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Abstract

Degenerative mitral valve (MV) regurgitation (MR) is a highly prevalent heart disease that 

requires surgery in severe cases. Here we show that a decrease in the activity of the serotonin 

transporter (SERT) accelerates MV remodeling and progression to MR. Through studies of a 

population of patients with MR, we show that selective serotonin reuptake inhibitor (SSRI) use 

and SERT promoter polymorphism 5-HTTLPR LL genotype were associated with MV surgery 

at younger age. Functional characterization of 122 human MV samples, in conjunction with in 

vivo studies in SERT−/− mice and wild type mice treated with the SSRI fluoxetine showed that 

diminished SERT activity in MV interstitial cells (MVICs) contributed to the pathophysiology 

of MR through enhanced serotonin receptor (HTR) signaling. SERT activity was decreased in 

LL MVICs partially due to diminished membrane localization of SERT. In mice, fluoxetine 

treatment or SERT knockdown resulted in thickened MV leaflets. Similarly, silencing of SERT 
in normal human MVICs led to upregulation of transforming growth factor (TGF)-beta-1 and 

collagen (COL1A1) in the presence of serotonin. In addition, treatment of MVICs with fluoxetine 

not only directly inhibited SERT activity, but also decreased SERT expression and increased 

HTR2B expression. Fluoxetine treatment and LL genotype were also associated with increased 

COL1A1 expression in the presence of serotonin in MVICs, and these effects were attenuated by 

HTR2B inhibition. These results suggest that assessment of both 5-HTTLPR genotype and SERT-

inhibiting treatments may be useful tools to risk-stratify patients with MV disease to estimate the 

likelihood of rapid disease progression.

One Sentence Summary:

Serotonin transporter genotypes and SSRI use influence the progression of degenerative mitral 

regurgitation.

INTRODUCTION

Degenerative mitral valve (MV) regurgitation (MR) is one of the most prevalent heart 

valve diseases (1). Currently, the only treatment for severe MR is surgery to repair 

or replace the degenerated MV leaflets. The molecular processes triggering abnormal 

extracellular matrix (ECM) remodeling in the MV leading to thickening and structural 

disorganization of the MV (myxomatous degeneration) are incompletely understood. 

Experimental and clinical evidence support a role for mechanisms related to serotonin 

(or 5-hydroxytryptamine, 5HT) in MV pathological remodeling (2–4). Signaling through 

serotonin G-protein-coupled receptors (HTRs) can upregulate transforming growth factor 

(TGF)-β1 leading to pro-fibrotic remodeling (5, 6). Indeed, conditions that result in 

increased circulating concentrations of serotonin have been shown to be associated with 

valvulopathies (7). Patients with neuroendocrine (carcinoid) tumors that secrete serotonin 

often present with ECM plaques in the right heart valve leaflets (2). Valve abnormalities 

were also observed in patients treated with the diet drug dexfenfluramine (3, 4) or the 
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anti-Parkinson’s drug pergolide (8). Both dexfenfluramine and pergolide can function as 

agonists of HTR type 2B (HTR2B) (8, 9), which is one of the most abundant HTRs in 

the cardiovascular system. In addition to exerting HTR2B agonism, dexfenfluramine can 

increase serotonin signaling by inhibiting the serotonin transporter solute carrier family 6 

member 4 (SLC6A4), also known as SERT (10). SERT reduces HTR-mediated signaling 

by transporting serotonin inside the cell. Inhibiting SERT is the mechanism of action 

of selective serotonin reuptake inhibitor (SSRI) antidepressants, which thereby increase 

serotonin signaling in the nervous system. Outside the nervous system, serotonin has 

multiple homeostatic functions ranging from facilitating platelet thrombus to gastrointestinal 

motility (11). Tissue-specific combinations of HTR types, serotonin transporters or local 

synthesis of serotonin may tightly regulate serotonin signaling at the tissue level.

We hypothesized that a decrease in the activity of SERT in the MV enhances the remodeling 

that leads to degenerative MR. To test this hypothesis, we focused on two clinically relevant 

scenarios: 1) decreased SERT activity caused by SSRI use, and 2) decreased SERT activity 

by specific SERT-promoter genotypes. SERT is subject to a polymorphism in the promoter 

(non-expressed) region of the gene (12); this polymorphism, abbreviated 5-HTTLPR, is a 

variable number tandem repeat (VNTR), 43 bases in length. Multiple studies have attempted 

to link 5-HTTLPR genotypes to serotonin-related disorders. To date, it is still not known to 

what extent 5-HTTLPR genotypes affect SERT activity in the MV. The aims of the study 

included testing the responsivity of MV interstitial cells (MVICs) from patients with MR 

from the three main 5-HTTLPR genotypes to serotonin stimulation. Our results confirmed 

that MV SERT activity is crucial in MV degenerative remodeling.

RESULTS

Gene expression of serotonin-associated proteins is altered in degenerative MR leaflets 
versus normal MV leaflets

First, we tested the hypothesis that MVs from patients with degenerative MR would have 

altered gene expression of serotonin-associated proteins in conjunction with changes in 

known markers of MV degeneration. The clinical and demographic data from the cohorts 

of patients with MR included in this study are detailed in table S1. The most common MR 

presentation among our cohort of patients was prolapse of the P2 segment of the posterior 

MV leaflet (Fig. 1A).

Immunohistochemistry (IHC) analysis of explanted MV of patients undergoing MV repair 

or replacement surgery for MR showed pathological remodeling of the MV. Movat’s 

pentachrome staining (Fig. 1B) showed structural differences in the MR leaflets in 

comparison to anatomically normal leaflets. Well-defined layers in normal MVs contrast 

with MR MVs, which often have interstitial accumulation of elastic fibers and an increase in 

glycosaminoglycans intertwined with collagen. MVs from patients with MR had interstitial 

areas that showed accumulation of α-smooth muscle actin (αSMA)-positive cells, a marker 

of MVIC activation into a synthetic phenotype. The marker of proliferation Ki67 showed 

areas of MVIC proliferation in the interstitium of MR MVs that did not necessarily overlap 

with areas of MVIC activation. The matricellular protein osteopontin (OPN), involved in 

bone morphogenic protein (BMP)-mediated valve differentiation (13), was increased in MR 
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MVs. Employing RT2 Profiler PCR arrays, we compared gene expression in degenerative 

MR leaflets (n=44) with normal MV leaflets (n=20). Table S2 includes the gene expression 

results of the complete gene panels. As expected, collagen gene expression (COL1A1 
and COL1A2) was increased in MR compared to normal MV (Fig. 1C). Among fibrotic 

remodeling markers, TGFβ1, TGFβ2 and BMP4 expression were increased in MR (Fig. 

