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A B S T R A C T The pathogenesis of valvar calcifica-
tion, which complicates the course of cardiac valve
disease and also affects tissue valve prostheses, is in-
completely understood. The present work explores the
possible role of the vitamin K-dependent, calcium-
binding amino acid, y-carboxyglutamic acid (Gla) in
valve mineralization. Gla is normally found in the
vitamin K-dependent clotting factor proteins, and is
also present in unique calcium binding proteins in
bone, kidney, and lung. Unique Gla-containing pro-
teins have also been isolated from pathologic calcifica-
tions including calcium containing renal stones and
calcified atherosclerotic plaque. Calcified valves in-
cluding specimens with calcific aortic stenosis, cal-
cified porcine xenograft valves, and a calcified aortic
homograft valve were analyzed for Gla content, com-
plete amino acid analysis, and tissue calcium and phos-
phorus levels. Normal porcine valves contained pro-
tein-bound Gla (2.0-10.6 Gla104 amino acids): no Gla
was present in normal valve leaflets. Furthermore, Gla
levels paralleled tissue calcium content in the calcified
valves. In addition, complete amino acid analysis in-
dicated a decline in valvar collagen content plus in-
creased acidic proteins in conjunction with valvar cal-
cification and the presence of Gla-containing proteins.
These results suggest that calcific valvar disease may
result in part from vitamin K-dependent processes.
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INTRODUCTION

Pathologic mineralization frequently complicates the
course of cardiac valvar disease. (1, 2) Furthermore,
calcific degeneration oftissue valve prostheses has also
emerged as an important clinical problem (3-5). The
etiology of valvar calcification is poorly understood.
Congenitally stenotic and bicuspid aortic valves are
unusually susceptible to the development of calcific
stenosis (1, 2). Aortic valve homografts, when used as
prostheses, undergo rapid calcification over a 1-2-yr
period (5), and this complication has resulted in the
abandonment of this type of prosthesis. In addition,
porcine xenograft calcification has been recently noted
as a significant complication (3, 4) and this problem
has been noted to occur more frequently in children (4).
y-carboxyglutamic acid (Gla),' a highly specialized

calcium-binding amino acid, was first discovered in
the vitamin K-dependent blood coagulation factors
(6, 7). Recently, Gla has been demonstrated to occur
in other unique proteins of bone (8), kidney (9), and
lung (10), and in proteins isolated from various patho-
logic calcifications including calcium containing renal
stones (11, 12) and calcified atherosclerotic plaque (11,
13). Gla biosynthesis in liver (7), bone (14), kidney (9),
and lung (10) has been demonstrated to occur as a
vitamin K-dependent posttranslational, enzymatic car-
boxylation of specific glutamic acid residues (Fig. 1).
Gla protein function has been studied in prothrombin

I Abbreviation used in this paper: Gla, y-carboxyglutamic
acid.
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Div., Palo Alto, Calif.) automated amino acid analyzer ac-
cording to methodology developed in our laboratory (16). The

0 lower limit of Gla detection with this system is 10 pM, and
variation in ninhydrin peak areas among triplicate samples

* * is <2% (16). The presence of Gla was confirmed by 6 N HCI
decarboxylation ofthe putative Gla peak with resultant forma-

* tion of glutamic acid as previously described (17). Finally,
complete acid analysis (from which tissue protein content was
also computed) was performed with the same amino acid
analysis system on acid hydrolysates according to established
procedures (16). Complete ainino acid analysis precision is
comparable to that described above for Gla.
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FIGURE 1 Gla and calcium content of calcified aortic valves.
Gla is expressed as nanomoles per 104 nanomoles of total
amino acids and calcium as nanomoles per milligram protein.
*: porcine xenografts; *: aortic homografts; 0: calcific aortic
stenosis; a.a., amino acids.

in which Gla residues occur at calcium and phospho-
lipid binding sites (7). In the presence ofbound calcium
and phospholipid prothrombin can undergo a confor-
mational change promoting its appropriate enzymatic
cleavage by factor Xa in the clotting cascade to form
thrombin. Vitamin K deficiency or antagoniism (pro-
duced by warfarin and related anticoagulant drugs)
results in deficiency of calciumii binding sites resulting
from inhibition of Gla synthesis and anticoagulation.

In the present work, data is presented that demon-
strates the presence of Gla-conitaining proteins in cal-
cific cardiac valve disease, indicating a possible rela-
tionship of vitamin K-dependent processes to the
pathogenesis of these disorders.

