
Aortic Valve Regurgitation: Pathophysiology and Implications 
for Surgical Intervention in the Era of TAVR

Filippo Ravalli1, Alexander P Kossar, MD1, Hiroo Takayama, MD-PhD1, Juan B Grau, MD2, 
Giovanni Ferrari, PhD1,*

1Columbia University, NY – USA

2Ottawa Heart Institute – Ontario, Canada

Abstract

Aortic insufficiency (AI) or regurgitation is caused by the malcoaptation of the aortic valve (AV) 

cusps due to intrinsic abnormalities of the valve itself, a dilatation or geometric distortion of the 

aortic root, or by some combination thereof. In recent years, there has been an increase in the 

number of studies suggesting that AI is an active disease process caused by a combination of 

factors including but not limited to alteration of specific molecular pathways, genetic 

predisposition, and changes in the mechanotransductive properties of the AV apparatus. As the 

surgical management of AV disease continues to evolve, increasingly sophisticated surgical and 

percutaneous techniques for AV repair and replacement, including transcatheter aortic valve 

replacement (TAVR), have become more commonplace and will likely continue to expand as new 

devices are introduced. However, these techniques necessitate frequent reappraisal of the 

biological and mechanobiological mechanisms underlying AV regurgitation to better understand 

the risk factors for AI development and recurrence following surgical intervention as well as 

expand our limited knowledge on patient selection for such procedures. The aim of this review is 

to describe some of the putative mechanisms implicated in the development of AI, dissect some of 

the cross-talk among known and possible signaling pathways leading to valve remodeling, identify 

association between these pathways and pharmacological approaches, and discuss the implications 

for surgical and percutaneous approaches to AV repair in replacement in the TAVR era.
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Introduction

Aortic insufficiency (AI) is characterized by a pathologic derangement of the aortic valve 

(AV) or valvular apparatus resulting in retrograde blood flow into the left ventricle during 

diastole. AI is caused by the malcoaptation of the AV cusps due to intrinsic abnormalities 

with the valve or valve apparatus, the aortic root, or a combination of the two1,2. AI is a 

relatively prevalent source of cardiovascular morbidity and mortality and may be found in up 

to 13.0% and 8.5% of American men and women, respectively3. Traditional causes of AI 

include diseases such as rheumatic fever and endocarditis, congenital defects, cusp 

perforation, and degenerative processes2. However, diseases of the AV cusps have 

traditionally been poorly characterized and incompletely understood. Recent close 

examination of such pathological processes has demonstrated a wide array of complex, 

active remodeling mechanisms affecting the valve and surrounding structures. These 

pathological processes are examples of cardiac remodeling, which is defined as a group of 

molecular, cellular, and interstitial changes that clinically manifest as changes in size, shape, 

and function of the heart resulting from cardiac insult4.

New and ongoing research into the pathophysiology underlying these remodeling 

mechanisms has facilitated important discoveries pertaining to preventative, diagnostic, and 

mitigating strategies for patients with AI. This review will aim to describe various 

mechanisms involved in AI development, dissect some of the cross-talk among known and 

possible signaling pathways leading to valve remodeling, identify an association between 

these pathways and possible pharmacological approaches, and discuss surgical implications 

for management of these pathological processes. Considering the increasing popularity of 

TAVR, we will also discuss the burgeoning roles of percutaneous AV repair and replacement 

for patients with AI.

AI Classification

In the diagnosis of AI, the surgical El Khoury classification is employed to differentiate 

between different types of AI, each with their own clinical manifestations5. Accurate 

classification of the type of AI is essential for surgical treatment, as certain 

contraindications, such as severe calcification, active infection in the valve, extremely 

restricted cusp motion, severely dilated sinotubular junction (STJ), and decreased cusp 

height, preclude a durable repair6,7. According to this classification paradigm, AI is 

characterized by 3 discrete types: Type I, Type II, and Type III. Type I AI indicates normal 

cusp motion with a dilatation of the ascending aorta (Type-Ia), aortic sinus (Type-Ib), aortic 

annulus (Type-Ic), and cusp perforation (Type-Id)5,7. These patients normally have relatively 

healthy valve leaflets and valve sparing procedures represent the gold standard for treatment. 

Type II AI is characterized by prolapse or excessive motion of the cusp. Type II AI can also 

be treated with a valve repair, as opposed to complete valve replacement, allowing for 

preservation of the patient’s native valve6,7. Type III indicates restricted cusp mobility due to 

fibrosis and/or calcification5,7. Type III AI constitutes a particularly significant patient 

cohort, as calcification can restrict cusp mobility and may necessitate complete replacement.
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Diagnostic Criteria

According to the American Heart Association (AHA) Valvular Heart Disease Guidelines, 

the diagnostic criteria for chronic AI are characterized by anatomic and hemodynamic 

changes to the AV in conjunction with clinical symptomatology. The most common causes 

of AI have been reported be congenital defects - especially bicuspid AV - and calcific AV 

disease. The AHA guidelines define four stages of chronic AI, ranging from “at risk,” to 

“progressive,” to “asymptomatic severe,” “symptomatic severe”8. As the disease is largely 

asymptomatic in most patients, the hemodynamic properties of the valve - obtained 

primarily via ultrasound imaging - are utilized to diagnose the severity of AI in patients. 