1C). These results illustrate the increased synthesis of ECM components in association with 

alterations in TGFβ/BMP signaling in degenerative MR. SERT expression was significantly 

decreased in MR vs. control MV (P = 0.001, Fig. 1D). Another serotonin transporter, 

vesicular monoamine transporter-2 (VMAT2), which sequesters intracellular serotonin into 

vesicles, was also decreased in MR. Expression of certain HTRs were also decreased in MR 

(Fig. 1D). HTR2A and HTR2B gene expression were not significantly changed (HTR2A, 

P = 0.05, HTR2B, P = 0.3). Fig. 1E shows the gene expression values of SERT from the 

RT2 Profiler PCR array in each normal and MR sample. Immunofluorescence staining of 

MV tissue likewise indicated decreased SERT in MR MV versus normal (Fig. 1F and fig. 

S1). These results led us to hypothesize that serotonin might be able to exert increased 

HTR-dependent signaling in the MR MV due to reduced clearance of extracellular serotonin 

by reduced SERT and VMAT2.

5-HTTLPR genotype LL is overrepresented in degenerative MR population

To study the possible implications of SERT promoter polymorphisms, which may be 

associated with changes in SERT activity, in degenerative MR, we performed clinical data 

analysis, including determination of the 5-HTTLPR genotype, of a subset of 225 patients 

with moderate to severe MR requiring MV cardiac surgery (Table S3). 41.3% of these 

patients were determined to be New York Heart Association (NYHA) Class III or IV. The 

age range at the time of surgery was 24 to 89 years. Most patients were men (71.1%). 

Genotypes are labeled according to the length of the 5-HTTLPR region as a result, “L” for 

long and “S” for short. The expected distribution of LS, LL and SS in the general population 

would be ≅50/25/25% according to the Hardy-Weinberg equilibrium. In the degenerative 

MR population studied, LS/LL/SS distribution was 49/33/18% (Fig. 2A), showing that the 

LL genotype is more abundant than the SS genotype in this cohort.

SSRI use and 5-HTTLPR genotype LL are associated with surgery at younger age in 
degenerative MR patients

Because our main hypothesis was that a decrease in the activity of SERT in the MV leads 

to degenerative MR due to relatively reduced serotonin deactivation and increased HTR 

signaling, we aimed to test whether SSRI use and 5-HTTLPR genotype LL were associated 

with accelerated MV degeneration and therefore, with the need for MV surgery at a younger 

age. We performed multivariate analyses according to age at the time of MV surgery (Fig. 

2, B to D). Cox’s proportional hazards model was used, where the response variable was the 

age at MV surgery. In our cohort of patients with degenerative MR, SSRI use before MR 

surgery (20 of the 225 patients), was associated with increased hazard of having MR surgery 

at a younger age (Fig. 2B) after adjusting for co-variates in the Cox model. Sex, specifically 

male-over-female, was also significantly associated with increasing the hazard of having MR 

surgery at a younger age (P = 0.004). To confirm the result, we expanded the multivariate 

analysis to include 9441 patients from the Optum Database. This dataset included a number 
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of co-variates for analyses that were present in the primary 225 patient population as well 

as others that were not mutually available. In the Optum population (table S4), SSRI use 

(Fig. 2C) was also significantly associated with increasing the hazard of having MR surgery 

at a younger age (P < 0.001). Again, sex (male-over-female) was significantly associated 

with surgery at a younger age, along with alcohol dependence and obesity (all P < 0.001, 

Fig. 2C). Next, we tested interactions with 5-HTTLPR genotype LL in our local 225 subset 

cohort (Fig 2D). Although genotype LL was associated with surgery at older age (P =0.01), 

when considered together with sex (male-over female), there was a significant effect (P = 

0.003) of LL-male-over-female of having surgery at younger age. Together, these results 

suggest that changes in SERT are associated with the need for MV surgery at younger age, 

especially in male patients, who make up the majority of the surgical MR population.

5-HTTLPR genotype LL and SSRI have a mild impact on MV-tissue level gene expression in 
degenerative MR

We next sought to confirm the impact of 5-HTTLPR genotype LL and SSRI in serotonin 

pathway genes and markers of pathological remodeling of the MV. Real time PCR with 

Taqman probes confirmed significant increases of COL1A1 (P = 0.001) and TGFβ1 (P 
= 0.007) and a decrease in SERT expression (P = 0.006) in the MV leaflets of patients 

with MR undergoing MV surgery compared to anatomically normal MV leaflets (Fig. 3A). 

HTR2B mRNA was significantly increased in this cohort of patients (P = 0.002), whereas 

αSMA, HTR1B, HTR2A and HTR7 were not different from normal MVs. No correlation 

between age and SERT expression was observed (fig. S2A). We did not find an effect 

of sex in MV gene expression of SERT or HTRs (fig. S2B), although αSMA expression 

was higher in females than males (P = 0.03). When stratified by 5-HTTLPR genotype, 

TGFβ1 expression was significantly higher in LL MV than in SS MVIC (P = 0.02) whereas 

SERT, COL1A1, TGFβ1 expression trends were not significant (P > 0.05, fig. S3, A and 

B). The trends in gene expression were also similar to differences in immunofluorescent 

staining (fig. S3C). MR leaflets from patients with the SS genotype had the lowest content 

of SERT, HTR2B, the marker of TGFβ1-signaling phosphorylated (P-)SMAD2, and αSMA, 

among MR MVs. There was no significant difference in the expression of SERT, COL1A1, 

HTRs, TGFβ1, or αSMA in association with history of active SSRI use (P > 0.05, fig. 

