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Background : In vitro experimental studies have reported that transforming growth factor-41
(TGF-$1) stimulates the production of a-smooth muscle actin (a-SMA) in porcine valves. How-
ever, the relation between TGF-31 and a-SMA in myxomatous valves has not been elucidat-
ed. Methods : We classified 27 subjects into two groups: 1) myxomatous group (M:F=11:12,
mean age=55+ 15 years) and 2) rheumatic group (M:F=3:1, mean age=41+17 years) accord-
ing to preoperative echocardiographic and postoperative histologic findings. Twenty-seven
valve specimens from the patients who underwent valve replacement were obtained. Tissue
samples were analyzed by immunohistochemistry for TGF-51 and a-SMA. The positively stained
areas were measured using an image analysis program (Image Pro-Plus 4.5), and then the
TGF-31 volume fraction (TGF-VF) and a-SMA volume fraction (a-SMA-VF) were calculated.
Results : TGF-VF in myxomatous valves was higher than in rheumatic valves (2,759 2,294
vs 864 +276, p=0.04). a-SMA-VF in myxomatous valves was higher than in rheumatic valves
(4,122+£2,275 vs 2,421 +844, p=0.002). There was a significant correlation between TGF-51
and a-SMA in myxomatous valves (r=0.38, p=0.04). There was no significant correlation
between TGF-41 and @-SMA in rheumatic valves (r=-0.50, p=0.67). Conclusions : TGF-51
and a-SMA may be related to the pathogenesis of myxomatous valves. The activation of
TGF-41 might increase the expression of -SMA in human myxomatous valves.
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The etiology of mitral regurgitation (MR) in 1950 was theumat-
ic carditis, and mitral valve prolapse was not even recognized at
that time.! However, the recognition of mitral valve prolapse and
myxomatous degeneration of the mitral valve is important because
this type of pathology is now the most common cause of MR at
least in those geographic areas in which rheumatic fever has been
controlled.

The incidence of myxomatous changes in mitral valve tissue
as a cause of leaflet prolapse and MR is also increasing in Korea.
There is growing evidence from observational studies that early
repair of mitral valves with severe MR associated with prolapse
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or flail leaflets may help preserve the LV function and this increas-
es the chances of patient survival."* The pathogenesis of cardiac
valve disease correlates with the emergence of muscle-like fibrob-
lasts (myofibroblasts) in the heart valve tissue. These cells are be-
lieved to differentiate from valvular interstitial cells (VICs). VICs
regulate matrix degradation and remodeling during myxoma-
tous mitral valve degeneration.™ It is known that activation of
contractile myofibroblasts by TGF-81 may be a significant first
step in promoting alterations to the valve matrix architecture,
and these alterations are evident in valvular heart disease.” Acti-
vated myofibroblasts are collagen-producing cells that also express
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contractile proteins that are commonly found in vascular smooth
muscle cells and most notably alpha smooth muscle actin (a-
SMA). However, whether TGFf and a-SMA are associated with
human myxomatous valve is not currently known. Therefore,
to elucidate these associations, we analyzed the immunohisto-
chemical staining results for myxomatous human cardiac valves
using polyclonal rabbit anti-human antibody for TGF-8 and
monoclonal mouse anti-a-SMA.

MATERIALS AND METHODS
Study population

We retrospectively examined a total of 27 patients who had
an operation for valvular heart disease from 1995 to 2006 at our
hospital. The 27 patients were classified into two groups accord-
ing to the preoperative echocardiographic findings and the post-
operative histologic findings. One group was the myxomatous
valve group (Myx-group) and the other group was the theumat-
ic valve group (Rheu-group). The echocardiographic criteria for
myxomatous valve were as follows: 1) a thick leaflet >3 mm,
2) redundant leaflet-motion and 3) an echo-density lower than
that of the aortic walls. Among the 27 patients, 23 patients (male:
female=11:12, mean age: 55 %15 years) wete in the Myx-group.
In this group, the disease phenotypes were severe MR (21 patients)
and severe aortic regurgitation (2 patients). 4 patients (male:
female=3:1, mean age: 41 &= 17 years) were included in the Rheu-
group. There were 2 patients with severe mitral stenosis and 2
patients with severe aortic regurgitation in the Rheu-group.

This study was approved by our institutional review commit-
tee and the subjects were informed of the investigative nature of
the study. Written consent was obtained from all the patients
before entty into the study.

