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Abstract:  

Background: Heart valves share developmental signaling pathways with cartilage and bone. While calcific aortic valve 
disease (CAVD) has been associated with valve calcification and stenosis, suggestive of osteogenesis, myxomatous 
mitral valve disease (MMVD) is characterized by net matrix degradation, exuberant deposition of proteoglycan, and 
valve regurgitation.  

Methods: We determined the presence of cartilage-abundant proteoglycan, aggrecan; cartilage-specific type II 
collagen; chondrogenic transcription factor, Sox9; and osteogenic transcription factor, Runx2 in human normal and 
myxomatous mitral valve leaflets by immunohistochemistry.  

Results and Conclusions: Myxomatous, but not normal, mitral valves demonstrated sharp focal areas that were 
abundant in aggrecan, type II collagen, and Sox9. These focal areas co-localized with areas of myxomatous pathologic 
change on Movat staining. Some cells in these areas had a round and hypertrophic morphology reminiscent of 
chondrocytes. Runx2 was only weakly present in normal and myxomatous mitral valves. These findings suggest a 
focal pathologic process in MMVD that mimics chondrogenesis.  
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Introduction:  

The age-adjusted prevalence of valvular heart disease is 

estimated at 2.5% in the USA, and its prevalence in-

creases sharply after 65 years of age due to the pre-

dominance of degenerative etiologies [1, 2]. Degenera-

tive valvular heart disease accounts for about 63% of 

native valvular heart disease. The most common mani-

festations of degenerative valvular disease are myxoma-

tous mitral valve disease (MMVD) and calcific aortic 

valve disease (CAVD) [1]. While both conditions are con-

sidered degenerative, MMVD and CAVD differ significant-

ly in their functional manifestation and pathology. From 

a hemodynamic standpoint the most typical manifesta-

tion of MMVD is valve regurgitation, whereas the most 

common manifestation of CAVD is valve stenosis. Patho-

logically MMVD is characterized by gross leaflet thicken-

ing with chordae lengthening or rupture, net degrada-

tion of the extracellular matrix (ECM), and exuberant 

deposition of proteoglycan (PG)/glycosaminoglycan 

(GAG) [3, 4]. On the other hand, CAVD is characterized 

by leaflet immobility, lipid accumulation, progressive 

leaflet fibrosis and calcification [5]. The reasons for 

these divergent manifestations of valvular degeneration 

in the mitral and aortic valve are currently not under-

stood. 

 Research in heart valve development has sug-

gested several commonalities between the pathways 

regulating this process and chondrogenesis, which in 

turn might have important roles in adult tissue remodel-

ing. Heart valvulogenesis appears to be highly conserved 

among vertebrates and is governed by developmental 

regulatory pathways consisting of receptor-based signal-

ing, transcription factors, and downstream structural 

genes [6]. Developmental regulatory pathways govern-

ing valvulogenesis also control development of cartilage, 

bone, and tendon [6]. Specific shared regulatory path-

ways include Notch (atrialis/ventricularis & elastic artery 

development), BMP-Sox9-aggrecan (spongiosa & chon-

drogenesis), Wnt-periostin (fibrosa & osteogenesis), and 

FGF-scleraxis-tenascin (chordae tendineae & tendon de-

velopment). These observations, coupled with pathologic 

similarities between degenerative valve disease and os-

teogenesis in the case of CAVD or chondrogenesis in the 

case of MMVD have led to a working hypothesis that 

degenerative valve diseases may be recapitulating oste-

ogenesis or chondrogenesis through shared regulatory 

pathways [6-8]. Recent studies have shown that calcific 

aortic valves express bone-related markers including 

Runx2, osteocalcin, osteopontin, and others [9, 10]. 

These observations support a hypothesis that calcific 

aortic valves undergo active osteogenesis, but much less 

is known about MMVD. 