S3, D and E). These results suggest that 5-HTTLPR genotype LL and SSRI result in small 

gene expression differences in the MVs of MR patients. LL genotype association with 

worsened MR may be mediated by a mechanism other than changes in SERT MV leaflet 

gene expression.

5-HTTLPR genotype LL and SSRI decrease the activity of SERT in MVICs

Next, we aimed to study the impact of 5-HTTLPR genotypes and SSRI in MVICs. Primary 

MVICs were isolated from human leaflets harvested from MR cases and normal leaflets 

(see table S5). SERT expression at baseline was not different in MR MVICs versus normal 

(Fig. 3B). Treatment with fluoxetine for one week resulted in significant downregulation 

of SERT expression in both normal and MR MVICs (Fig. 3C, P < 0.001, fig. S4A). There 

were no evident differences of SERT gene expression at baseline in MR MVICs among 

the three 5-HTTLPR genotypes. However, when MR MVICs were treated with fluoxetine 

for one week, the effect of fluoxetine decreasing SERT expression was strongest in the LL 
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genotype cells (Fig. 3D, P = 0.006). Despite literature suggesting that the LL variant in the 

promoter is associated with higher expression efficiency (12), the impact of the 5-HTTLPR 

genotypes in SERT activity in MVICs was not known. Hence, we analyzed SERT function 

in MVICs with a fluorescent SERT substrate (false fluorescence neurotransmitter, FFN246) 

(14). SERT activity at baseline was significantly lower in MR MVICs than in MVICs 

from normal MV (Fig. 3E, P = 0.012). Pretreatment with fluoxetine for 30 min decreased 

SERT activity (Fig. 3F, control and MR MVICs combined). SERT activity in LL genotype 

MR MVICs was markedly lower than in LS and SS (Fig. 3G, P < 0.001). The lowest 

uptake of FFN246 by LL MVICs was confirmed by confocal microscopy (Fig. 3H). The 

lower activity of SERT in LL MVICs was not associated with lower gene expression (fig. 

S4B). A potential mechanism for lower activity of SERT, despite similar gene expression 

among genotypes, could be decreased localization of SERT to the cellular membrane. 

Indeed, immunofluorescence analysis of unstimulated MR MVICs showed diffuse staining 

of SERT in LL MVICs (fig. S4C). To test this observation, we fixed MVIC after cold 

incubation with an anti-SERT antibody and performed immunofluorescence staining without 

membrane permeabilization, in order to stain for extracellular-facing membrane SERT. Our 

assay showed decreased membrane localization of SERT in LL MVIC (Fig. 3I). Testing the 

protocol in MVICs after SERT siRNA-mediated knockdown (Fig. 3I, right panel) confirmed 

the specific staining of SERT. This result was confirmed by a surface biotinylation assay 

(Fig. 3J), which likewise showed significantly decreased membrane SERT in MVIC from 

patients with MR carrying the LL genotype, which was significant (P = 0.02) in comparison 

with LS genotype. These results confirm that both clinical scenarios identified as either a 

predictor for younger MV repair surgery (SSRI use) or overrepresented in the MR surgical 

population (LL genotype) are characterized by lower SERT activity in MVICs. In the case 

of LL genotype, the lower activity of SERT is at least partially mediated by decreased SERT 

membrane localization in MVICs.

SERT downregulation alters HTR2B and ECM component gene expression in the MV

Because the clinical and gene expression data suggested that the conditions associated with 

downregulation of SERT may result in accelerated MR and gene expression changes in the 

MV, we sought to test whether downregulation of SERT was sufficient to induce anatomical 

or gene expression changes in the MV. For this purpose, we employed SERT knockout (−/−) 

mice (fig. S5A). At 8 weeks of age, SERT−/− mice had thickened MV leaflets in comparison 

to wild type mice (Fig. 4A), and significantly increased expression of COL1A1, αSMA and 

HTR2B in the MV leaflets (Fig. 4B, all P < 0.05). These results showed that a decrease 

in the expression, and therefore activity, of SERT in the MV was sufficient to increase 

collagen synthesis in the MV and may induce changes in HTR. The observed changes in 

SERT−/− mice may be a consequence of a global absence of SERT during development. To 

test whether short-term downregulation of SERT in MVICs was sufficient to induce changes 

in COL1A1 and markers of HTR signaling, we performed si RNA-mediated knockdown of 

SERT in MVICs from human normal MV specimens. Silencing of SERT (Fig. 4C, D) led to 

a 94% decrease in expression and was sufficient to increase the expression of TGFβ1 (Fig. 

4D). When MVICs were stimulated for 24 hours with serotonin after silencing, COL1A1 
expression was significantly higher than in MVIC without SERT silencing (P =0.04). SERT 

silencing resulted in a decrease of the expression the serotonin-synthesis enzyme tryptophan 
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hydroxylase-1 (TPH1) whereas it did not impact the expression of HTRs or other genes 

relevant for MV biology, like OPN or filamin-A (fig. S5B). These results suggest that a 

short-term decrease of SERT activity is sufficient to induce changes in pro-fibrotic capacity 

of MVICs, although with a different gene expression profile than long-term loss of SERT 
in the MV. To test whether SERT inhibition by fluoxetine could also induce changes in the 

MV, we treated wild type mice with fluoxetine for 60 days (20 mg/kg/day). In comparison 

with untreated mice, the MV of mice treated with a high dose of fluoxetine were thickened 

(Fig. 4E), although the content of collagen in the MV leaflets did not appear increased 

(bottom row). The expression of COL1A1 and αSMA in the MV leaflets was not changed 

by fluoxetine treatment (Fig. 4F). HTR2B was increased in the MVs of fluoxetine-treated 

mice (HTR2B mRNA P = 0.045, Fig. 4, F and G), including the thickened regions (Fig. 4G). 

Together, these results confirm that SERT inhibition can induce changes to anatomy, gene 

expression and protein abundance the MV.

