortic valve during aortic stenosis (AS), but this is
not yet fully understood. For instance, osteopontin and bone sialoprotein are drastically
upregulated at sites of calcification and help attach osteoblasts to bone matrix [13].

Other cytokines that may be involved are IL-1B and IL-1, which increase the expression
of matrix metalloproteinases (MMPs). These enzymes degrade ECM, exacerbate stenosis,
and activate the NF-KB pathway, leading to an increase in IL-6, IL-8, and MCP-1. IL-37,
which attenuates bone morphogenic protein (BMP2) and alkaline phosphatase, both of
which inhibit osteogenesis, is in the same family as IL-1B. In patients with CAVD, levels of
IL-37 are low, leading to BMP2 promoting the thickening of the aortic valve [1]. Beyond the
BMP pathways, both the angiotensin-converting enzyme (ACE) and chymase increased in
CAVD. Chymase (via mast cells) and ACE both convert angiotensin I into angiotensin II.
Angiotensin II (with a type AT1 receptor found in CAVD) [13] correlates with TNF and IL-6
expression and is pro-fibrotic [14], making it an important aspect in the pathogenesis of
CAVD. In hypercholesterolemic rabbit models, it was found that angiotensin receptor-1
blockers (ARBs) were capable of preserving the endothelial integrity of the aortic valve
while disrupting transdifferentiation into osteoblasts and/or myofibroblasts [15].

Additional factors thought to contribute to CAVD are genetic predispositions. Bicus-
pid valves, which are susceptible to calcification, are associated with NOTCH1 mutations.
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Normally, NOTCHI1 in VICs helps to prevent the expression of BMP2 and RUNX2, which
are osteogenic factors, meaning that some patients may be genetically susceptible to de-
veloping CAVD. Moreover, the WNT pathways in patients with CAVD are overexpressed,
which may also lead to calcification. The above factors contribute to the fibrosis and calcifi-
cation of the aortic valve, ultimately leading to sclerosis and the necessity for surgical valve
replacement. More research is necessary to illuminate the complexities behind the disease
processes of CAVD.

6. Treatment Options

Currently, there are no treatments available for calcific aortic valve disease aside
from surgical aortic valve replacement (SAVR) and transcatheter aortic valve implantation
(TAVI/TAVR) (for patients with increased operative risk) [16]. This is problematic because
of the risk for complications, including endocarditis and thrombosis, along with a limited
valve lifespan, often leads to reoperation [4].

Based on the ACC/AHA Guideline for the Management of Patients with Valvular
Heart Disease, an intervention for calcific aortic stenosis is only indicated if (1) CAVD is
severe, (2) the patient has a life expectancy greater than one year with surgery, and (3) the
intervention is likely to improve the patient’s quality of life [17]. This is evaluated with
a multidisciplinary heart valve team involving a cardiologist with expertise in structural
valve intervention and a cardiothoracic surgeon. Indications for SAVR over TAVI include
another indication for cardiac surgery (CABG or mitral valve surgery), patient age under 75,
characteristics indicating a mechanical valve replacement (can only be placed surgically),
or anatomic features increasing the risk of TAVI complications, such as adverse aortic root
or a severely calcified bicuspid valve. If SAVR is not indicated, the transfemoral TAVI is a
choice with a robustly lower hazard ratio and mortality. Notably, mortality was not reduced
with transthoracic TAVI in comparison with SAVR and transfemoral TAVI. Indications for
TAVI over SAVR include a patient aged 75 or higher, high feasibility of transfemoral TAVI,
risk factors for SAVR (frailty or cirrhosis), and the female sex (lower mortality under TAVI
compared to women w/SAVR). Risks for SAVR are evaluated using the STS risk estimate,
frailty, major organ system dysfunction, and procedure-specific impediments. Patients are
at intermediate risk, which is classified by an STS of 4-8%, when at least one indicator of
frailty is present.

There are currently no drugs available for the treatment or prevention of aortic stenosis.
Celecoxib, a selective COX-2 inhibitor, has been investigated as a potential solution to this
gap in pharmacotherapeutic interventions [18]. There are two mechanisms by which the
drug is proposed to prevent the progression of calcification of the aortic valve; however, at
the time of writing this review, there has been limited research into this topic [18,19].