 In this study, we tested the hypothesis that 

myxomatous mitral valves might be undergoing a patho-

logic process that mimics chondrogenesis. To address 

this hypothesis we evaluated presence of cartilage-

related and bone-related markers including aggrecan 

(cartilage-abundant PG core), type II collagen (cartilage-

specific collagen), Sox9 (chondrogenic transcription fac-

tor), and Runx2 (osteogenic transcription factor) in nor-

mal and myxomatous human mitral valves.  

 

Materials and Methods 

Tissue Collection and Histology:  

Surgically-excised myxomatous mitral valves (n 

= 9) were obtained from human patients with severe 

primary mitral regurgitation undergoing mitral valve re-

pair or replacement. Anonymous valves were obtained 

with informed patient consent under an Institutional Re-

view Board approved protocol from the Medical Center 

of the Rockies (Loveland CO). Normal human mitral 

valves (n = 3) were obtained from patients without 

overt cardiovascular disease through the NIH Coopera-

tive Human Tissue Network. The median post-mortem 

ischemic period collection time for normal mitral valves 

was 10.5 h (range: 1.5 to 18.2 h), whereas myxomatous 

valves were obtained immediately after surgery. 

The thickness of valve leaflets was measured in 

3 locations throughout the samples with calipers. Myx-

omatous classification was determined by histological 

analyses by a pathologist and previous methods used by 

(Continued on page 23) 
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our group [11]. Tissues were fixed with 10% formalin, 

embedded in paraffin, cut into 4 µm sections, and 

mounted on glass slides. Each valve was stained with 

hematoxylin-eosin and modified Movat pentachrome 

stain for histopathologic evaluation. Valves were evaluat-

ed for morphologic changes including PG/GAG accumu-

lation, disruption of collagen bundles, elastin fragmenta-

tion, and loss of normal valve architecture.  

Immunohistochemistry: 

Immunohistochemistry was performed to deter-

mine the presence of Runx2, Sox9, type II collagen and 

aggrecan. Immunohistochemistry staining was per-

formed as per previously published methods [12]. Brief-

ly, slides underwent deparaffinization, rehydration, PG/

GAG chain digestion with chondroitinase ABC (200 mU/

mL for 30 min at 37 oC, Seikagaku Co, Tokyo, Japan) 

and heat-induced epitope retrieval (HIER) with citrate 

buffer (pH 6) at 95 oC for 20 min (when applicable). Tris

-buffered saline (TBS) was used to dilute enzymes, sera 

and antibodies. Immunohistochemical staining was per-

formed using an automated stainer. Sections were incu-

bated with 10% goat serum followed by 0.03% hydro-

gen peroxide for 15 min prior to incubation with the pri-

mary antibodies (30 - 60 min). Primary anti-mouse mon-

oclonal antibodies and respective titers were: aggrecan 

1:100, collagen 2A1 1:25 with HIER, Runx2 1:50, and 

Sox9 1:50 (all Santa Cruz Biotechnology, Inc, Santa Cruz 

CA, except for Runx2 from Abcam, Cambridge MA). The 

anti-mouse peroxidase-labeled polymer (Envision+, 

Dako, Carpinteria CA) was then applied for 30 min and 

peroxidase activity was visualized with 3,3-

diaminobenzidine. Slides were rinsed in TBS containing 

0.01% Tween-20 after each incubation step. Sections 

were counterstained with Mayer’s haematoxylin (Dako, 

Carpinteria CA), dehydrated and mounted. Negative con-

trols were created by substituting universal negative 

control mouse antibodies for primary monoclonal anti-

bodies. 

Data Analysis:  

Slides were photographed at low-magnification 

and areas of positive aggrecan staining were quantified 

using color thresholding in the ImageJ software [13]. 

(Continued on page 24) 

Tables 

Table 1: Frequency of pathologic change and immunopositive staining for chondrogenic (aggrecan, type II collagen, 

Sox9) and osteogenic (Runx2) markers in normal and myxomatous mitral valves. 

 

* Significant p-values < 0.05 based on Fisher’s exact test. 