SERT downregulation increases COL1A1 in a HTR2B-mediated mechanism

We sought to investigate whether low SERT activity in MR MVIC has a direct local 

impact in COL1A1 expression. One-week treatment of fluoxetine did not increase COL1A1 
expression in MR MVIC (Fig. 5A), or in normal MVIC (fig. S6A), although both normal 

and MR MVIC showed a short-term response to upregulate COL1A1 mRNA in response 

to fluoxetine (fig. S6A). Next, we tested COL1A1 expression after stimulation of MVICs 

with serotonin or TGFβ1 for 24 hours. The effect of serotonin on upregulation of COL1A1 
expression in MVICs was dose dependent (fig. S6B). Treatment of MVICs with 10μM 

serotonin significantly upregulated COL1A1 expression to a similar degree as TGFβ1, but 

was only significantly in MR MVIC (P < 0.001, Fig. 5B). Among MR MVICs, cells 

with the SS genotype (which have the highest SERT activity at baseline, Fig. 3G) were 

less responsive to serotonin stimulation of COL1A1 expression (Fig. 5C). Higher SERT 

activity can result in increased clearance of extracellular serotonin, and therefore could 

reduce the amount of serotonin available to exert signaling through HTR receptors. We 

found that in response to brief treatment with serotonin (1μM, 10 minutes), phosphorylation 

of extracellular-signal regulated kinase 1/2 (ERK), which can occur downstream of 

HTR2B, was less pronounced in SS MVIC in comparison with LL and LS MVIC (Fig. 

5, D and E, fig. S7A). We therefore investigated whether the induction of COL1A1 
expression after SERT downregulation could be mediated by HTR2B signaling. Treatment 

with the HTR2B inhibitor LY272015 (LY) prevented the serotonin-induced increase in 

COL1A1 expression (Fig. 5F) in MR MVICs, whereas a HTR2A inhibitor (ketanserin) 

did not prevent serotonin-induced COL1A1 mRNA upregulation. The LY effect preventing 

serotonin-induced upregulation was more pronounced in LL MVICs (Fig. 5G). Moreover, 

LY co-treatment was able to prevent serotonin-induced COL1A1 mRNA upregulation in 

normal MVICs with siRNA-mediated knock-down of SERT (fig. S7B). Basal HTR2B 
expression in MR MVIC was higher than in normal MVIC (Fig. 5H). In agreement with 

the results found in mice, treatment with fluoxetine increased HTR2B mRNA in both 

normal and MR MVICs (Fig. 5I). However, a short-term response to upregulate HTR2B 
mRNA in response to fluoxetine was present in MR MVICs but not normal MVICs (fig. 

S7, C and D). Increase of HTR2B expression in MR MVICs by fluoxetine treatment was 

highest in LL MVICs (Fig. 5J). LL MR MVICs treated with fluoxetine for one week 
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and subsequently stimulated with serotonin for 24h further upregulated COL1A1 mRNA 

(Fig. 5K). LY attenuated the increase in COL1A1 mRNA in response to fluoxetine and 

serotonin treatments. These results suggest that treatment of MR patients with fluoxetine 

may exacerbate increased ECM remodeling. This effect may be exacerbated in patients 

carrying the LL genotype due to further decreased SERT activity and further upregulation of 

HTR2B in response to fluoxetine. Together, these results show that downregulation of SERT 

activity in MR, genotype L, and fluoxetine, are each associated with increased COL1A1 
expression due to enhanced HTR2B signaling.

DISCUSSION

In this study, we showed that decreased SERT activity, by 5-HTTLPR genotype or 

by SSRI use, could induce a pathological phenotype in the MV leaflets of patients 

with primary MR. Serotonin can induce several cellular processes with implications 

for cardiovascular homeostasis and pathophysiology including mitogenesis, hypertrophy, 

fibrosis, oxidative damage, inotropy vasopression and coagulation (15, 16, 17). Mitogenic 

and profibrotic actions of serotonin are particularly relevant in the context of valvular 

disease. Serotonin can induce TGFβ1 expression (18) in VIC and contribute to ECM 

secretion. Stimulation of mitogenesis and upregulation of TGFβ1 by serotonin are at least 

partially mediated by HTR2 and ERK mechanisms (19). Downregulation of SERT results in 

more extracellular serotonin available to exert signaling through HTR receptors, and this is 

indeed the mechanism of action of SSRI and the rationale for their use to treat depression. 

Downregulation of SERT not only increases HTR2B signaling, but also HTR2B expression 

in certain physiological contexts, including primary MR. Upregulation of HTR2B in the 

fibrotic myocardium of SERT−/− mice had previously been reported (20). Here, we showed 

that SERT−/− mice also have increased HTR2B expression in the MV. Our results suggest 

that the effect of SERT downregulation increasing COL1A1 expression can be attenuated 

by HTR2B antagonism. It is well-established that HTR signaling, particularly through 

HTR type-2 receptors, has important roles in cardiovascular pathophysiology (21). We 

previously showed that HTR2B antagonism, but not HTR2A antagonism, could prevent MV 

thickening induced by chronic angiotensin-II infusion in mice (22). In the current study, 

HTR2B antagonism attenuated the pro-fibrotic effect of SERT downregulation at the MVIC 

level. The role of HTR2 receptors in valve pathophysiology may extend beyond serotonin 

mechanisms: HTR2B exacerbated the influence of inflammation in aortic valve calcification 

(23), exemplifying the connections between serotonin and other molecular stimuli of valve 

remodeling.

The lower activity of SERT in LL MVIC we report contrasts with findings and 

interpretations in other systems, in which LL genotype increased SERT expression and 

possibly activity (12, 24). The association between LL genotype and lower SERT activity 

in MVIC appears to be consequence of post-transcriptional mechanisms that ultimately 

result in lower SERT content at the MVIC membrane surface. A decrease in the amount of 

membrane SERT in LL MVICs may be a consequence of either a decrease of trafficking 

to the membrane upon synthesis or recycling, an increase in SERT endocytosis, or both. 