7. Materials and Methods

A comprehensive review of academic publications was performed to answer the
following question: is there a connection between the use of celecoxib and the development
of calcific aortic valve disease? An assessment of our current knowledge of this topic was
accomplished by conducting a broad search of the literature, selecting relevant articles,
and synthesizing the findings from each study in order to develop a uniform picture of
our current understanding. The literature search was conducted in PubMed, Cochrane,
Google Scholar, and ClinicalTrials.gov using the keywords NSAIDs, COX-2, calcific aortic
valve disease, aortic stenosis, and celecoxib. Inclusion criteria consisted of studies that
examined the possible connection between either the COX-2 pathway or celecoxib and the
development of aortic valve calcification (AVC). Studies in both humans and animals that
utilized quantitative data were accepted. Due to the focus of our review being on a topic
that has not been studied robustly, further inclusion criteria were not incorporated. For
the purpose of answering this question with up-to-date statistical information, exclusion
criteria included studies that were published more than ten years ago and studies that
utilized qualitative methodology.
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8. Results

Due to the role of the COX pathways in inflammation and the known connection be-
tween NSAIDs and cardiovascular events [20], there has been an investigation as to whether
the COX-2 pathway has a role in calcific aortic valve disease (CAVD). The investigation of
this report identified five relevant studies, shown in Table 1, to help address this question
and found that there is no current consensus in the literature regarding the connection
between the two. Some studies suggest that upregulation of the COX-2 pathway could
potentially be disease-driving in AVC [18]. However, others have suggested the opposite;
that COX-2 has a protective effect against it. Therefore, COX-2 inhibitors could play a role
in worsening the development of AVC and subsequent aortic stenosis [21]. Other studies
have suggested that there may not be an association between COX-2 inhibitor use and AVC
at all [22].

Table 1. A summary of the major findings of recent primary studies that investigated the potential
association between celecoxib derivatives and the development of aortic valve calcification [18,19,21-23].

Proposed Effect of
Proposed Effect of Celecoxib Proposed
Study COX-2 on CAVD Derivatives on Pathoml:chanism Study Type
Development CAVD
Development
Delaney et al. [22] No association No association _ Human
retrospective study
C.OX_Z expression Reduced COX-2 expression Animal and
_ is increased in . human
Wirrig et al. [18] e development leads to increased L
calcified S . . study-in vivo and
. of calcification osteogenic activity -
aortic valves in vitro
COX-2 inhibition
induces trans-
COX-2 expression differentation of
. . . . Increased .
Vieceli Dalla Sega is decreased in development AVIC's into Human ex
etal. [21] calcified opme myofibroblasts and vivo study
. of calcification .
aortic valves increased
expression
of TGF-
Celecoxib leads to . My(.)ﬁbFOblaSt
. induction increases .
increased calcification: Human in vitro
Bowler et al. [19] Not investigated calcification; DMC g and
CDH11 blockade .
leads to decreased d retrospective study
e ecreases
calcification e
calcification
Increased COX-2 inhibitors
development of have an unknown Animal ex
Vaidya et al. [23] Not investigated calcification in the . .
resence glucocorticoid- vivo study
p dependent effect

of glucocorticoids

One study found that the COX-2 pathway had increased expression in human calcified
aortic valves [18]. That finding alone, however, does not necessarily mean that COX-2
drives calcification. More clarification is needed to determine whether COX-2 upregulation
is driving calcific disease, or whether it means that upregulation is a protective response
to another disease process causing the calcification. However, inhibition of the COX-2
pathway with celecoxib also reduced the induction of calcification in a mouse model,
supporting the idea of a cause-and-effect relationship in which COX-2 activity leads to
AVC. At a glance, this fits well considering COX-2 has a known role in bone healing [24],
and these findings would suggest that celecoxib or other NSAIDs could potentially serve
as therapeutics for AVC prevention.