** Loss of trilaminar structure. 

Marker Normal Myxomatous p-value 

Aggrecan 0/3 9/9 0.0045* 

Type II collagen 0/3 7/9 0.0426* 

Sox9 1/3 9/9 0.0455* 

Runx2 1/3 3/9 0.7636 

GAG deposition 0/3 9/9 0.0045* 

ECM disorganization** 0/3 9/9 0.0045* 
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Statistical differences in frequency of immunopositive 

staining between normal and myxomatous valves were 

determined by the Fisher’s exact test. Values of p < 0.05 

were considered significant. 

Results 

Study Population:  

The median ages of the normal control group (n 

= 3) and myxomatous group (n = 9) patients were 45 

years (range: 18 to 55 years) and 66 years (range: 34 to 

84 years), respectively. Four patients were female (3 

normal and 1 myxomatous) and eight were male (0 nor-

mal and 8 myxomatous). Normal mitral valves were all 

from anterior leaflets. Of the myxomatous mitral valves, 

4 were anterior leaflets and 5 were posterior leaflets. 

Cardiovascular comorbidities in the myxomatous group 

were: atrial fibrillation (n = 2), systemic hypertension (n 

= 2), and coronary artery disease (n = 2). 

Pathology:  

The mean thickness of myxomatous mitral 

valves (2.01 ± 0.76 mm) was increased (p <0.05, Stu-

dent’s t test) compared to normal mitral valves (0.75 ± 

0.09 mm). Normal leaflet stratification was lost in myx-

omatous mitral valves. The entire leaflet was thickened, 

but often not uniformly. Expansion of the leaflet was 

due primarily to regionally extensive areas of basophilic 

myxomatous matrix. Movat pentachrome stain revealed 

that the thickening was due to increased glycosamino-

glycan (GAG) (Figures 1A, 1C, 1E). Change was most 

prominent in the laminae spongiosa and fibrosa. Myxom-

atous valves demonstrated increased elastic fibers that 

were disorganized and fragmented. Calcification was not 

present in myxomatous valves.  

Immunohistochemistry: 

 Results for immunohistochemical staining of nor-

mal and myxomatous mitral valves are summarized in 

Table 1. All myxomatous mitral valves demonstrated 

discrete focal areas of staining for aggrecan (Figures 1D 

and 1F, compared to 1B). The mean area of positive 

aggrecan staining in myxomatous mitral valves was 

14.2% ± 8.3%. Areas of aggrecan immunopositive 

staining co-localized with areas of myxomatous change 

on sequential Movat stained sections, however not all 

areas of myxomatous change were characterized by ag-

grecan staining. Normal mitral valves were essentially 

negative for aggrecan staining with a mean staining area 

of 0.2% ± 0.1%. Aggrecan is the prototypical and most 

abundant PG core in cartilage [14] and its expression 

supports a focal chondrogenic process in myxomatous 

mitral valves.  

 Seven of nine myxomatous mitral valves were 

immunopositive for type II collagen. In 5 myxomatous 

valves, type II collagen strongly co-localized with focal 

areas of aggrecan staining on sequential histologic sec-

tions (Figure 1G). Type II collagen staining was not pre-

sent in normal mitral valves. Type II collagen is the pro-

totype collagen for cartilage and is considered specific 

for cartilaginous tissues [15]. Co-localization of type II 

collagen and aggrecan constitutes further evidence for a 

focal pathologic process that mimics chondrogenesis in 

myxomatous mitral valves.  

 Sox9 and Runx2 are transcription factors in-

volved in early chondrogenesis and late chondrogene-

sis / early osteogenesis, respectively [16]. All myxoma-

tous mitral valves were immunopositive for the chondro-

genic transcription factor Sox9. In all myxomatous mitral 

valve leaflets, Sox9 co-localized with focal aggrecan-

positive areas (Figure 1H). Staining for the osteogenic 

transcription factor, Runx2, was not prominent in normal 

or myxomatous mitral valve leaflets. One normal and 3 

myxomatous mitral valves exhibited small foci of Runx2 

immunopositive cells that did not co-localize with areas 

of aggrecan staining or myxomatous pathology in myx-

omatous valves. In the remaining valves, immunoposi-

tive staining for Runx2 was limited to a few (< 0.1%) 