Lower activity of SERT in LL MR MVICs may result in a compensatory increase in SERT 
expression, which could contribute to 5-HTTLPR-dependent changes in SERT expression 
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beyond promoter-length-mediated effects. Associations between LL genotype and certain 

cardiovascular conditions have been reported, including myocardial infarction risk (25) or 

pulmonary hypertension risk (26). The large body of literature on 5-HTTLPR functional 

effects is not without controversy (27). Associations between 5-HTTLPR genotypes 

and disease may be dependent of the ethnicity of the cohort (28), which may affect 

5-HTTLPR genotype distribution (29). Other variations in the SERT gene may also impact 

transcriptional efficiency and activity in MVIC and MV disease progression (30).

Gene and drug independent mechanisms likely mediate in part the decrease in SERT in 

MV disease. MR may be associated with chronic platelet activation (31), which would 

result in increased release of serotonin from platelets; this mechanism may mediate the 

across-the-board downregulation of SERT in the MV of patients with MR. Our mechanistic 

studies show that, irrespectively of the factor resulting in SERT downregulation (MR, 

5-HTTLPR genotype, fluoxetine or gene knockdown), lower SERT activity is enough 

to increase COL1A1 expression in the MV. Our results show a spectrum in which LL 

corresponds to the least favorable end (overrepresentation in surgical population, surgery at 

younger age in males, increased COL1A1 expression in response to serotonin) and SS to 

the most favorable (mildest changes in gene expression in MV, lowest P-ERK in response to 

serotonin stimulation and lowest increase in COL1A1 expression in response to serotonin). 

Importantly, our multivariate analysis indicated that the influence of LL genotype and 

SSRI use in the risk of needing MV surgery at young age may be compounded. Our in 

vitro studies showed that the acute effect of fluoxetine downregulating SERT activity was 

similar among genotypes, however, the effect of chronic fluoxetine treatment in MR MVIC 

upregulating HTR2B was strongest in LL MVIC.

We interpret the role of SERT in primary MR not as a risk factor for causing MV disease, 

but as a risk factor for enhancing progression of the disease. SERT downregulation had 

been previously reported in the MV of pigs after surgical ligation (32) and in dogs with 

late-stage degenerative MR, but not in early canine MV degeneration (33). It is possible that 

during early remodeling in MV diseases, compensatory mechanisms overcome the negative 

influence of SERT downregulation (by SSRI or LL) in MV physiology, while in valves 

with ongoing degeneration the ultimate downregulation of SERT in tissue, enhanced by LL 

genotype and compounded by SSRI use, may enhance structural degeneration leading to the 

need for surgery.

The use of SSRIs has been associated with both negative and protective actions in the 

cardiovascular system (34). In some cases, SSRI use appear to slow down progression 

of atherosclerosis and reduce inflammatory markers. Potentially negative changes in right 

ventricular dimensions were found associated with SSRI use, but without changes in 

ejection fraction (34). Cardiac arrythmias have been associated with SSRI use, but they are 

often well tolerated and don’t often warrant SSRI discontinuation (34). A 2013 multicenter 

study did not find an association between the use of the SSRI benfluorex and valvulopathies 

(35). However, a meta-analysis by our group supports the view that serotonergic drugs 

are associated with valvular heart disease (36). Our present results indicate that the use 

of SSRI may have different impact depending on 5-HTTLPR genotypes. Even though our 

multivariate analysis showed an association between male sex to have surgery at younger 
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age, as well as an interaction of LL genotype and male sex, these effects should be 

interpreted with caution. Criteria for referral for MV surgery are largely based on metric 

measurements, and women may meet criteria later in the course of the disease due to having 

smaller cardiac volumes (37). Therefore, differences in age at time of MV surgery between 

male and female do not necessarily reflect different rates of progression of MV disease. Our 

study supports the notion of using HTR2B blockade as a pharmacological strategy to prevent 

the negative role of SERT downregulation in degenerative MR progression. Several HTR2 

antagonist are FDA-approved and used as antidepressants (mirtazapine), antipsychotics 

(amisulpride, cariprazine) or antihistamines (cyproheptadine). Inhibiting HTR2B may be 

cardioprotective beyond the MV: HTR2B in cardiac fibroblasts contributes to scar formation 

and impaired cardiac function after myocardial infarction (38). The HTR2A/B antagonist 

sarprogelate has shown beneficial effects in heart failure preventing cardiac hypertrophy 

(39).

Our study has several limitations. The Optum data set does not distinguish between 

degenerative MR and ischemic MR. Patients requiring concomitant coronary bypass surgery 

were excluded to hypothetically exclude patients with ischemic MR, but some of these 

patients likely remain in the cohort. Methodological concerns prevented us from obtaining 

reliable measurements of serotonin in blood of MR patients in comparison to controls, 

therefore a variation in the amount of blood serotonin in primary MR cannot be ruled 

out as a factor. We focused in MVICs for in vitro studies, but MV endothelial cells, and 

bone marrow derived-cells can also contribute to MV remodeling (21) and may respond 

differently to SSRI and 5-HTTLPR than MVIC. The results of our in vitro experiments 

were not sub-analyzed by sex due to insufficient power. Even though we did not find 

differences by sex in human or mouse MV tissue, we cannot rule out possible differences 

at the MVIC level associated with sex. Fluoxetine was the only SSRI tested in vivo and 

in vitro, other SSRI may differently impact the MV. The in vivo dose of fluoxetine (40) 

aimed to achieve functional SERT occupancy at the high end of clinically relevant serum 

concentrations. Therefore, the remodeling effects observed in the MV of mice treated with 

fluoxetine corresponded to higher concentrations than average in patients taking SSRI.

We conclude that diminished SERT activity contributes to the pathophysiology of MR 

through enhanced HTR signaling in MVICs in MR leaflets. Although further study is 

needed, we suggest that assessment of 5-HTTLPR genotype and consideration of SERT-

inhibiting drug regimens might be useful tools to risk-stratify patients with MV disease in 

estimating the likelihood of rapid disease progression.

MATERIALS AND METHODS

Study design

The objective of this study were to determine the impact of SERT downregulation on MV 

remodeling in degenerative MR. Clinical data, MV specimens from patients with MR and 

normal MV samples were collected and analyzed. The specific specimens used for each 

assay is detailed in table S5. Identification of 5-HTTLPR genotype was performed in DNA 

isolated from patient samples. All mouse studies were performed with IACUC approval. 