Notably, left ventricle ejection fraction (LVEF), regurgitation fraction (RF), and doppler jet 

width are frequently utilized as radiographic markers of AI. Intervention for severe AI in 

asymptomatic patients is recommended, as per the AHA guidelines, when LV systolic 

disfunction is present (LVEF <50%) or if severe LV dilation (left ventricular end-systolic 

dimension >50mm and left ventricular end-diastolic dimension >65mm) is present under 

normal LV systolic function8. The diagnostic criteria for patients at risk for AI development 

is currently aimed at patients with prior anatomical valve abnormalities, such as congenital 

diseases, or prior heart diseases including AV sclerosis, rheumatic heart disease, and 

infective endocarditis8. Given the asymptomatic nature of the disease, management is 

largely reactive to certain criteria rather than preventative.

As aforementioned, AI is a complex cardiovascular disease encompassing a diversity or even 

absence of clinical signs or symptoms, and functional or radiologic evaluation may illustrate 

a spectrum of hemodynamic derangements. At first, chronic AI is largely asymptomatic, 

including during exercise, in the “at risk” and “progressive” stages even if cardiac changes 

are occurring8,9. Once the disease progresses, patients previously diagnosed with moderate 

or mild AI may develop new symptoms, suggesting that AI is progressing towards or has 

reached the “severe” stage (see Table 1). In the severe AI, multiple symptoms present 

themselves including heart failure symptoms, such as exertional dyspnea, palpitations, or 

angina, at which point valve replacement is likely the only viable treatment option8,9.

Discussion

Pathophysiology

On a cellular level, the AV is comprised of valvular interstitial cells (VICs) and valvular 

endothelial cells (VECs), both of which are seeded within intricate, interactive networks of 

extracellular matrices. These matrices provide a scaffolding upon which local and systemic 

cellular and extracellular signaling cascades contribute to the active maintenance of the three 

layers of the AV: the fibrosa, the spongiosa, and the ventricularis10. Considering the dynamic 

microenvironment present within the AV, the hemodynamic changes demonstrated in 

patients with AI can contribute strongly to the progression of the disease, even in the setting 

of an asymptomatic patient. Ultimately, these hemodynamic changes to the local 

environment can then lead to further remodeling in the AV through an interplay between 

molecular, cellular, and structural signaling pathways.

Ravalli et al. Page 3

Struct Heart. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Molecular Components

Before discussing cardiac remodeling further, it is important to define and identify the key 

proteins and signaling molecules involved in AV remodeling and regulation. At the 

molecular level, the AV contains various protein families that regulate and maintain valve 

structure and function, primarily through interactions with the extracellular matrix (ECM). 

Hyaluronan, a glycosaminoglycan (GAG), constitutes 60% of the total GAG content in the 

heart and carries out various functions including cell interactions and linking proteins with 

aggrecan, making it an important component of the valvular ECM11,12. Hyaluronic Acid 

(HA), an acidic glycosaminoglycan (AGAG), makes up roughly half the total AGAG 

composition in the heart. HA disruptions have been associated with both ECM remodeling 

and VIC activation11,13–15.

Another family of proteins implicated in AV remodeling and regulation are matricellular 

proteins. Matricellular proteins are a family of heterogeneous, structurally-unrelated 

extracellular molecules that interact with cell surface receptors, growth factors, proteases, 

and other bioactive effectors and serve as a link between cells and the ECM16. Matricellular 

proteins do not serve a role in tissue structure or architecture and expression in healthy adult 

cardiac tissue is normally low. However, matricellular proteins modulate cellular behavior in 

response to external stimuli and act as integrators of signaling cascades16. Following cardiac 

insult, matricellular protein expression is significantly upregulated, facilitating modulation 

of cell migration, adhesion, and proliferation during the wound repair process16.

In the regulation of the AV structure, the transforming growth factor beta (TGF-β) 

superfamily is one of the largest molecular components. TGF-β is a key cytokine involved in 

various biological processes including cellular proliferation and differentiation and is known 

to strongly affect the composition of the ECM through potent stimulation of the production 

and deposition of ECM components such as collagen, fibronectin, and integrins17. 

Additionally, TGF-β is known to signal through various pathways, depending on the isoform 

of TGF-β, and has been shown to be upregulated in AV development17,18. In fibrotic 

diseases, increased TGF-β production follows tissue injury before ECM production 

increases17. As a result of strong effects on ECM composition, TGF-β likely takes an active 

role in the development and remodeling of AI tissue.

The final major regulators of AV structure are small leucine-rich proteoglycans (SLRPs), 

which help trigger multiple cellular processes, and its complex signaling network provides 

added regulation during tissue morphogenesis, native immunity, and other functions19. 

Additionally, many SLRP gene family members bind to and modulate TGF-β and bone 

morphogenic proteins (BMPs), a member of the TGF-β superfamily and an inducer for 

osteoblastic differentiation19,20. The interactions with ECM components like TGF-β 
suggests that a wide network of different proteins interact together to maintain ECM 

structure and organization and show that many of these proteins could also lead to 

dysregulation, which ultimately may result in AI development.

