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Abstract: Postimplant calcific degeneration is a frequent cause of clinical failure of
glutaraldehyde crossiinked porcine aortic valve bioprostheses. We demonstrated pre-
vioudly in rat subdermal and circulatory implants that a-amino oleic acid used as a
bioprosthesis pretreatment was highly effective in mitigating aortic valve cusp but not
aortic wall calcification. In this study we investigated the feasibility of synergistically
applying two proven anticalcification agents (a-amino oleic acid and FeCls) as pretreat-
ments for mitigating both bioprosthetic cusp and aortic wall calcification. a-Amino oleic
acid is hypothesized to prevent calcification by disrupting calcium phosphate formation
kinetics, whereas suppression of alkaline phosphatase activity and ferric-phosphate com-
plexation at cellular membrane initiation sites may be important factors in ferric ion’s
inhibition of calcification. In vivo implant studies (21-day rat subder mal model) indicated
that individually FeCl; (0.01 or 0.1 M for 24 h) or a-amino oleic acid (saturated solution)
treatments wer e equally effective in mitigating cuspal calcification (tissue calcium levels:
30.2 + 10.2,29.8 + 2.7, and 31.6 = 7.8 ug/mg tissue, respectively). However, sequential
application of first @-amino oleic acid and then FeCl; synergistically reduced aortic wall
calcification more effectively than either of the agents alone. The benefit of a synergistic
application of two anticalcification treatments, a-amino oleic acid and FeCl;, was demon-
strated. However, the synergistic effect was observed on aortic wall only at a higher FeCl;
concentration (i.e.,, 0.1 M). © 1997 John Wiley & Sons, Inc. J Biomed Mater Res (Appl Biomater)
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INTRODUCTION

Calcific degeneration impairs the long-term clinical perfor-
mance of bioprosthetic heart valves (BPHVs) fabricated
from porcine aortic valves crosslinked with glutaralde-
hyde.* It was previously postul ated that bioprosthetic calci-
fication is a multifactorial process.? BPHV calcification
occurs as an interaction of host, implant, and mechanical
factors. Glutaraldehyde crosslinking is the most important
implant factor—without this preparation step, subdermal
implants of xenograft valve cusp materials do not calcify.?
The most important host factor isyoung age, with immature
subjects calcifying bioprosthetic implants more severely
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than mature subjects.® Therefore, immature animals are
used in al experimental studies. Mechanical factors are of
importance, because observations of circulatory implants
indicate enhanced calcification at sites of greatest stress/
strain phenomena.® Initial calcification occurs at the devi-
talized cell membranes, intrinsic to the glutaraldehyde
crosslinked bioprosthetic tissue.** Following this, collagen
calcification in aortic cusp and elastin calcification in aortic
wall become progressively involved.®* To date, anticalci-
fication strategies have focused on prevention rather than
therapeutic measures to arrest or cause regression of ongo-
ing calcification. Although various strategies for counter-
acting this mineralization process have been investigated
experimentally, no completely satisfactory method is cur-
rently available clinically for complete inhibition of BPHV
calcification.

Recent studies using a-amino oleic acid pretreated bio-
prosthetic xenografts (either cusp or aortic wall) in rat
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subdermal implants,®>~” sheep orthotopic mitral valve re-
placements,® and left ventricular apicoaortic shunts® dem-
onstrated that a-amino oleic acid is effective in preventing
calcification of cusp but not aortic wall. a-Amino oleic
acid is hypothesized to bind to BPHV via its amino group
reacting with residual glutaraldehyde (presumably forming
a Schiff base or related compound®~*?), thereby allowing
a-amino oleic acid to remain in the tissue via chemical
bonding. It was demonstrated previously that the presence
of a-amino oleic acid on bioprosthetic tissues reduced the
calciumion diffusivity. Thus, calcium phosphate formation
kinetics could be altered by this phenomenon.”® Moreover,
FeCl; preincubation was previously shown to be effective
for inhibiting calcification of glutaraldehyde pretreated bo-
vine pericardium in rat subdermal implants® and in a sepa-
rate study to inhibit aortic wall calcification of glutaralde-
hyde pretreated rat aortic allograft circulatory implants.**
Previous studies suggested that ferric—phosphate complex-
ation at cellular membrane initiation sites could be a factor
in the ferric ion mechanism of inhibition of calcification.*®
Alkaline phosphatase inhibition by FeCl; was a'so demon-
strated to play arole in the anticalcification mechanism.*®

The objective of the present study was to investigate
the possibility of a synergistic use of a-amino oleic acid
and FeCl; pretreatments for inhibiting calcification of both
bioprosthetic cusp and aortic wall.