However, another in vitro study performed on human aortic valve leaflets sampled
from patients with aortic stenosis directly contradicts these findings [21]. In this study; it
was found that the COX-2 pathway actually had decreased expression in calcified valves.
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The addition of a COX-2 inhibitor, celecoxib, to these samples also induced further cal-
cification. This would lend credence to the idea that the COX-2 inflammatory pathway
has a protective effect, and its downregulation allows for calcification and subsequent
stenosis to occur. As a result, it could be assumed that celecoxib and other COX inhibitors
are risk factors for the development of aortic stenosis and would be contraindicated in
patients at risk for it. As the primary cause of aortic stenosis is age-related calcification,
this could be a major contraindication to a class of drugs already not widely used due
to associations with other cardiovascular events (although celecoxib is proposed to be
the safest in this regard) [25]. These findings are in direct opposition to those of Wirrig
et al. (2015), although this difference was suggested to potentially be due to differences in
the methods of measuring [18,21]. At the very least, however, the contradictory findings
suggest that more investigation is needed to clarify this association.

There were also different proposed mechanisms regarding how celecoxib could affect
the development of CAVD, which may help explain the contradictory findings. Celecoxib is
proposed to have another non-COX-2-associated effect that could potentially be protective
against AVC, through a CDH11 blockade [19]. The CDH11 transmembrane protein has
been found to have increased expression in calcified aortic valves, serving as a potential
therapeutic target [26]. Celecoxib and its derivatives have been shown to have a high
binding affinity for this protein. Both celecoxib and dimethy]l celecoxib (DMC), a celecoxib
derivative with action against CDH11 but no inhibitory effects on COX-2, were investigated
as potential therapeutics for the treatment of aortic stenosis. However, in one in vitro
study, celecoxib was shown to actually be associated with increased calcification, further
supporting the idea that COX-2 inhibition may be pathogenic, while DMC had the expected
protective effect against calcification [19]. Vieceli Dalla Sega et al. (2020) agrees with these
findings with regard to celecoxib, which again are in direct contradiction to Wirrig et al.
(2015) [18,21].

More recently, another study performed a number of experiments with different
conditions and variable findings that may explain the controversy as to whether the COX-2
inhibitors celecoxib and DMC are protective or pathogenic in the development of AVC [23].
Like previous studies, the authors replicated the potential increased risk for AVC in an
in vitro environment using explanted porcine aortic valve leaflets in osteogenic media.
This finding was observed with both celecoxib and DMC, suggesting that this potential
pathogenic effect is not characteristic of COX-2 inhibition. However, this effect was not
observed in studies that were performed without dexamethasone, suggesting that the
pathogenic effect of celecoxib and DMC may be due to yet another non-COX-2-associated
effect that is dependent on the presence of glucocorticoids. With dexamethasone removed
from the osteogenic media, the effect was reversed as expected. Furthermore, the authors
found that co-treatment with a MEK1/2 inhibitor rescued this pathogenic effect, suggesting
an involvement of the MEK/ERK pathway in this glucocorticoid-dependent effect. The
findings of this study, particularly the suggestion of another potential mechanism of action
of celecoxib, may explain the previous controversy as to whether COX-2 inhibition is
protective or pathogenic in the development of AVC if the reason for the contradictory
findings in previous studies was the presence of glucocorticoids in in vitro media that
were used.

These findings suggest both an explanation for the pathogenic effect of celecoxib
and its derivatives, as well as the potential for therapeutic prevention of AVC, if these
non-COX-2 effects can be further studied and understood. If a glucocorticoid-dependent
effect causes the administration of celecoxib and its derivatives to drive calcification of the
aortic valve, then it would suggest the need for studies of whether this effect is present
in in vivo conditions when the drug is administered. It also suggests that if this pathway
could be eliminated, such as with an MEK 1/2 inhibitor, celecoxib and DMC may still serve
as potential therapeutics through the blockage of either COX-2 or CDH11. This highlights
the need for further studies and suggests that celecoxib and its derivatives could either be
potential therapeutics or disease-driving agents in CAVD and consequent aortic stenosis.
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The impact of celecoxib and its derivatives on the development of AVC remains
unclear with our current breadth of knowledge. However, there is evidence to suggest that
celecoxib can affect three cellular pathways as shown in Figure 3, including the inhibition
of COX2, CHD11 blockades, and potentially a third glucocorticoid-dependent effect. While
there is debate as to whether COX2 inhibition can either promote or prevent AVC, it seems
more certain that the CDH11 effect does help prevent its development. Conversely, it can
be concluded that their effect in the presence of glucocorticoids may drive calcification.
Due to these findings, the question of what celecoxib’s role may be in the care setting
remains unclear. However, these results provide a pathway forward for research to identify
either new contraindications or therapeutic uses of celecoxib and its derivative drugs in the
context of AVC.
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Figure 3. A summary of the pathways celecoxib and its derivatives that are proposed to affect (A)
the glucocorticoid-dependent effect (possibly MEK/ERK), (B) the inhibition of COX-2, and (C) the
blockage of the CDH11 transmembrane protein [9,19,23].