Although many of these proteins, among others, are important in normal valvular 

organization and function, tissue injury is often a catalyst for protein overexpression, which 

subsequently leads to different biological processes including ECM disorganization and 
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sustained VIC activation. Among these molecular changes, certain key proteins involved in 

AV regulation have been implicated in the dysregulation and remodeling of AV structure. As 

discussed, certain matricellular proteins, are known to have significantly upregulated 

expression following cardiac injury16. As matricellular proteins provide the link between the 

ECM and cells, potential changes in the activity of these proteins highlight the wide network 

of changes that could potentially affect the biomechanics of the native valve. 

Thrombospondin (TSP-1), SPARC, and Tenascin C (TenC) are known to be actively 

involved in a process of de-adhesion, by which cells undergo a change from strong adhesion 

to the ECM to weak adhesion16,21. Other proteins such as osteopontin (OPN) and periostin, 

have also been implicated in other valvular remodeling processes indicating that the family 

of matricellular proteins affects different mechanisms, not just a single one, despite serving 

similar functions16,19,22–24. As numerous matricellular proteins have been implicated in 

either a specific type of valvular disease or ECM remodeling, these proteins likely take an 

active role in the remodeling process. However, further research is required to clarify how 

and why these proteins alter the biomechanical function of the native valve.

As aforementioned, a major protein with significant impact on the ECM is TGF-β. Given 

TGF-β’s important role in ECM organization, any valvular remodeling will likely be 

associated with altered TGF-β expression, thereby directly impacting the molecular structure 

of the AV. Overexpression of TGF-β is evident in many cardiac diseases, and various 

proteins implicated in other pathways and mechanisms are known to activate TGF-β, 

including matricellular proteins TSP-1 and SPARC, as well as serotonin (5-HT)16–18,25–27. 

Additionally, TGF-β has been suggested to regulate VIC activation following cardiac injury, 

which marks the first step in the wound repair process28. Once remodeling has begun 

following tissue injury, protease activities are triggered, which lead to a rapid release of 

signaling molecules which then allows for a local, growth-mediated activation of cellular 

functions29. TGF-β overexpression has the ability to directly affect ECM components, 

making it an important protein in the initial process of cardiac remodeling, which can lead to 

AV structural changes.

In one specific example of valvulopathy – calcific disease – SLRPs, members of the TGF-β 
family, and matricellular proteins have been shown to interact together. In calcified valves, 

activated VICs, osteogenic growth factors, TGF-β1, BMPs, and tumor necrosis factor-alpha 

(TNF-α) are abundantly present20. In a recent study, TNF-α, a key inflammatory cytokine in 

stenotic AVs, has been associated with an increase the oxidative stress, a previously known 

contributor to the calcification of the AV, in the valve endothelium30. The increased 

oxidative stress was associated with a decrease in VEC secretion of the protective agent 

nitric oxide, leading to ECM disorganization30. Increased TNF-α has been shown to interact 

with the NF-kB pathway, which in turn elevates expression of BMP-2, an osteogenic growth 

factor and inducer of osteoblast differentiation31,32. BMP-2 is of clinical importance as it 

has been found to be overexpressed in stenotic AVs and upregulates expression of Runx2 (an 

osteogenic transcription factor) and OPN levels in VICs32–34. BMP-2 was also found to 

activate the Smad1 pathway via CD44, a transmembrane glycoprotein with a critical role in 

various cellular functions35. As demonstrated by Yang and colleagues, silencing this 

pathway reduced the expression of early osteogenic factors after BMP-2 stimulation, 

indicating its role in modulating the expression of these factors induced by BMP-2 
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stimulation32. Finally, OPN is known to also signal through integrin or CD44-mediated 

pathways as well as interact with decorin in order to modulate cell adhesion, gene 

expression, and survival as well as modulating bone turnover by inhibiting mineralization 

and by promoting osteoclast differentiation and activity16,36.

Another calcific mechanism caused by molecular changes revolves around lipoproteins, 

specifically low-density lipoprotein (LDL) and lipoprotein(a) (Lp(a)). Lrp1, an LDL 

receptor protein, has been found to interact with decorin, a collagen binding SLRP, and 

directly modulate TGF-β pathway in order to regulate ECM organization24,37. In another 

study decorin and bigylcan, another SLRP, were found to bind to LDL in excess, causing 

LDL retention in sites including the aortic wall and valve cusps24. The matricellular protein 

OPN has also been shown to interact with decorin, indicating a potential link between 

SLRPs, LDL, and matricellular proteins16,24. Finally, LDL has been found to bind to 

biglycan, which possesses a tissue-specific function in BMP signaling, in excess causing 

LDL retention in aortic wall and valve cusps19,24. Lp(a) has a structure similar to LDL and 

contains apolipoprotein B-100 (apoB), which when elevated, has been shown to be causally 

associated with an increased risk in cardiovascular disease, including in the development of 

aortic stenosis38,39. Lp(a) is known to increase the cholesterol deposition in the arterial wall, 

promote smooth muscle cell proliferation, and is a carrier of various oxidized 

phospholipids38.

In addition to the basic science studies discussed, various translational studies have 

highlighted other significant protein mediators and have also reinforced the respective roles 

of other known proteins that may contribute to AV dysregulation. One molecule involved 

prominently in AI development is angiotensin II (AngII). Activation of AngII promotes a 

host of responses, including cardiac hypertrophy, collagen synthesis, and significant valve 

thickening in different models40–43. In a study conducted by Driesbaugh and colleagues, 

AngII infusion showed remodeling of the mitral valve tissue via a TGF-β pathway44. 