METHODS

Valve specimiiens were prepared as follows: human aortic
valves, porcine aortic xenograft valves (implanted 3-4 yr),
and a human aortic homograft valve (implantedl 2 yr) were

obtained fresh at cardiac surgery for valvar stenosis; both
grossly calcified and noncalcified specimens were studied.
None of the patients operated upon had receivecl warfarin
therapy. Normal human aortic valves were obtained at autopsy.
Normal porcine valves were obtained fresh at slaughter, and
commercially prepared, nonimplanted glutaraldehyde-pre-
served valves were also studied as control tissue. The valves
were rinsed with copious amounts of normal saline, and then
freeze-dried. The dried valves were then milled to a coarse

powder under liquid nitrogen. Alkaline hydrolysis of valve
tissue (performed in order to prevent decarboxylation of Gla
to glutamic acid) was carried out with 2 N KOH incubations
at 1 10°C for 24 h as previously published (8). Acid hydrolysis
was performed with 6 N HCI hydrolysis of powdered valve
tissue for 24 h. Acid hydrolysates were then flash evaporated
to remove concentrated acid, and diluted in 0.01 MI HCI.
Aliquots of the acid hydrolysates were diluted in 0.5% La...
for calcium determination by atomic absorption (13). In addi-
tion, aliquots of the acid hydrolysates were analyzed for
phosphorus content (15). Amino acid analysis of the alkaline
hydrolysates to detect and quantitate Gla was performed on

a Beckman-Spinco 121XM (Beckmani Instrumiienits, Inc., Spinco

RESULTS

Gla anid minleral atnalysis. Gla was present in all
calcified valve specimens (2.0-10.6 residues Gla/104
amino acid residues) and was undetectable in noncal-
cified tissues (Table I). Furthermore, as shown in Table
I, human tissue specimens with calcific aortic stenosis
demonstrated markedly elevated Gla levels, whereas
noncalcified valves with congenital aortic stenosis had
no detectable Gla. Also of interest is the finding of
high Gla levels in a calcified aortic valve homograft.
As presented in Table I, normal aortic valves had no

detectable protein-bound Gla. Gla was also present
in calcified porcinie xenograft implants (Table I) and
was not demonstrable in normal porcinie aortic valves
(nonfixed) and in nonimnplanited glutaraldehyde-pre-
served valves (Table I). As Fig. 1 illustrates, valvar
calcium content of the calcified valves was directly
related to the tissue Gla levels.

Coin plete amin1i)o acidi anialr sis. As shown (Table I),
calcified valves deemonstrated a number of importanit
differences in aminio acid composition compared with
both normal and noncalcified stenotic valves. Both
porcine and human valves showed increased levels
of the acidic amino acids, aspartic acid and glutamic
acid. Calcified porcinie valves exhibited markedly lower
hydroxyproline conitenit compared with normiial and(l
glutaraldehyde-preserved porcine valves, indicatinig
reduced collagen (18). Calcified human valves however,
had only slightly lower hydroxyproline conitenit. Glycine
content paralleledl the hydroxyproline conitenit as woul(d
be expected because collagen is also rich in glycine
(18). Hydroxylysine (an amino acid unii(uely involved
in collagen crosslink formation) was present at rela-
tively lower levels in some valves with calcification.
The low hydroxylysine levels in glutaraldehyde-pre-
served valves are a result of the glutaraldehyde
fixation (19).

DISCUSSION

This study represents a demonstration of the presenee
of Gla-containing proteins in calcific cardiac valve dis-
ease. Our finding of high levels of Gla-containiing pro-
teins in calcified valves supports the view that Gla-
containinig proteins anod vitamin K-depend(lent processes
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TABLE I
Gla, Mineral, and Amino Acid Analysis in Aortic Valves

No. of Patient Glutamic Aspartic Hydroxy- Hydroxy- Phos-
Diagnosis valves age Gla acid acid lysine Glycine proline Calcium phorus

yr residuesllO3amino acids nmol/mg protein

Normal human 2 15, 77 0.0 72-86 62-72 2.4-8.8 219-307 44-92 36.0- 75.5-
164.2 109.7

Noncalcified 3 12-18 0.0 78-80 63-64 5.5-8.1 264-280 89-96 68.2- 44.2-
congenital aortic 335.0 303.5
stenosis

Calcific aortic 4 52-77 0.2-1.06 82-112 65-93 1.3-7.6 148-258 42-88 2,080- 1,563-
stenosis 16,197 12,073