Staining (immunohistochemistry, alcian blue and
Verhoeff's elastic staining)

We postoperatively analyzed mitral valves or aortic valves with
immunohistochemical staining. The primary antibodies we used
wete (1) polyclonal rabbit anti-human antibody for TGF-81 (1:
50, Santa Cruz Biotechnology Inc., USA) and (2) monoclonal
mouse anti-a-SMA (1:500, Sigma-Aldrich Co, St. Louis, MO,
USA).

The tissues wete fixed with 10% formalin and paraffin-embed-
ded, and cut 4 zm. Tissue sections were carried into xylene for
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5 min twice, absolute ethanol for 3 min twice, 90%, 80%, 70%
ethanol each for 3 min and distilled water for 5 min for deparaf-
finization and rehydration. Rehydrated tissue sections were treat-
ed for 15 min with citrate buffer (pH6.0, Zymed, San Francisco,
CA, USA) at 110°C using Microprobe (Fisher Scientific, Fairlawn,
NJ, USA) and cooled in heated citrate buffer for 15 min at room
temperature for antigen retrieval and washed with PBS for 5
min twice. To block endogenous peroxidases, tissue sections were
treated for 30 min with 0.3% H;O, at room temperature and
washed with PBS for 5 min twice. Tissue sections were incubat-
ed for 30 min with 10% goat serum (Zymed, San Francisco) at
room temperature. Blocked tissue sections were incubated with
a-smooth muscle actin (1:500) and TGEFgB-1 (1:50) antibodies
diluted with blocking solution overnight at 4°C in a humidi-
fied chamber without a washing step after serum blocking and
washed with PBS and then incubated with anti-mouse IgG
HRP conjugated antibody (1:200, Santa Cruz Biotechnology
Inc.) and anti-rabbit IgG HRP conjugated antibody (1:400,
Zymed, San Francisco) for 30 min at room temperature. Finally
tissue sections were developed with DAB (Lab vision, Fremont,
CA, USA, DAB plus substrate system) and couterstained with
Mayer’s hematoxylin (Lab vision, Fremont).

To assess the expression of mucopolysaccharides and elatic fibers,
alcian blue (pH 2.5) and Verhoeff’s elastic staining were done.

Quantification and statistical analysis

The positively stained areas were measured using an image
analysis program (Image Pro-Plus 4.5), and the TGF-431 volume
fraction (TGF-VF) and a-SMA volume fraction (a-SMA-VF) were
calculated.

The volume fraction was defined as a ratio of positively stained
area to the total area on the microscopic examination. To show
the correlation between TGF-81 and a-SMA, we measured a-
SMA-VF in positively stained area with monoclonal mouse anti-
a-SMA (1:500) in the same manner as TGF-31.

Each volume fraction in the ten most strongly stained areas of
the microscopic examination at X 200 magnification were mea-
sured and then the mean values were calculated on a case by case
basis in the myxomatous and rheumatic valves. The mean vol-
ume fractions between myxomatous and rheumatic valve group
were compared.

All the analyses were done using SPSS (version 13.0; SPSS Inc.,
Chicago, IL, USA). All data were expressed as the mean = stan-
dard deviation. Pearson’s correlation co-efficient was used to eval-
uate the association between variables. Comparison between the
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two groups was petformed using an independent t-test. For all
tests, p-value <0.05 was considered to be statistically significant.

RESULTS

Alcian blue staining (pH 2.5) of the myxomatous valves re-
vealed increased amounts of acid mucopolysaccharides (Fig. 1A).
Elastic fibers were significantly increased and degenerated in the
myxomatous valves as shown by Verhoeff’s elastic staining (Fig.
1B).

Microscopically, the degree of TGF-A31 expression in the myx-
omatous valve was higher than in the rheumatic valve (Fig. 1C,
E). The TGF-VF in the myxomatous valve was significantly high-
er than in the rheumatic valve (2,759 == 2,294 vs 864 1=276, res-
pectively, p=0.04; Fig. 2).

Using microscopy, the degree of a-SMA expression in the myx-
omatous valve was higher than the rheumatic valve (Fig. 1D, F).
The areas which were positively stained with monoclonal mouse
anti-a-SMA were identical to those stained with polyclonal rab-
bit anti-human antibody for TGF-41 (Fig. 1C, D). The a-SMA-
VEF in the myxomatous valve was significantly higher than in the
rheumatic valve (4,122 2,275 vs 2,421 =844, respectively,
p=0.002; Fig. 2). For the myxomatous valve, positive correlation
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was seen between the TGF-41 and a-SMA expressions (r=0.38,
p=0.04; Fig. 3).