MATERIALS AND METHODS

Materials

Fresh and glutaraldehyde crosslinked porcine aortic valve
tissues (both cusp and aortic wall prepared according to
proprietary procedures approved for clinical use) were di-
rectly supplied by the Heart Valve Division of Medtronic
Inc. (Irvine, CA). FeCl; was obtained from Aldrich Chemi-
ca Inc. (Milwaukee, WI). All other chemicals were re-
agent grade; distilled and deionized water was used.
a-Amino oleic acid was synthesized at Medtronic Inc.
(Minneapolis, MN) and the a-amino oleic acid solution
was provided to our laboratory as a saturated solution pre-
pared under proprietary conditions also utilized to prepare
clinically implantable heart valve bioprostheses.*

Treatment of Tissues (Cusp and Aortic Wall) with
a-Amino Oleic Acid and FeCl;

Glutaraldehyde fixed cusps were treated with a saturated
a-amino oleic acid solution (approximately 1 mL «a-amino
oleic acid solution for 20 mg of wet tissue) for 72 h (at
37°C). Groups of a-amino oleic acid treated cusp tissues
were subsequently incubated for 24 h with either 0.01 or
0.1 M FeCl; solutions at 37°C. Similarly, aortic wall sam-
ples were pretreated with the a-amino oleic acid solution
and the FeCl; solutions in sequence. Two additional groups
of tissues (not exposed to a-amino oleic acid) were simi-
larly treated with 0.01 or 0.1 M FeCl; solutions.

TABLE |. Anticalcification Efficacy of a-Amino Oleic Acid and
FeCl; on Cusp Tissue

Calcium
Treatment (pg/mg of Tissue) = SEM
Control (no treatment) 163.4 + 145
a-Amino oleic acid 316 + 7.8*
a-Amino oleic acid/FeCl;

(0.01 M) 50.8 + 11.7*
FeCl; (0.01 M) 30.2 + 10.2*
a-Amino oleic acid/FeCl;

(0.1 M) 285 + 2.4*

FeCl; (0.1 M) 29.8 + 2.7

Data represent the average of 10 replicates = SEM.
* p < 0.01 vs. control (see Results).

Efficacy of a-Amino Oleic Acid/Ferric lon for Inhibiting
Glutaraldehyde Pretreated Porcine Aortic Cusp and
Aortic Wall Calcification in Rat Subdermal Model

Rat subdermal implants*”*8 were used to assess the antical-
cification efficacy of a-amino oleic acid, a-amino oleic
acid/FeCl;, and FeCl; on both cusp and aortic wall. Tissues
were implanted into male weaning rats (3-week-old, 50—
60 g, Sprague-Dawley; Charles River Laboratories, Bur-
lington, MA), anesthetized with a mixture of ketamine
(100 mg/mL) and xylazine (20 mg/mL), in subdermal
pouches dissected in the ventral abdominal wall as de-
scribed previously.”® Each animal received two separate
subdermal implants. After 21 days, the rats were euthanized
by carbon dioxide inhaation and the tissue specimens were
retrieved. All tissue specimens were rinsed with deionized
water and lyophilized. Representative samples fixed with
a combined glutaraldenyde—formaldehyde fixative'® solu-
tion were processed for light microscopy using glycometh-
acrylate embedding medium and staining with hematoxylin
and eosin (for overal morphology) and von Kossa's re-
agent (for calcium phosphate) according to previously de-
scribed methods.®® Acid hydrolysates of specimens were
subjected to calcium analysis by atomic absorption spec-
troscopy using previously described procedures.'®?°

Data and Statistical Analyses

Replicate data were calculated and expressed as mean =
standard error of the mean (SEM). Unpaired t tests were
used to assess the significance of statistical differences be-
tween experimental groups and controls. Results were
termed significant when the p value was less than 0.05.