Another study, conducted on apolipoprotein-E deficient mice, observed significant AV 

thickening upon AngII administration41. These findings indicate that AngII may have a 

major role in the remodeling of cardiac valves and VIC differentiation.

The rise of proteomics and knockout studies on individual proteins in mice over recent years 

has demonstrated that numerous different proteins can contribute to AV remodeling and AI 

when inactivated. In murine models, knockout of Lrp1 has been associated with age-

dependent aortic root dilatation, with no cardiac abnormalities detected prior to the onset of 

the disease. Subsequently, secondary AI developed in these murine models which led to 

further cardiac remodeling and ultimately resulted in secondary cardiomyopathy45. Given 

Lrp1’s interactions with other proteins, Lrp1 likely represents an active and key protein 

involved in the calcification process of the AV. In multiple studies conducted by Théron and 

colleagues, the Krox20 protein was inactivated leading to both VIC alteration and ECM 

disorganization46,47. As a result, it was concluded that complete Krox20 expression is likely 

implicated in AV development. Additionally, the AVs in these Krox20 knockout models 

were found to contain significant AV thickening46,47. In another murine model, inactivation 

of the retinoblastoma protein tumor suppressor (pRb) in the AV led to increased cusp 

thickness and AI development, likely due to ECM disorganization48. Although these 
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knockout models provide significant findings of possible proteins involved in AI 

mechanisms, it is important to remember the limitations that murine models carry, including 

anatomical differences to humans, and further research is required to verify the role of these 

proteins in human AI development as well.

Given the wide array of genomic and proteomic pathways involved in AV dysregulation (See 

Figure 1), primarily through ECM remodeling, it becomes clear that many more genes and 

proteins likely contribute to this process as well. Additionally, other proteins may contribute 

to other different pathological mechanisms implicated in AI development, such as 

myxomatous valve degeneration or calcification.

Cellular Components

As has been briefly mentioned, cellular regulation in the AV focuses around VICs. VICs are 

a specific population of cell types found in cardiac valves49. VICs have been found to 

possess the ability to sense and respond to their micromechanical environment in order to 

achieve valve homeostasis and during disease development10. VICs are responsible for 

valvular ECM maintenance through the synthesis and secretion of ECM components as well 

as through the secretion of matrix metalloproteinases (MMPs) and their inhibitors TIMPs49. 

As VICs are sensitive to their micromechanical environment, VIC deformation plays a 

crucial role in the regulation of the biosynthetic activity of the cells in addition to heart valve 

repair and remodeling mechanisms50. Studies have also shown that changes in the nuclear 

aspect ratio (NAR), a metric used for overall cell shape, were closely associated with 

geometric changes that occur in early pregnancy50,51 showing a concrete link between 

structural remodeling and VIC changes.

VICs become active once they are exposed to altered biomechanical stimuli or valvular 

insult28,44. Once activated, VICs exhibit the phenotype of myofibroblasts (through the 

expression of smooth muscle α-actin) or resemble osteoblast-like cells, through BMP-

mediated processes already discussed10,32,49. This alteration in phenotype is typically 

associated with ECM remodeling, and the functional properties of activated VICs depend on 

which phenotype they exhibit44. For instance, collagen-secreting myofibroblast-like cells 

(activated VICs) could synthesize and secrete excessive amounts of ECM components, 

especially collagen, which could lead to increased tissue stiffness29. As VICs are sensitive to 

their local environments, changes in the strains they are exposed to directly affects their 

function. Due to the anatomical location of both aortic and mitral VICs, they are exposed to 

greater strains and transvalvular pressure than other valves, causing these VICs to have 

increased stiffness and higher collagen production50,52. Additionally, increasing the level of 

strain on mitral VICs, which are similar in structure to aortic VICs, have been found to cause 

VIC activation50,53. In diseased valves, VICs may also lose their homeostatic equilibrium 

and maintain an activated state54.

In addition to VICs, VECs populate the AV cusps. VECs are a highly proliferative 

endothelial population with specific functions in both AV disease and development, 

including valve homeostasis55. VECs cover valve cusps in a single layer on the ventricularis 

and fibrosa sides to serve as a physical barrier between the hemodynamic environment and 

VICs56,57. Given this location, VECs are exposed to shear stress as well as circulating 
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signaling molecules, including cholesterol56. Since VICs are not directly exposed to these 

molecules, yet still have pathological responses to them, the role of VECs may be to mediate 

signaling between the hemodynamic environment and VICs as well as protect VICs from 

these molecular risk factors56. Furthermore, nitric oxide secreted by VECs has been shown 

to be a natural antagonist of calcific aortic valve disease (CAVD) pathogenesis by decreasing 

VIC activation (both osteoblastic and myofibroblastic) and matrix calcification, further 

highlighting the signaling mechanism between VICs and VECs58,59. VECs are also known 

to undergo an endothelial to mesenchymal transformation, resembling myofibroblastic 

VICs, after which they have been shown to affect collagen arraignment and possibly affect 

ECM organization as well through expression of MMP-9, TGF-β1, Notch1 and BMP-460,61. 