DISCUSSION

Cardiac valves perform a complex and sophisticated series of
functions over a wide range of hemodynamic conditions. Myx-
oid leaflets are known to be more extensible and less stiff than
normal leaflets. Myxomatous mitral valve disease affects the load-
bearing capacity of the chordae more than it does the leaflets.”
Although the tricuspid valve can also be involved in 20% of the
patients with myxomatous mitral valve disease, myxomatous di-
sease generally affects the mitral valve. Valve prolapse, elonga-
tion of chordae and chordae rupture are frequent complications
for myxomatous disease.

The non-cellular components of the cardiac valve consist of a
matrix of collagen, elastic fibers, proteoglycans and glycoproteins.
Alterations in these non-cellular components of the cardiac valves
have been noted in the myxomatous valve.” There have been some
reports on the biochemical differences between normal mitral
valves and myxomatous mitral valves. According to these re-
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ports,” the biochemical changes were more pronounced in the

chordae than in the leaflets. The myxomatous leaflets and chor-

Fig. 1. (A) Acid mucopolysaccharides are increased in the myxomatous valves (Alcian blue stain, pH 2.5). (B) The expression of elastic
fibers is significantly increased in the myxomatous valves (Verhoeff's elastic stain). (C-F) Representative immunohistochemical staining
(x200) results. The expression of TGF-41 (C) and «-SMA (D) is significantly increased in the myxomatous valves but not in the
rheumatic valves (E: TGF-81, F: @-SMA). TGF-31, Transforming growth factor-beta 1; @-SMA, Alpha-smooth muscle actin.
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Fig. 2. The comparison of volume fraction between myxomatous and rheumatic valves.
The volume fraction of TGF-$1 and a-SMA with using Image Pro-Plus 4.5 is higher in myxomatous valves than in rheumatic valves.
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Fig. 3. The positive correlation between a-SMA and TGF-41 in my-
xomatous valves is observed.

dae had 3% to 9% more water content, 30% to 150% higher
glycosaminoglycan concentrations and greater amounts of pro-
teoglycans than normal leaflets and chordae. Alterations in col-
lagens and elastic fiberes were also seen.”” " These abnormalities
may be related to the reported mechanical weakness of myxo-
matous chordae. Besides the differences of the non-cellular com-
ponents, the cellular components play an important role in the
pathogenesis of myxomatous valve.

The VICs are the most prevalent cell type in cardiac valve le-
aflets, and these cells are thought to maintain the extracellular

scaffold that provides the mechanical characteristics that are vital
for sustaining the unique dynamic behavior of the valve.”” VICs
are also contractile and they have some of the characteristic fea-
tures of smooth-muscle cells. They communicate with each other,
secrete valvular matrix and regulate repair processes following
valve injury.'*"" VICs differentiation and activation is common-
ly characterized by the expression of stress fibers containing @-
SMA, and TGF-1 is a central mediator of this transition.>**

The pathogenic effects of TGF-1 are associated with the my-
ocardial remodeling seen after infarction, cardiomyopathy (dilat-
ed, hypertrophic), valvular disease and arrhythmia."” The healthy
valves’ VICs express low levels of a-SMA, while valves undergo-
ing remodeling contain a prominent population of activated a-
SMA-positive VICs. Walker et a/.” reported that the only mus-
cle-specific protein expressed in VICs that is capable of conferring
contractile properties is @-SMA. Their observation that contractile
myofibroblasts can drastically alter the surrounding fibronectin
matrix /n vitro is significant because it suggests that @-SMA-posi-
tive myofibroblasts may promote disease by exerting extensive
remodeling forces on the valve matrix.”’

In a mouse model of Marfan syndrome, some authors suggest-
ed that the increased expression of numerous TGF-A1-related
genes that regulate cell proliferation and survival plausibly con-
tribute to myxomatous valve disease.

The major limitations of this study are 1) the absence of a no-
mal control group, 2) the very small size of the rheumatic valve
group, 3) topographical analysis for the leaflets and chordae was
not done, 4) other factors (e.g., matrix metalloproteinase and their
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inhibitors and the biochemical differences of the extracellular
matrix) involved in the pathogenesis of myxomatous degenera-
tion were not simultaneously measured.

In conclusion, our study suggests that TGF-£1 and a-SMA
might be involved in the pathogenesis of myxomatous degen-
eration in human cardiac valves and the activation of TGF-51
might increase the expression of a-SMA. This is the first study
to evaluate the relationship between TGF-31 and «-SMA while
performing immunohistochemical staining in actual human my-

xomatous valves.