RESULTS

The extent of inhibition of calcification on a-amino oleic
acid/FeCl; treated cusp and aortic wall with respect to the
concentration of FeCl; for tissue treatment, after 3 weeks
of implantation, isillustrated in Tables | and Il. Sequential
application of the two agents did not enhance calcification
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TABLE II. Anticalcification Efficacy of a-Amino Oleic Acid and
FeCl; on Aortic Wall Tissue

Aortic Wall Calcium

Treatment (pg/mg of Tissue) = SEM
Control (no treatment) 97.3 = 105
a-Amino oleic acid 56.9 = 2.7*
a-Amino oleic acid/FeCl;

(0.01 M) 27.2 + 9.0*
FeCl; (0.01 M) 129.2 + 153
a-Amino oleic acid/FeCl;

(0.1 M) 56 + 15*
FeCl; (0.1 M) 19.1 + 4.1*

Data represent the average of 10 replicates = SEM.
* p < 0.01 vs. control (see Results).

inhibition of the cusp but it was efficacious in the aortic
wall, especially when the concentration of FeCl; being used
wasat 0.1 M. Furthermore, the animalswith various treated
|eaflets had body weights at termination that did not differ
from the control, indicating a lack of adverse effects on
overal growth.

Cuspal Effects

The results of the rat subdermal implant study indicated
that FeCl; (at concentrations of 0.01 and 0.1 M) had an
anticalcification effect on cusps (see Table 1) and was at
least as effective asthat of a-amino oleic acid when applied
alone (p > 0.05 as compared to control). At a concentra-
tion of 0.1 M, FeCl; alone produced the same anticalcifica-
tion efficacy on cusps as applying «-amino oleic acid and
FeCl; (0.1 M) in sequence (p > 0.05).

Aortic Wall Effects

Treatment with 0.01 M FeCl; appeared to dightly exacer-
bate aortic wall calcification as compared to control (Table
I1). However, the difference was statistically insignificant
(p> 0.2). The sequentia application of first «-amino oleic
acid and then FeCl; (0.01 M) significantly reduced the
calcification of aortic wall as compared to control (p =
0.00006). The 0.1 M FeCl; was also very effective in re-
ducing aortic wall calcification, whereas a-amino oleic acid
alonewas significantly less effective (p > 0.05) . Neverthe-
less, the sequential application of both a-amino oleic acid
and FeCl; (0.1 M) significantly decreased aortic wall calci-
fication to approximately one-third of the level noted with
treatment with FeCl; (0.1 M) alone (p = 0.0009); syner-
gism was clearly demonstrated.

Microscopy

The morphologic resultswere in agreement with the chemi-
cal measurements of calcification for the various groups

(Fig. 1). Cacific depositsin cuspal tissue not treated with
a-amino oleic acid or FeCl; were punctate to confluent.
Calcification was markedly and equivalently reduced by
pretreatment with a-amino oleic acid alone, by pretreat-
ment with FeCl; alone (either 0.01 or 0.1 M), or with the
combination a-amino oleic acid/FeCl; (0.1 M). Pretreat-
ment with a-amino oleic acid/FeCl; (0.01 M) seemed to
yield more calcification than a-amino oleic acid alone.

For aortic wall, the control (untreated) tissue calcified
predominantly as bands of mineral near the intimal and the
adventitial surfaces, characteristic of aortic wall implanted
subcutaneously (Fig. 1). Although treatment with FeCl;
(0.01 M) had little effect on the calcification morphology,
treatment with FeCl; (0.1 M) or a combination a-amino
oleic acid/FeCl; (0.01 or 0.1 M) markedly reduced aortic
wall calcification. In aortic wall segments, as with the
cusps, the least calcification was noted with the combina
tion a-amino oleic acid/FeCl; (0.1 M). No inflammatory
or other untoward effects on cusp or aortic wall were noted
in the treated groups.