interstitial cells randomly distributed throughout all mi-

tral valves. The later valves were counted as negative 

for Runx2 for statistical purposes (Figure 2).  
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Figure 1: Low-magnification (scale bars = 1 mm) Movat pentachrome (A and C) and aggrecan immunohisto-

chemistry (B and D) photomicrographs of normal (A and B) and myxomatous (C and D) mitral valves demon-

strating focal aggrecan expression and co-localization of aggrecan expression with areas of myxomatous 

change in myxomatous mitral valves. High-magnification (scale bars = 50 μm) photomicrographs of sequential 

sections from a myxomatous valve demonstrating co-localization of myxomatous change with cartilage-like 

cells (E), aggrecan (F), type II collagen (G), and Sox9 (H).  

Figure 1 
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Discussion 

The cartilage-related markers studied here inter-

connect during the earlier phase of chondrogenesis, 

which chondrocytes are proliferating. These chondro-

cytes strongly up-regulate the expression and activity of 

the transcription factor Sox9, inducing important down-

stream targets such as type II collagen and aggrecan 

[17]. In addition, cells with high levels of Sox9 have the 

ability of down-regulating Runx2 by directing its degra-

dation, thus preventing or delaying osteogenesis [18]. 

Proteoglycans consist of a core protein with a 

variable number of covalently bound GAG side-chains 

[19]. Principal PG cores in normal mitral valves include 

decorin, biglycan, and versican; and not surprisingly 

these and other PG cores are more abundant in myxom-

atous mitral valves [20-23]. Aggrecan is the prototypic 

PG core in cartilage [19]. Aggrecan has one of the larg-

est PG core proteins and approximately 100 GAG side-

chains of varying composition depending on the species 

[19]. This structure makes aggrecan highly hydroscopic 

and largely gives cartilage its unique biomechanical 

properties to resist compressive forces. Expression of 

aggrecan has been previously reported in developing 

heart valves [8], but is not known to be present in adult 

mitral valves. This study demonstrated discrete focal 

expression of aggrecan in myxomatous, but not normal, 

mitral valves. These focal areas of aggrecan expression 

correlated strongly with focal areas of myxomatous pa-

thology in myxomatous mitral valves based on Movat 

staining, but aggrecan was not present in all areas of 

myxomatous change. The spatial distribution of PG and 

GAG profiles in mitral valves is not uniform and is likely 

influenced by different mechanical forces (e.g. tension 

vs. compression) within the valve apparatus [20, 24]. 

Interstitial cells in aggrecan-positive areas often exhibit-

ed a rounded hypertrophic morphology reminiscent of 

chondrocytes that has been reported previously in hu-

man myxomatous mitral valves [9].  

Collagen is a prominent component of the ECM 

of heart valves, particularly the lamina fibrosa. The most 

abundant collagen types in adult heart valves are types I 

and III [25, 26]. Despite net degradation and disarray of 

collagen in MMVD, types I and III collagen are more 

abundant in myxomatous mitral valves [25]. Type II col-

lagen is the most abundant collagen in cartilage and its 
(Continued on page 27) 

Figure 2: Photomicrographs of Runx2 immunohistochemistry of a normal (A) and myxomatous (B) 
mitral valve demonstrating minimal staining for Runx2. Scale bars = 25 μm.  

Figure 2 
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expression is considered largely specific for cartilaginous 

tissues [27]. Type II collagen is expressed in the heart 

during the development of endocardial cushions, but not 

in the adult heart [6]. In this study, focal presence of 

type II collagen in aggrecan-abundant areas of myxoma-

tous change constitutes further compelling evidence for 

a chondrogenic process in myxomatous mitral valves. 

Type II collagen has been previously identified in adult 

calcific aortic valves, largely associated with areas of 

osteogenic transformation [10]. This finding supports 

the notion that the osteogenic process in CAVD recapitu-

lates endochondral bone formation wherein bone for-

mation progresses through a process of ossification of a 

cartilaginous template [9].  