REFERENCES

1. Rahimtoola SH, Frye RL. Valvular heart disease. Circulation 2000;
102: 24-33.

2. Mills WR, Barber JE, Ratliff NB, Cosgrove DM 3rd, Vesely I, Griffin
BP. Biomechanical and echocardiographic characterization of flail
mitral leaflet due to myxomatous disease: further evidence for early
surgical intervention. Am Heart ] 2004; 148: 144-50.

3.Rabkin E, Aikawa M, Stone JR, Fukumoto Y, Libby P, Schoen FJ.
Activated interstitial myofibroblasts express catabolic enzymes and
mediate matrix remodeling in myxomatous heart valves. Circula-
tion 2001; 104: 2525-32.

4. Rabkin-Aikawa E, Farber M, Aikawa M, Schoen FJ. Dynamic and
reversible changes of interstitial cell phenotype during remodeling
of cardiac valves. ] Heart Valve Dis 2004; 13: 841-7.

5. Walker GA, Masters KS, Shah DN, Anseth KS, Leinwand LA. Valvu-
lar myofibroblast activation by transforming growth factor-5: impli-
cations for pathological extracellular matrix remodeling in heart valve
disease. Circulation Research 2004; 95: 253-60.

6. Cushing MC, Liao JT, Anseth KS. Activation of valvular interstitial
cells in mediated by transforming growth factor-beta 1 interactions
with matrix molecules. Matrix Biology 2005; 24: 428-37.

7.Barber JE, Kasper FK, Ratliff NB, Cosgrove DM, Griffin BP, Vesely
L. Mechanical properties of myxomatous mitral valves. ] Thorac
Cardiovasc Surg 2001; 122: 955-62.

8. Gupta V, Grande-Allen K]J. Effects of static and cyclic loading in reg-

Jeong-Hwan Park - Ho-Joong Youn - Jung-Sook Yoon, et al.

ulating extracellular matrix synthesis by cardiovascular cells. Cardio-
vasc Res 2006; 72: 375-83.

9. Grande-Allen KJ, Griffin BP, Ratliff NB, Cosgrove DM, Vesely I. Gly-
cosaminoglycan profiles of myxomatous mitral leaflets and chordae
parallel the severity of mechanical alterations. ] Am Coll Cardiol 2003;
42:271-7.

10. Tamura K, Fukuda Y, Ishizaki M, Masuda Y, Yamanaka N, Ferrans
VJ. Abnormalities in elastic fibers and other connective-tissue com-
ponents of floppy mitral valve. Am Heart ] 1995; 129: 1149-58.

11. Grande-Allen K], Griffin BP, Calabro A, Ratliff NB, Cosgrove DM
3rd, Vesely I. Myxomatous mitral valve chordae. II: selective eleva-
tion of glycosaminoglycan content. ] Heart Valve Dis 2001; 10: 325-32.

12. Akhtar S, Meek KM, James V. Ultrastructure abnormalities in pro-
teoglycans, collagen fibrils, and elastic fibers in normal and myxoma-
tous mitral valve chordae tendineae. Cardiovasc Pathol 1999; 8: 191-
201.

13. Baker PB, Bansal G, Boudoulas H, Kolibash AJ, Kilman J, Wooley
CF. Floppy mitral valve chordae tendineae: histopathologic alter-
ations. Hum Pathol 1988; 19: 507-12.

14. Tamura K, Fukuda Y, Ishizaki M, Masuda Y, Yamanaka N, Ferrans
V]. Abnormalities in elastic fibers and other connective-tissue com-
ponents of floppy mitral valve. Am Heart ] 1995; 129: 1149-58.

15. Taylor PM, Batten P, Brand NJ, Thomas PS, Yacoub MH. The cardiac
valve interstitial cell. Int ] Biochem Cell Biol 2003; 35: 113-8.

16. Mulholland D, Gotlieb Al Cardiac valve interstitial cells: regulator
of valve structure and function. Cardiovasc Pathol 1997; 6: 167-74.

17. Mulholland DL, Gotlieb AL Cell biology of valvular interstitial cells.
Can ] Cardiol 1996; 12: 231-6.

18. Malmstrom J, Lindberg H, Lindberg C, et al. Transforming growth
factor-beta 1 specifically induce proteins involved in the myofibrob-
last contractile apparatus. Mol Cell Proteomics 2004; 3: 466-77.

19. Khan R, Sheppard R. Fibrosis in heart disease: understanding the
role of transforming growth factor-beta in cardiomyopathy, valvu-
lar disease and arrhythmia. Immunology 2006; 118: 10-24.

20.Ng CM, Cheng A, Myers LA, et al. TGF-beta-dependent pathogen-
esis of mitral valve prolapse in a mouse model of Marfan syndrome.
J Clin Invest 2004; 114: 1543-6.