Mice lacking a functional serotonin transporter (SERT−/−, B6.129(Cg)-Slc6a4tm1Kpl/J) and 
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C57BL/6J wild type mice treated with or without fluoxetine were employed to investigate 

the effect of SERT knockdown or inhibition in MV remodeling. Power analyses were 

conducted to determine minimum sample sizes, with an alpha (p value) of 0.5 to achieve of 

power of 0.8, unless specified in the figure legend. Replicates refer to biological replicates 

from cells from different subjects, unless it is specifically stated in the figure legend that 

the group includes biological replicates from cell subpopulations from the same subject. 

Randomization, blinding and replication practices are specified in each applicable section.

Human specimens

All human subjects’ research in this study, including the use of human tissues, conformed 

to the principles outlined in the Declaration of Helsinki. All patient information was de-

identified. Exclusion criteria for this study included Marfan’s syndrome, congenital MV 

abnormalities, endocarditis, rheumatic heart disease, ischemic MR, a history of cancer, 

autoimmune diseases, previous mitral surgery, and any history of cardiac trauma. To the best 

of our knowledge no patients with the X-linked Filamin-A mutation associated with MR 

were included.

Patient enrollment: MR patients

Patients with MR referred for first time surgery at the participating hospitals from 2009–

2022 were enrolled in this study. Informed consent per IRB approval was obtained at 

either The Hospital of the University of Pennsylvania (IRB Protocol #809349), The Valley 

Hospital (IRB Protocol#11.0009), or Columbia University Irving Medical Center (IRB 

Protocol #AAAR6796) upon admission prior to surgery.

Patient enrollment: Normal tissue

Normal MV tissue was comprised by two groups: i) MV tissue from patients undergoing 

cardiac transplant with no MV disease, and ii) MV tissue isolated from healthy hearts from 

cardiac donors that were allocated for cardiac transplant but ultimately not transplanted for 

logistic reasons. Group i: Normal MV leaflets, together with de-identified clinical data, were 

obtained from the heart transplant service of the Hospital of the University of Pennsylvania 

with IRB approval (IRB Protocol #802781). Normal leaflet retrievals excluded valve leaflets 

from patients with MV disease. Group ii: Subjects with no known cardiopulmonary disease 

whose organs were listed but were unable to be placed at the time of organ recovery for heart 

transplantation and who consented to donate tissue for research purposes by Live On New 

York (previously New York Organ Donor Network) were included in this study.

SERT−/− mice studies

With IACUC approval, mice lacking a functional serotonin transporter (SERT−/−, 

B6.129(Cg)-Slc6a4tm1Kpl/J) were obtained from Jackson Laboratories between ages 4–6 

weeks. WT mice of C57BL/6J background were used as control. Groups were comprised of 

equal numbers of male and female mice. Mice were sacrificed at 8 weeks of age and hearts 

were perfused with phosphate-buffered saline (PBS) and harvested. A subset of hearts (n≥5/

group) were stored in formalin for subsequent histological analysis. A separate subset of 

hearts (n≥5/group) were micro-dissected and MV leaflets were processed for RNA isolation.
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Fluoxetine mouse studies

C57BL/6 mice (equal numbers of males and females) were purchased from Jackson 

Laboratories at 60 days of age. With IACUC approval, two groups of mice were studied 

(n=10 each), a fluoxetine group, treated with 20mg/kg/day provided in drinking water 

with monitoring, and an untreated group. Mice were randomized into control or treatment 

groups. The dose was aimed to achieve functional SERT occupancy and produce drug serum 

concentrations on the high end of clinically relevant serum concentrations (40). Mice were 

sacrificed after 8 weeks and hearts were perfused with PBS and harvested as described 

above.

MVIC isolation and culture

Human MV leaflets were minced and digested with 1 mg/ml collagenase type 2 

(Worthington Biochemical Corporation) and 100 IU/mL hyaluronidase (Worthington) in 

complete growth medium for 16h-24h at 37°C. After digestion, the cell suspension was 

pelleted in a centrifuge (5 min, 220 g). Cells were cultivated in complete growth medium 

(Advanced DMEM containing 4.5g/ml glucose, supplemented with 10% fetal bovine serum 

(FBS), 4 mM L-glutamine, 1% penicillin/streptomycin). Phenotypic validation of MR and 

normal MVICs was performed by assessing expression of MVIC markers using PCR 

(αSMA Hs00426835_g1, and desmin, Hs00157258_m1, both FAM-based Taqman probes 

from Thermo) and confirming the absence of expression of the endothelial cell marker CD31 

(Hs01065279_m1, Thermo). Multiple vials of MVIC subpopulations from passages 0–2 

were cryopreserved from each subject. Cryorecovered MVICs at passages 2–6 were used for 

all experiments. MVIC from each 5-HTTLPR genotype were randomized into different in 

vitro experiments as detailed in table S5.

Statistical analysis

Clinical data, both from the local patient population and the Optum dataset, were assessed 

using Cox’s proportional hazards model where the response variable was the age at MV 

surgery. Thus, the multivariate analysis approach used needs clarification since cross 

sectional data were used to determine age at surgery rather than the ideal endpoint of 

risk of MR. However, since MR surgery is only performed for end-stage disease, this 

approach was empirically used with the caveat just stated. The rationale for this is that 

cardiac surgery for MR is the only treatment option, and because of the substantial risks 

involved, it is deferred as long as possible. MR surgery is never elective. Younger age at 

surgery indicates more rapidly progressive disease. The covariates were then pared down to 

a subset that were of statistical significance. RT2 profiler PCR array results were analyzed 

by Student’s t tests for significance per the manufacturer’s analytical software (Qiagen). 

The data were tested for normality: when it failed, nonparametric tests were used in lieu 

of parametric tests. The parametric tests that provided the p-values were t-test, two-way 

or one-way analysis of variance (ANOVA), depending on the number of covariates in the 

analysis. Values between the covariates were compared using Bonferroni test to control for 

multiplicity. When the data were sufficiently skewed suggesting the use of a nonparametric 

test, Mann Whitney U test, paired Kolmogorov-Smirnov test, or Kruskal Wallis were 

employed with Dunn’s test for multiple comparisons. Pearson’s correlation coefficient was 
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used to determine correlations. Analyses were performed in Prism software (GraphPad 

Software). For all analyses, p values were 2 sided, and P < 0.05 was considered significant. 