The transcription factor Sox9 is typically ex-

pressed in chondroprogenitors, periarticular chondro-

cytes and proliferating chondrocytes. Runx2, which 

serves as a positive regulatory factor in chondrocyte 

maturation, is expressed in hypertrophic chondrocytes 

and throughout ossification stages. Thus, their regulato-

ry mechanisms follow a temporal pattern during endo-

chondral ossification. [28, 29]. A variety of signaling 

pathways promote their regulation [30] with chondro-

genesis being favored by high Sox9 and low Runx2 ex-

pression and osteogenesis being favored by low Sox9 

and high Runx2 expression [29]. In this study, we ob-

served strong focal presence of Sox9 in myxomatous 

mitral valves that co-localized with focal areas of aggre-

can and type II collagen positive staining. This suggests 

that focal chondrogenesis in myxomatous mitral valves 

may be mediated in part through the Sox9 transcription 

factor. Bone morphogenetic protein (BMP) and trans-

forming growth factor beta (TFGβ) are members of the 

same signaling superfamily. Both are known to regulate 

Sox9 in late-stage chondrogenesis [31-33]. Increased 

abundance of TGFβ has been demonstrated in canine 

myxomatous mitral valves suggesting a role for TGFβ in 

a chondrogenic-like pathology in degenerative mitral 

valve , possibly through regulation of Sox9 [34-36]. 

BMP2 induces Sox9 and aggrecan expression in develop-

ing heart valve progenitor cells [37]. BMP-Sox9 is postu-

lated to mediate valvular heart diseases through recapit-

ulation of shared developmental pathways that regulate 

valvulogenesis and chondrogenesis but this hypothesis 

has not been yet confirmed [6, 8]. Lastly, studies have 

demonstrated direct cross-talk between BMP and Wnt 

canonical signaling during chondrogenesis [38, 39]. Pos-

sible roles for BMP or Wnt signaling in degenerative val-

vular heart disease remain to be elucidated. 

Strong Runx2 expression has been demonstrat-

ed in calcific aortic valves and has thus been implicated 

in an osteogenic pathologic process in CAVD [9, 10]. 

Runx2 was not strongly expressed in either normal or 

myxomatous mitral valves suggesting that it does not 

play a significant role in MMVD. Sox9 expression has 

also been demonstrated in calcific aortic valves [9, 10]. 

Cells that express Sox9 can be progenitors for a variety 

of cell types, including chondrocytes and osteoblasts 

[40]. During skeletogenesis, bone formation occurs 

through endochondral ossification of a cartilage tem-

plate. Endochondral ossification proceeds through an 

early phase of Sox9 expression during chondrocyte pro-

liferation and a late phase of Runx2 expression during 

chondrocyte hypertrophy and bone formation [28]. 

Thus, it can be suggested that CAVD disease mimics an 

endochondral osteogenesis process, whereas MMVD dis-

ease recapitulates chondrogenesis only. 

 Limitations of this study are the low relatively 

low number of normal mitral valves available for study 

and the fact that they were not perfectly age-matched 

to the myxomatous mitral valve group. Despite the low 

sample number of the normal control, statistical signifi-

cance was reached in frequency positive straining for 

chondrogenic markers because of their virtual absence 

from normal mitral valves. The lack of perfect age-

matching between the normal control group and the 

myxomatous group raises the possibility that age could 

influence expression of chondrogenic makers. The ab-

sence of availability of posterior leaflets in the normal 

group is also a limitation. However, we did not observe 

differences between anterior and posterior leaflets in the 

myxomatous group. 
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Conclusion 

 In conclusion, focal co-expression of aggrecan, 

type II collagen, and Sox9, but not Runx2, suggest a 

pathologic process that mimics chondrogenesis in human 

myxomatous mitral valves. The signaling pathways that 

mediate this process and the reasons why MMVD and 

CAVD apparently differ in their pathology remain to be 

determined. 
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minoglycan; HIER, heat-induced epitope retrieval; MMVD, 

myxomatous mitral valve disease; PG, proteoglycan; TBS, 
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