DISCUSSION

The long-term clinical use of BPHV's manufactured from
glutaraldehyde crosslinked porcine aortic valve and bovine
pericardial tissues is limited by calcific degeneration.!
Some experimental strategies have been proven effective
for mitigating calcification of cusps.*®** However, many
of the strategies devised for preventing cuspal calcification
have failed to effectively inhibit aortic wall calcification,®
a potentially important problem with stentless valves.

Thefocus of thisinvestigation was to establish the feasi-
bility of a synergistic application of two different agents
(i.e., a-amino oleic acid and FeCl;), each with proven
anticalcification efficacy on aortic cusp and aortic wall.
The principa findings of this study were that additiona
use of FeCl; preincubations did not enhance the anticalci-
fication effectiveness of a-amino oleic acid on the cusp,
yet sequential application of a-amino oleic acid and FeCl;
enhanced the anticalcification effectiveness of either agent
applied alone to the aortic wall.

As described above, a-amino oleic acid isin part cova-
lently bound to BPHV tissue, both cusp and aortic wall,
presumably through an amino—aldehyde reaction. The
mechanism of «-amino oleic acid inhibition of calcification
is incompletely understood. Detergent pretreatments of
BPHV s have been shown in a number of studies to inhibit
calcification.?* The mechanism of this effect is presumably
due to surfactant extraction of phospholipids and other
components mediating the calcification mechanism.*8%
However, preliminary studies by our group indicate rela-
tively little phospholipid extraction by a-amino oleic acid,
thereby suggesting that the usual detergent mechanism for
inhibiting calcification is not operative in the case of a-
amino oleic acid. Other research by our group demonstrated
pretreatment with «.-amino oleic acid resultsin asignificant
diminution of the diffusivity of calcium through BPHV
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Figure 1. Morphology: (A)-(D) cusp, (E)—(H) aortic wall; (A) untreated, (B) a-amino oleic acid
treated, (C) FeCl; (0.1 M) treated, and (D) combination a-amino oleic acid/FeCls (0.1 M). (E) Un-
treated, (F) a-amino oleic acid treated, (G) FeCl; (0.1 M) treated, and (H) combination «-amino oleic
acid/FeCl; (0.1 M). (H) This sample appears to have more calcification than (G). All stained with
von Kossa's reagent (calcium phosphate black). Magnifications: (A)- (D) x70 and (E)-(H) x35.
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Figure 1. (continued)

leaflets. Thus, calcium phosphate formation kinetics may
be significantly altered by this phenomenon, and this may
explain the efficacy of a-amino oleic acid.

However, the mechanism of FeCl; inhibition of calcifi-
cation would at least appear to be distinct from that of
a-amino oleic acid. FeCl; pretreatment of glutaraldehyde
crosslinked bovine pericardium, and in separate studies of
aortic wall, was demonstrated to result in the inhibition of
calcification of these tissues in subdermal implants (peri-
cardium) and circulatory aortic allografts in rats.** FeCls,
inhibition of bioprosthetic calcification isincompletely un-
derstood. Evidence from previous studies suggests that fer-
ric—phosphate complexation at cellular membrane initia-
tion sites may be an important factor in the ferric ion mech-
anism of inhibition of calcification. In addition, FeCl,;
pretreatment of pericardial bioprosthetic subdermal im-
plants inhibits the alkaline phosphatase activity usually as-
sociated with the initiation and progression of calcifica-
tion.** Studies of calcium phosphate crystallization indicate
that ferric chloride is a potent inhibitor of calcium phos-
phate crystal growth.? Furthermore, ferric salts exposure
was implicated in renal osteodystrophy, suggesting another
avenue for interaction and interference with calcium phos-
phate formation.* It was proposed by Urry and Long that
the calcium ion has high affinity toward elastin (a magjor
component of aortic wall ) .?>? The coordination of calcium
ion with elastin raises the hypothetical possibility that the
attraction of phosphate ions to complexed calcium eventu-
aly results in elastin calcification. Ferric ion could inhibit

the growth of calcium phosphate crystals on the elastin of
aortic wall, thereby reducing calcification.?*