Additionally, the VEC transformation has been shown to be stimulated by TNF-α 
exposure60. Therefore, signaling between VICs and VECs has been found to be essential in 

VIC function during valve development and homeostasis, further corroborated by a VEC-

specific TGF-β1 inactivation study56, in which endothelial cells were found to protect VICs 

against calcification through Sox9 nuclear localization maintenance55,56,61. In the same 

study, the loss of VEC-specific TGF- β1 signaling led to reduced Sox9 expression and 

increased calcification56. VEC function in protecting VICs as well as inhibiting VIC 

activation highlights a key mechanism that could lead to the onset of AI and other AV 

diseases. The signaling mechanism between the two suggests that there is a wide network of 

associated pathways and proteins that affect valvular remodeling through cellular 

interactions.

Extracellular Matrix Components

Following the cellular changes in the valve, the next level of structure involved in the 

remodeling process is the ECM. The ECM is an important regulator of cell and tissue 

function and may be defined as the diverse collection of proteins and sugars that surrounds 

cells in all solid tissues29,62. The ECM also plays a crucial role in wound healing and organ 

homeostasis, and any disorganization or dysregulation can result in potentially fatal 

pathological conditions29,62. The organized valvular ECM makes up the cusps of the valve 

and contains three overlapping layers, each with distinct properties: the ventricularis, the 

spongiosa, and the fibrosa63,64. Valve ECM is composed of a dense network of collagen, 

elastin, and glycosaminoglycans (GAGs), making it functionally and mechanically different 

from other cardiovascular structures65.

As already mentioned, changes in ECM are critical in AI development and changes in the 

local environment of the valve are known to lead to disorganization and remodeling of the 

valvular ECM in order to maintain hemostasis and/or to recover from any insult20,29,47,49. 

As discussed, certain proteins and pathways are known to trigger or greatly affect these 

changes in the ECM, including TGF-β. ECM disorganization has also been implicated in 

valve disease through ECM-related gene mutations, however, their mechanisms are not 

known66. Importantly, VICs are responsible for the synthesis and secretion of ECM 

components, highlighting an important connection between how individual cells can greatly 

affect their surrounding structure, which in turn can affect the entire valve structure through 

cardiac remodeling. Given the highly interconnected network of proteins and pathways 

involved in ECM maintenance that have been implicated in AI development, it is safe to 
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suggest that the ECM changes are at the center of the network from which valve remodeling 

occurs.

Cardiac Remodeling

Due to the interplay between these molecular, cellular, and structural changes, remodeling 

can dramatically alter the mechanical and functional properties of the valve. For instance, 

physiologic changes to heart valves occur during pregnancy to maintain valve function in a 

setting of increased hydrodynamic stress. In a bovine model, the mitral valve in pregnant 

cows were shown to undergo substantial remodeling resulting in structural and biochemical 

changes that dramatically alter valve leaflet tissue morphology51. It was shown that changes 

in collagen phase of leaflet tissue change during pregnancy, however, following the end of 

pregnancy, these processes reversed themselves and the valve regained relatively normal 

structure and function, despite the valve’s ECM not returning to a pre-pregnant state51. 

Given these results, it becomes clear that valve remodeling is an extremely active process 

which facilitates the ability to return to normal function following reversal in changes to its 

mechanical environment. It is important to note that this study conducted by Rego and 

colleagues was done on the mitral valve, and additional research is necessary to demonstrate 

these findings in the AV.

Cardiac remodeling resulting in AI can manifest itself in various ways, such as prolapse, 

degeneration, and calcification, which can result in changes in the hemodynamic properties 

of the valve. Important clinical pathways have been found to remodel the valve, including 

through calcification and LDL cholesterol, which has been well documented to be associated 

with atherosclerosis, which in turn has been shown to be strongly associated with the 

development and progression of CAVD67–71. Given the previously discussed molecular 

pathways and interactions with LDL and associated proteins, LDL may represent an 

important integrative clinical pathway in remodeling. Furthermore, the structurally similar 

protein Lp(a) has been shown, when elevated, to be strongly associated with aortic stenosis 

development as well as aortic valve calcium deposition38,72,73. Other structural results of AV 

remodeling include myxomatous degeneration which can result in valve prolapse, as 

previously been documented in the mitral valve44.

One particular pathway of interest that has been implicated in multiple AI studies is the 5-

HT pathway. Given 5-HT’s role in treatment for other diseases, including but not limited to 

neurodegenerative diseases like Parkinson disease and Huntington disease as well as several 

highly-prevalent mental health disorders such as depression and anxiety, any cardiac 

remodeling involving 5-HT represents clinically significant processes with important 

ramifications. The 5-HT pathway has been implicated in both AI and mitral valve 

mechanisms, including VIC activation and ECM remodeling15,26,40,44. 5-HT signaling in 

VICs has been shown to interact with AngII, suggesting that 5-HT has an active impact on 

the AngII pathway already described which has been shown to affect valve structure40. 