Data were expressed as means ± standard error, unless noted. All data and statistic tests 

employed, including conditions for assumption of normality, are included in the figure 

legends, supplementary materials and Data File S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Phenotype of degenerative MR MV leaflets includes SERT expression downregulation.
(A) Representative echocardiography images of a patient with MR prior to MV surgery; 

LA, left atrium; LV, left ventricle. Arrow 1 (top panel, green) indicates the thickened and 

prolapsed posterior mitral leaflet. Arrow 2 (top panel, green) indicates the thickened anterior 

mitral leaflet with shallowed coaptation depth. Arrow 3 (bottom panel, black) indicates 

torrential anterior directed MR jet. (B) Representative IHC staining of normal MV samples 

from heart donors (top two rows) and MR MV samples recessed during surgery (bottom two 

rows); a, zona atrialis; f, zona fibrosa; s, zona spongiosa. Movat’s stain shows accumulation 

of elastic fibers (stained in black, black arrow) and an increase in glycosaminoglycans 

(stained in blue, black arrowheads) intertwined with collagen (stained in yellow). IHC 

of αSMA shows areas with increased MV interstitial cell activation in MR MV (green 

arrows). IHC of Ki67 shows occasional areas of cell proliferation in MR MV (blue arrow). 

Right column shows IHC for the matricellular protein osteopontin (OPN). Volcano plots 
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of gene expression results by RT2 profiler PCR panels of (C) TGFβ-related genes and 

(D) serotonin-related genes in MR tissue (n=44) in comparison with normal MV tissue 

(n=20). Horizontal dotted lines denote the genes with −log10 > 1.3 (corresponding to a 

p value = 0.05 by Student t test, purple dots), vertical dotted lines define genes with a 

log2 fold change > 1 (red dots) or < −1 (blue dots), corresponding to fold change = 2 and 

0.5 versus normal, respectively. (E) Scatter dot plot of SERT expression from RT2 profiler 

PCR in normal (n=20) and MR MV tissue (n=44). Re-analysis of data included in panel 

D. Error bars indicate standard error. P value by Mann Whitney U test. (F) Representative 

immunofluorescence staining of SERT in normal and MR MV tissue (green). Within each 

sample, yellow dotted box area is shown with higher agnification to the right of the main 

image. Nuclei are visualized by DAPI stain (blue). All IHC/immunofluorescence were n≥4/

group. All gene expression results were calculated by the 2−ΔΔCT method and normalized 

to housekeeping genes.
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Figure 2: SSRI use and 5-HTTLPR genotype LL impact the timing and need for MV surgery in 
degenerative MR patients.
(A) Pie chart illustrating the distribution of 5-HTTLPR genotypes in a local cohort 

of MR patients (n=225). (B-D) Multivariate Cox model analysis results of patients 

with degenerative MR undergoing cardiac surgery. Data were assessed employing Cox’s 

proportional hazards model where the response variable was the age at MV surgery. 

Results corresponding to (B) our local cohort (n=225) and (C) Optum database population 

(n=9441). (D) Sub-analysis of the local cohort (n=225) showing interactions with 5-

HTTLPR genotype LL. Values are shown as hazard ratio ± lower and upper 95th percentile 

confidence limits, reflecting the hazard of requiring surgery at younger ages (hazard 

ratio>1.0) compared to older age at surgery (hazard ratio<1.0). AV, aortic valve; CAD, 

coronary artery disease; HF, heart failure, NYHA, New York Heart association; SSRI, 

serotonin reuptake inhibitor; PAD, peripheral artery disease; male-female refers to “male 

over female” variable in the multivariate model.
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Figure 3: 5-HTTLPR genotype LL and the SSRI fluoxetine decrease the activity of SERT in 
MVICs.
(A) Gene expression in a sub-cohort of MV tissue from human normal MV tissue (n=9) 

and MV from patients with degenerative MR undergoing mitral valve surgery (n=32). 

(B) Gene expression of SERT at baseline in MVIC isolated from normal and MR MV 

(n≥8/group). (C) Gene expression of SERT in MVIC (normal and MR combined) after 

seven-day treatment with 1μM fluoxetine (n≥21/group, biological replicates corresponding 

to MVIC subpopulations from 13 MR patients). (D) Gene expression of SERT in MR 

MVIC stratified by 5-HTTLPR genotype after seven-day treatment with 1μM fluoxetine 
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(n≥4/group). Re-analysis of data included in panel C. All gene expression results calculated 

by the 2−ΔΔCT method and presented as % of the mean of corresponding control (normal or 

untreated) normalized to GAPDH. (E) SERT activity by FFN246 uptake assay at baseline in 

MVIC isolated from normal and MR MV (n≥10/group, biological replicates corresponding 

to MVIC subpopulations from 3 normal subjects and 13 MR patients). (F) SERT activity 

in MVIC (normal and MR combined) with or without 30-minute pre-treatment with 1μM 

fluoxetine (n=65/group, biological replicates corresponding to MVIC subpopulations from 

13 MR patients). (G) SERT activity in MR MVIC stratified by 5-HTTLPR genotype 

with or without 30-minute pre-treatment with 1μM fluoxetine (n≥24 biological replicates 

corresponding to MVIC subpopulations from ≥ 4 MR patients/group. Re-analysis of 

data included in panel F). (H) Representative images of visualization of FFN246 uptake 

(green) in MVIC by confocal microscopy. Propidium iodide (PI) stain was performed 

to aid in cell localization (red). (I) Representative confocal microscopy of extracellular 

SERT in cultured MR MVIC (green), performed with antibody incubation before fixation 

and without cell permeabilization. Staining performed in control MVIC with silencing 

RNA-mediated knockdown of SERT is shown to indicate non-specific signal (right panel). 