9. Discussion

Based on recent research findings, it is evident that the question of whether COX
inhibition impacts the development of AVC, whether protective or pathogenic, requires
further investigation. The only COX inhibitors that have had any recent investigation
in this regard are celecoxib and its derivatives, and even that research is sparse and has
conflicting results. In particular, there is a lack of studies on medical patients investigating
this potential association between the COX pathways and AVC, with the exception of two
retrospective clinical analyses with conflicting results [19,22]. There is a need for further
retrospective studies of subjects taking COX inhibitors and simultaneously being monitored
for the progression of aortic stenosis.

More research is also needed to clarify the role that celecoxib plays in AVC develop-
ment in a manner that does not involve COX-2 inhibition. Since it is likely that there are
other off-target pathways playing a role in celecoxib’s effect on AVC, in order to determine
the possibility of the COX pathways themselves having an impact on AVC, it may be
necessary for other COX inhibitors to be studied as well in this regard. Despite the lack
of knowledge about COX inhibition’s role in the development of AVC, celecoxib clearly
has a potential glucocorticoid-dependent effect that increases the risk of AVC development.
Further investigation is needed as to whether this means the administration of celecoxib or
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other COX inhibitors may lead to an increased risk for the development of aortic stenosis
in an in vivo environment with exposure to serum glucocorticoids.

A potentially confounding variable influencing the results of studies with celecoxib
is the CYP2C9*3 polymorphism that is found fairly frequently in Caucasian populations.
CYP2(9 is a polymorphic enzyme involved in the metabolism of drugs such as NSAIDs,
phenytoin, and (S)-warfarin, among others [27]. The genetic polymorphism CYP2C9*3 has
been shown to lead to a statistically significant reduction in CYP2C9 activity of up to five-
to ten-fold in homozygous carriers in in vitro studies [28]. Furthermore, there was more
than a two-fold reduction in the oral clearance of celecoxib for homozygotes for CYP2C9*3
when compared to the wild type and heterozygotes [28], suggesting that patients with
these mutations could be at risk for increased dose-related effects of celecoxib.

Notably, certain conclusions in this report are based on results from only one or two
studies with varying methods, including studies that had findings directly contradictory
to one another. These limitations, including the lack of available studies and inconsis-
tency in study types, must be acknowledged. Although this report provides an overview
of celecoxib and its implications in CAVD, it underscores the importance of further re-
search to replicate these findings, given the significant clinical implications of potential
pharmacotherapeutics for the prevention of CAVD.

10. Conclusions

As of the date of this review, aortic stenosis due to age-related wear and tear has no
effective pharmacotherapy in widespread use. The progression of AVC to aortic stenosis
necessitates surgical intervention; therefore, investigating potential therapeutics is highly
important. Based on recent studies of celecoxib and its in vitro effects on the calcification
of aortic valve leaflets, it is possible that it may have a mechanism of action, either due
to a CDH11 blockade or through another mechanism, that could fulfill this need. As a
result, more studies to identify the connection between celecoxib and AVC are needed
for the dual purpose of better informing the current use of this drug and other COX-2
inhibitors, as well as identifying possibilities for potential pharmacotherapeutic interven-
tion. Conversely, the possibility of celecoxib or other COX inhibitors” involvement in
driving a pathogenic process leading to AVC and subsequent aortic stenosis should also be
thoroughly investigated.
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