Additionally, various translational studies have shown similar results. In a rat model, long-

term 5-HT administration was found to induce carcinoid syndrome74 and there is strong 

evidence of association between 5-HT and gradual thickening of the leaflets followed by 

fibrosis and retraction of the valve40. In another study done in a sheep model, 5-HT was 
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shown to upregulate TGF-β1 in aortic VICs, which resulted in increased amounts of both 

active and latent TGF-β115, which has been discussed to be involved in various valve 

diseases. Additionally, 5-HT2 receptor signaling has been associated with increased VIC 

mitogenesis and increased production of ECM proteins44. In particular, 5-HT2A and 5-HT2B 

have also been heavily linked to valve function and degeneration. 5-HT2B is thought to have 

an active role in cardiac development and the regulation of cardiovascular functions, and has 

been found to be expressed throughout cardiac tissue, as seen in various studies40,75,76. As 

shown by Driesbaugh and colleagues, these receptors have active roles in myxomatous 

mitral valve prolapse44. In particular, 5-HT2 receptors A and B have been implicated to have 

active roles in myxomatous mitral valve prolapse44. Additionally, another study found AI to 

be induced by a myxomatous degeneration of the cusps due to irregular accumulations of 

myxoid materials in the spongiosa and fibrosa layer of the valve77.

Given the various interconnected pathways, changes in VICs, including activation and 

alteration, have direct effects on ECM composition and the proteins in the ECM. The 

synthesis and secretion of these components, such as TGF-β, can lead to ECM 

disorganization, which has been implicated in multiple studies described previously as a key 

component to AI development across a wide range of models. Given the clinical significance 

of certain common pathways in AI progression, these pathological mechanisms that 

manifest themselves through cardiac remodeling processes across all types of AI (see Figure 

2) have large implications on patient treatment.

Management

Due to the largely asymptomatic natural history of the disease, management of AI is largely 

surgical in nature and frequently necessitates AV replacement or repair. However, given the 

wide network of proteins, pathways, and structural changes that occur in AI development, 

innovative ways to manage the disease should be researched (See Table 2). For example, 

certain proteins and structural changes could be used as markers of ECM disorganization, 

including HA, TGF-β, matricellular proteins, and NAR ratio13,15,50, which could guide 

clinical management.

Medical Regimens

Certain medications have been shown to actively affect pathways and proteins implicated in 

AI development and cardiac remodeling. For example, angiotensin-converting enzyme 

(ACE) generates AngII, which has been shown to lead to cusp thickening40–43. ACE 

inhibitors would block synthesis of AngII, potentially limiting the thickening of valve 

cusps78. However, no clinical trials have shown ACE inhibitors to be effective in targeting 

this valvular mechanism. ACE inhibitors have been suggested to affect disease progression 

and treatment through cardiac remodeling mechanisms. One study utilizing an LRP1 murine 

knockout model of secondary AI demonstrated phenotypic improvement with ACE inhibitor 

administration45. Another study found that administering captopril to patients mitigated the 

deleterious effects of AI by reducing left ventricle volume overload, lowering regurgitation 

fraction, and reduction of AngII levels79. Given the unclear role of ACE inhibitors in the 

mitigation of AI, additional prospective research is warranted.
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Additionally, for the 5-HT pathway, certain 5-HT2 receptor antagonists have been suggested 

to mitigate valvular changes caused by 5-HT. In a study by Droogmans and colleagues, 

administration of the 5-HT2B antagonist cyproheptadine was found to prevent the 

development of the disease in a rat model, following Pergolide administration80. 

Additionally, another study found that the 5-HT2B atagonist Terguride was suggested to 

prevent 5-HT induced heart damage in a rat model81. Although certain studies have been 

shown to reduce disease and target these pathological mechanisms, medical treatment for AI 

patients requires more extensive research to understand if it represents a viable treatment 

option.

Despite these promising studies, other drugs have been shown to not be as effective in 

treating valvular remodeling pathways. For example, in a clinical trial examining patients 

with mild-to-moderate asymptomatic aortic stenosis, a combination of simvastatin and 

ezetimibe were shown to lower LDL cholesterol by an average of 50%, however, over a 

longer period of time no overall reduction of disease progression was observed, questioning 

the targeting of the LDL pathway82. As a result, further study is needed to understand how 

the LDL can be targeted medically to treat valvular diseases. In the absence of effective 

medical management of AI, treatment is largely dependent upon surgical or percutaneous 

intervention.

Surgical Treatment

For decades, the gold standard of AI treatment has traditionally been complete valve 

replacement, with either a biological or mechanical aortic prosthesis. Currently, the AHA 

guidelines recommend complete AV replacement in the majority of patients. Valve repair is 

also a viable option in select patients, and periodic monitoring is recommended for two at-

risk patient cohorts: those presenting with progressive AI with no prior cardiac surgery, and 

those with asymptomatic severe AI (LVEF ≥ 50%, left ventricle end-systolic dimension 

(LVESD) ≤ 50 mm, and left ventricle end-diastolic dimension ≤ 65 mm)8. Innovative 

procedures such as valve-sparing aortic root replacement and AV repair are becoming more 

commonplace, allowing for the patient’s native valve to remain in place and avoid the need 

for lifelong anticoagulation in the case of mechanical valve implantation or further 

reoperations due to prosthetic valve degeneration7.