Calcified aortic 1 7 0.83 83 72 2.0 213 66 9,180 8,127
valve homograft

Normal porcine 1 - 0.0 82 65 10.0 277 94 146.2 37.5

Glutaraldehyde 1 - 0.0 82 66 1.2 279 99 108.0 61.7
preserved
xenograft
(nonimplanted)

Noncalcified 1 77 0.0 106 95 10.0 181 66 133.2 198.6
xenograft

Calcified xenograft 3 12-16 0.68-1.04 111-116 88-114 1.0-2.1 121-191 14-27 11,770- 11,129-
13,735 11,554

may play a role in the pathogenesis of calcific valve
disease, both in congenitally defonned valves and in
tissue prostheses. Also supportive of this hypothesis
is our finding that Gla levels in the mineralized valves
rose relative to tissue calcium content, indicating pos-
sible coordinate synthesis of Gla-containing proteins
along with mineral incorporation. Complete amino acid
composition studies of the mineralized valves showed
that compared with normal, the Gla-containing proteins
occur in these tissues as part of an overall change in
protein composition, which includes relatively dimin-
ished collagen content and increased acidic amino
acids, indicating increased acidic proteins.
The demonstration of the highly specific, calcium-

binding amino acid Gla in calcified valves, suggests
that Gla-containing proteins in the mineralizing valve
leaflets may bear many functional similarities to other
extrahepatic Gla-containing calcium-binding proteins.
Osteocalcin, the Gla-containing protein found in nor-
mal bone (8) was the first example of an extrahepatic
vitamin K-dependent protein (14). Previous work on
bone development has shown that the highest Gla
levels (and hence, highest osteocalcin levels) occur
in the most mineralized regions of bone (18), a finding
similar to the relationship in calcified valves shown
in the present work (Fig. 1). Furthermore, Gla-contain-
ing proteins have also been noted to be present in
other pathologic calcifications (11, 12) and unique Gla-
containing proteins have, in fact, been isolated from

calcium containing renal stones (12), and calcified
atherosclerotic plaque (13). In calcified plaque our
group has found that Gla levels paralleled calcium
content and pathologic severity (13), as is the case in
the present work concerning calcified cardiac valves.
Atherocalcin (13), the Gla-containing protein we have
purified from calcified plaque, has been partially char-
acterized and is a very acidic protein, according to
amino acid composition and charge, with an approxi-
mate molecular weight of 80,000 and 12 Gla residues/
molecule. Its amino acid composition and isoelectric
point differ markedly from other known Gla-containing
proteins. The relationship of atherocalcin to the Gla-
containing proteins in calcific valve disease remains to
be established. If atherocalcin is the principal Gla-
containing protein in calcified valves, then based upon
the present data with respect to Gla content, athero-
calcin would constitute 0.8 to 4% of the total protein
in calcified valves.
The precise developmental role of the Gla-contain-

ing proteins in valvar calcification remains to be
elucidated. It may be that Gla-containing proteins
found in calcified valves are synthesized elsewhere,
and are adsorbed by the mineralizing valve tissue.
This, however, seems unlikely for the following reason:
the relationship of Gla to calcium content in calcified
valves shown in Fig. 1 suggests an ordered synthesis
of these proteins in situ rather than adsorption. Fur-
thermore, our data show that the typical valvar calcium
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levels in the calcified leaflets are several orders of
magnitude greater than the molar amounts of detectable
Gla. This suggests that the Gla-containing proteins
present in calcified values may function as calcification
initiators, rather than macromnolecules simply adsorbed
to the mineralizing matrix. In the case of porcine xeno-
graft and homiiograft valves, in situ biosvnthesis could
only result from host cell invasioni and, in fact, increas-
ing cellular invasion of valvar grafts with time has been
reported (20).

Furthermore, the present results suggest that the bio-
synthesis of Gla-containing proteins found in calcified
cardiac valve tissue is vitamini K-dependent, as has
been showni for liver (7), bonie (14), kidney (9), and
lung (10). In the case of the vitamin K-dependent clot-
ting factors, vitamin K-antagon-ism with warfarin or re-
lated drugs results in an inhibition of Gla synthesis
with loss of calcium binding aind anticoagulation (7).
If Gla-containing proteins are necessary for the
mineralizationi of cardiac valves, then vitamin K-antag-
onism with (perhaps) warfarin or analogous drugs could
delay or diminish the pathologic process. Also, modifi-
cation of tissue prostheses with either warfarin analog
pretreatment or actual material incorporationi of these
compounds could favorably affect calcific degeneration.
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