All immunofluorescence, n≥4/group. (J) Quantification of Western blot of SERT in the 

extracellular cytosolic membrane fraction in MR MVIC following surface biotinylation 

pull-down assay, and representative images from blots with different samples in each (n=3/

group, estimated chance or type-I error = 0.027). All data are shown as % of the mean of all 

samples in each blot. Error bars indicate standard error. In vitro assays were run a minimum 

of three times. P values by Mann Whitney U test when two groups were compared (panels 

A, B, C, E, F and G), two-way ANOVA with Bonferroni (panel D), or Kruskal Wallis with 

Dunn’s multiple comparison test (panels G and J), when appropriate.

Castillero et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: SERT downregulation alters HTR2B expression and increases ECM component gene 
expression in the MV.
(A) Representative trichrome staining of heart sections of 8-week-old wild type and 

SERT−/− mice, showing the MV leaflets; AL, anterior leaflet; PL, posterior leaflet. Bottom 

row shows colorimetric thresholding to highlight collagen in red. (B) Gene expression of 

COL1A1, TGFβ1, αSMA, HTR2A and HTR2B and in MV leaflets from 8-week-old wild 

type (WT) and SERT−/− mice (n =7/group). (C) Representative confocal microscopy of 

SERT (green) in human control MVIC with silencing RNA (siRNA)-mediated knockdown 

of SERT or non-targeting (NT) RNA, performed with cell permeabilization. Phalloidin (red) 

was used to visualize cell structure and nuclei are visualized by DAPI stain (blue). Bottom 

row images have been overexposed to show SERT signal in knocked-down MVIC. (D) 
Gene expression of SERT, COL1A1, HTR2B, TGFβ1 and αSMA in human control MVIC 

with SERT or NT siRNA, treated for 24 hours with or without 10μM of serotonin (5HT, 

n=5/group). (E) Representative Picrosirius red staining of heart sections of 120-day-old 
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wild type mice treated with or without 20 mg/kg/day fluoxetine for 60 days, showing 

the thickened MV leaflets (green arrows). Bottom row shows colorimetric thresholding to 

highlight collagen in red. (F) Gene expression of COL1A1, TGFβ1, αSMA, HTR2A and 

HTR2B in MV leaflets from wild type mice treated with or without fluoxetine (n≥4/group). 

(G) Representative immunofluorescence staining of HTR2B (green) in MV leaflets from 

wild type mice treated with or without fluoxetine. DAPI used to denote nuclei (blue). Green 

signal in the myocardium (top left and bottom right corners of left panel) includes unspecific 

tissue autofluorescence. All IHC, n≥4/group. All gene expression results calculated by 

the 2−ΔΔCT method and presented as % of the mean of corresponding control (WT or 

non-treated) normalized to GAPDH. Assays were run a minimum of three times. Error bars 

indicate standard error. P values by Mann Whitney U test (panel B) or Student’s T-test 

(panel F) when two groups were compared, two-way ANOVA with Bonferroni multiple 

comparison test (panel D), when appropriate.
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Figure 5: SERT downregulation increases COL1A1 expression through a HTR2B-mediated 
mechanism.
(A) Gene expression of COL1A1 in human MVIC (normal and MR combined) after seven-

day treatment with 1μM fluoxetine (n≥8/group, biological replicates corresponding to MVIC 

from 8 normal subjects and 10 MR patients). (B) COL1A1 expression in control and MR 

MVIC after 24-hour treatment of serotonin (5HT, 10μM), TGFβ1 (10ng/ml) or vehicle 

(n≥5/group, biological replicates corresponding to MVIC from 5 normal subjects and 17 

MR patients). (C) Gene expression of COL1A1 in MR MVIC after 24-hour treatment of 

serotonin (10μM), TGFβ1 (10ng/ml) or vehicle, stratified by 5-HTTLPR genotype (n=5/

group. Re-analysis of data included in panel B). P values correspond to comparisons 

versus corresponding untreated. (D) Phosphorylated (P-) ERK (normalized to total ERK and 

GAPDH) in MR MVIC treated for 10 minutes with 1μM serotonin or vehicle. Quantification 

above and representative western blots below (n=4/group). (E) Representative confocal 

microscopy of P-ERK (green) in MR MVIC treated for 10 minutes with 1μM serotonin 
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or vehicle. Phal indicates phalloidin (red), nuclei are visualized by DAPI stain (blue). All 

IHC, n≥4/group. (F) COL1A1 expression in MR MVIC after 24-hour treatment of serotonin 

(10μM), TGFβ1 (10ng/ml) with or without HTR2B-inhibitor LY272015 (100nM), HTR2A-

inhibitor ketanserin (10μM), or vehicle (n≥6/group). (G) COL1A1 expression in MR MVIC 

after 24-hour treatment of serotonin with or without inhibitor LY272015 (LY) or ketanserin 

(ket), stratified by 5-HTTLPR genotype (n≥4/group. Re-analysis of data included in panel 

F). (H) HTR2B expression at baseline in MVIC isolated from normal and MR MV(n≥8/

group). (I) HTR2B expression in human MVIC (normal and MR combined) after seven-day 

treatment with 1μM fluoxetine (n≥10/group, biological replicates corresponding to MVIC 

subpopulations from 4 normal subjects and 12 MR patients). (J) HTR2B expression in 

MR MVIC after seven-day treatment with fluoxetine, stratified by 5-HTTLPR genotype 

(n≥4/group. Re-analysis of data included in panel I). (K) COL1A1 expression in LL 

MR MVIC after seven-day treatment with 1μM fluoxetine, with or without subsequent 

24-hour treatment of serotonin (10μM) and LY272015 (LY, 100nM) (n≥4/group). All gene 

expression results calculated by the 2−ΔΔCT method and presented as % of the mean of 

corresponding control normalized to GAPDH. Assays were run a minimum of three times, 

with a minimum of two cell-lines per assay. Error bars indicate standard error. P values by 

Student’s T-test (panel A) or Mann Whitney U test (panels D, H and I) when two groups 

were compared, two-way ANOVA with Bonferroni multiple comparison test (panels B, C, F, 

G, J, and K), when appropriate.
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