Several studies have shown that AV repair procedures have the potential to improve patient 

outcomes following AV disease with high survival rates6,83,84. As the mechanotransductive 

properties of VICs are changed during valve-sparing and valve-repair procedures, the fibrosa 

NAR levels could be of clinical significance in future AI studies as well to help identify 

patients at risk for further remodeling following surgical intervention. As shown by Ayoub 

and colleagues, valve repair was found to reduce circumferential strain and is estimated to 

reduce the fibrosa NAR53. However, certain advanced manifestations of AI cannot be 

repaired. For example, the mechanisms causing calcification can restrict the movement of 

the cusps and may require complete replacement if there is a lack of pliable tissue that can 

preclude a satisfactory repair6,7.

Despite surgical repair and replacement still being the major treatment for AI, the rise of 

percutaneous treatment has allowed for faster recovery times for patients as well as 
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successful treatment options for high risk surgical candidates. Percutaneous mitral valve 

repair has been well-documented, however the experience with such techniques and 

technologies in the aortic position have been limited. In the EVEREST II study, MitraClip 

placement in high-risk patients with severe mitral regurgitation was associated with a 

significant improvement in NYHA functional class at both 30 days and 12 months relative to 

baseline in most patients, while mitral regurgitation grade was also improved at 12 months 

following placement85. Prior success of surgical AV repair, in conjunction with the 

continued sophistication of percutaneous valve techniques and technologies, may bolster the 

feasibility of percutaneous AV repair in select patients86–88.

As transcatheter aortic valve replacement (TAVR) has gained more traction as a successful 

alternative to surgical AV replacement following publication of PARTNER 3 trial89, its role 

in treating AI patients has been debated. Using older generation devices, including 

CoreValve and Sapien XT devices, AI was associated with increased complications for 

patients undergoing TAVR due to increased risk for embolization, valve migration, and post-

procedural regurgitation87,90. This risk is accentuated by the lack of calcification present in 

patients with AI, as opposed to aortic stenosis TAVR patients, making device placement 

difficult as TAVR valves are anchored into place by native valve calcification86,90. Given the 

difficult management of associated aortic root diseases and necessity of large valve sizes, 

treating native AI with TAVR has been fairly limited91. However, newer generation 

transcatheter heart valves, including Evolut R, Sapien 3, JenaValve, Lotus, Direct Flow, 

Acurate, Portico, and J-Valve, have shown to be more effective and improve outcomes in 

treating native AI when compared to older generation devices due to improved anchoring 

mechanisms and repositioning capability86,87,90. The JenaValve, for example, has 

demonstrated efficacy in the management of native AI by utilizing a calcification-

independent anchoring mechanism92. High-risk patients with native AI, including those with 

significant comorbidities and advanced age that preclude a safe open surgical intervention 

constitute a population that may benefit from a less invasive procedure such as TAVR93. In 

fact, a systematic review conducted by Wernly et al. demonstrated that TAVR in high-risk 

candidates with native AI obtained a 90% procedural success rate94. For patients with failing 

prosthetic AVs that result in AI, TAVR has been shown to be a viable option as well, with 

the original, surgically implanted valve providing better anchoring and visualization for 

TAVR as well as positive 30-day clinical outcomes90. Additionally, several “valve-in-valve” 

cases have been reported where percutaneous valve implantation has successfully replaced 

degenerated bioprosthesis, for example as a result of prolapse95 and suspected endocarditis96 

which had caused severe AI, with strong hemodynamic outcomes reported97–99. 

Additionally, direct access surgical valve-in-valve procedures have also been shown to be 

feasible in cases where percutaneous intervention is contraindicated100. Despite these 

positive results, TAVR treatment in young patients would still likely necessitate a further 

reoperation due to bioprosthetic degeneration, unlike a surgical repair. Therefore, the 

effectiveness of TAVR as a treatment option for native AI in certain patient populations 

should still be questioned. With continued improvement in percutaneous techniques and 

technologies as well as increased outcomes data from such procedures, the utility TAVR for 

patients with native AI demands frequent reappraisal.
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Conclusions

With the discovery of various pathways and mechanisms for different types of AI, the next 

step must be to reevaluate the current classifications and guidelines. Although this review 

attempts to cover many of the known mechanisms already implicated, many more exist and 

more are not yet known. Additionally, ECM remodeling and VIC activation also require 

further research in order to solidify our understanding of valvular remodeling. New 

questions must be asked in order to determine if all patients necessarily require surgical 

treatment or if other medical treatments can be found that could limit, stop, or even reverse 

the effects of remodeling in the progression of AI, which could delay any surgical 

intervention. If surgical treatment is necessary, researching these pathological mechanisms is 

essential to understand why AI may preclude durable replacement as well as to expand 

accurate patient selection classifications for different procedures. Consequently, it is 

essential to continue pursuing further characterization of the pathophysiologic mechanisms 

underlying AI, and to further elucidate both modifiable and non-modifiable risk factors as 

well as novel strategies for disease mitigation. In the interim, surgical management remains 

the gold standard for AI management, and further evolution of percutaneous and techniques 

for AV repair and replacement will inevitably allow for decreased recovery times and 

hospital stays, and will furthermore offer surgical intervention for patients who are 

traditionally considered too high-risk for more invasive procedures.
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Abbreviations

AGAG Acidic Glycosaminogylcan

AngII Angiotensin II

AI Aortic Insufficiency

AV Aortic Valve

BMP Bone Morphogenic Protein

CAVD Calcific Aortic Valve Disease

ECM Extracellular Matrix

GAG Glycosaminoglycan

HA Hyaluronic Acid

LVEF Left Ventricle Ejection Fraction

LV Left Ventricle

Lpa(a) Lipoprotein (a)
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LDL Low Density Lipoprotein

NAR Nuclear Aspect Ratio

OPN Osteopontin

5-HT Serotonin

SLRP Small Leucine-Rich Proteins

TenC Tenascin C

TSP-1 Thrombospondin

TAVR Transcatheter Aortic Valve Replacement

TGF-β Transforming Growth Factor Beta

TNF- α Tumor Necrosis factor Alpha

VIC Valve Interstitial Cells

VEC Valve Endothelial Cells
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Figure 1: 
Network of AI-associated proteins created on https://string-db.org/. The lines highlight 

interactions between different proteins: Green lines are proteins interactions that have been 

associated with AI in various studies. Blue lines are known interactions found in curated 

databases. Pink lines represent proteins interactions that have been experimentally 

determined. Black lines represent gene co-expression. Purple lines indicate homologous 

proteins. Abbreviations are as follows: TGFB1, TGF- β; LDLR, LDL Receptor; HTR2B and 

HTR2A, 5-HT Receptors 2A and 2B; AGTRAP, AngII Receptor Associated Protein; 

AGTR1 and AGTR2, AngII Receptors Type 1 and Type 2; SPP1, Osteopontin; DCN, 

Decorin; BGN, Biglycan; POSTN, Periostin; TNC, Tenascin C; FN1, Fibronectin; COL1A1, 

Collagen Type 1 Alpha 1 101.
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Figure 2: 
Schematic depiction of molecular, cellular, and extracellular signaling pathways and the 

subsequent structural remodeling, as per the El Khoury classification 5. *-Associated with 

Type I, †-Associated with Type II, ‡-Associated with Type III.
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Table 1:

Condensed Criteria for Intervention in Various AI Patient Subgroups8

AI Stage Symptoms Hemodynamic Findings Potential Pathological Markers

At Risk None <Trace AI Markers for ECM disorganization13,15,50:

• HA

• TGF-β

• Matricellular proteins

• NAR ratio

Progressive None RF <50%
Normal LV systolic function
≤Mild LV dilation

Severe Symptomatic:
Heart failure 
symptoms
Asymptomatic: None

Symptomatic:
LV Dilation
RF ≥ 50%
Asymptomatic:
LV Dilation
RF ≥ 50%
LV systolic disfunction
-LVEF <50%
Severe LV dilation present under normal LV systolic 
function
-LVEF ≥ 50%, LVESD >50mm, LVEDD >65mm

AI-Aortic Insufficiency

ECM-Extracellular Matrix

HA-Hyaluronic Acid

LV-Left Ventricle

LVEF-Left Ventricle Ejection Fraction

LVEDD-Left Ventricle End Diastolic Diameter

LVESD-Left Ventricle End Systolic Diameter

NAR-Nuclear Aspect Ratio

RF-Regurgitant Fraction

TGF-β-Transforming Growth Factor Beta
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Table 2:

Molecular, Cellular, and Structural Changes per Class5 of Aortic Insufficiency (AI), and Implications For 

Future Therapy

AI Class I II III

Current Surgical 
Approach(es)

Valve sparing root remodeling/
replacement

Prolapse repair
Surgical valve replacement

Leaflet repair
Surgical valve replacement

Molecular Involvement Biglycan24

Decorin16,24,37

Lrp124,37,45

Osteopontin16

TGF-β24,37

5-HT2 Receptors44 5-HT40

AngII41

Biglycan19,24

BMP and BMP-232–35

Krox2046,47

Lp(a)38,72,73

Osteopontin16

pRb48

TNF-α20,30–32

Cellular Involvement VIC activation44 VIC activation
Osteoblast differentiation16,19,24,32–35

Myofibroblast-like differentiation29

VEC inactivation55,56,61

VEC transformation60,61

Valve Extracellular Matrix 
Involvement

ECM disorganization due to VIC 
activation44

ECM disorganization30,46–48

Larger Pathways Implicated LDL 5-HT44 CAVD67–71

LDL67,69–71

5-HT40

Remodeling Location(s) and 
Mechanisms

Root dilation and surrounding 
valve structure

Cusp prolapse/coaptation Cusp calcification and thickening

Proposed Future Treatment* Valve sparing root remodeling/
replacement

5-HT antagonists80,81

TAVR
5-HT antagonists80,81

ACE inhibitors45, 78,79

TAVR

5-HT-Serotonin

AngII-Angiotensin II

BMP-Bone Morphogenic Protein

CAVD -Calcific Aortic Valve Disease

ECM-Extracellular Matrix

LDL-Low Density Lipoprotein

Lp(a)- Lipoprotein (a)

Lrp1-Low Density Lipoprotein Receptor-Related Protein 1

pRb-Retinoblastoma Protein Tumor Suppressor

TGF-β-Transforming Growth Factor Beta

TNF-α-Tumor Necrosis Factor Alpha

VEC-Valve Endothelial Cell

VIC-Valve Interstitial Cell

*
Further Research Necessary
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