a-Amino oleic acid and FeCl; synergism could occur
due to the distinct separate actions of each of these agents,
thereby combining to achieve arelatively greater inhibition
of calcification. However, in our studies the synergy was
only apparent for aortic wall calcification. Therefore, this
potent combination of a-amino oleic acid and FeCl; may
be most useful for the unique elastin oriented calcification
characteristic of aortic wall mineral deposition. Although
aortic wall calcification is not clinically significant in
stented BPHV implants, it is potentially of importance in
the mineralization of stentless valves because aortic wall
calcific deposits could become large enough to mechani-
cally impinge on the lumen of the aortic wall segment that
is normally part of a stentless valve conduit implant. This
phenomenon has not been observed as yet in the clinica
use of stentless valves. However, aortic wall cacification
has been reported to be a major cause of abstruction of
aortic valve alografts in several clinical studies® Thus,
a-amino oleic acid—FeCl; synergy may be of relevance in
avoiding this problem for the use of stentless valves. It
should also be noted that previous work from our laboratory
demonstrated that 21-day rat subdermal bioprosthetic
leaflet implants result in calcium levels identical to those
noted in failed clinical BPHVs. Although these same data
are not as widely available for the aortic wall, a recent
publication from our group indicates a similar result, that
is, the level of aortic wall calcium in our 21-day subdermal
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implants as comparable or greater to that noted in aortic
wall in failed stent-mounted valves.?® Thus, although longer
term implants could be more revealing in terms of un-
masking breakthrough calcification, the present study sup-
ports the view that inhibition of calcification comparable to
that noted in clinical bioprosthesisfailure isindeed possible
with this approach.

CONCLUSION

The benefit of a synergistic application of two anticalcifi-
cation agents, a-amino oleic acid and FeCl;, was demon-
strated in this study. However, the synergistic anticalcifica-
tion effect was only observed on aortic wall (not cusp)
and a a higher FeCl; concentration (i.e,, 0.1 M). This
approach could enhance a-amino oleic acid inhibition of
aortic wall cacification, a prominent complication with
stentless porcine BPHVs and aortic valve alografts.

These studies were supported by the Heart Valves Division of Medtronic Inc.,
Irvine, CA.

REFERENCES

1. Schoen, F. J,; Levy, R. J,; Piehler, H. R. Pathological consid-
erations in replacement cardiac valves. Cardiovasc. Pathol.
1:29-52; 1992.

2. Schoen, F. J;; Levy, R. J. Célcification of bioprosthetic heart
valve. Bodnar, E.; Frater, R. eds. Replacement Heart Valves.
New York: Pergamon Press; 1989:124—-148.

3. Schoen, F. J,; Levy, R. J. Heart valve bioprostheses: antimin-
eralization. Eur. J. Cardiothorac. Surg. 6[Suppl]:S91-S94;
1992.

4. Girardot, M. N.; Torriani, M.; Girardot, J. M. Role of glutar-
aldehyde in calcification of porcine heart valves. comparing
cusp and wall. J. Biomed. Mater. Res. 29:793—-801; 1995.

5. Girardot, M. N.; Torriani, M.; Girardot, J. M. Effect of AOA
on glutaraldehyde-fixed bioprosthetic heart valve cusps and
walls: binding and calcification studies. Int. J. Artif. Org.
17:76—82; 1994.

6. Girardot, M. N.; Girardot, J. M.; Schoen, F. J. Alpha amino
oleic acid, a new compound, prevents calcification of bio-
prosthetic heart valve. Trans. Soc. Biomater. 14:114; 1991.

7. Chen, W.; Kim, J. D.; Schoen, F. J.; Levy, R. J. Effects of
2-amino oleic acid exposure conditions on the inhibition of
calcification of glutaraldehyde cross-linked porcine aortic
valve. J. Biomed. Mater. Res. 28:1485—1495; 1995.

8. Gott, J. P,; Pan, C.; Dorsey, L. M. A.; et a. Calcification of
porcine valves: a successful new method of antimineraliza-
tion. Ann. Thorac. Surg. 53:207-216; 1992.

9. Chen, W.; Schoen, F. J.; Levy, R. J. Mechanism of efficacy
of 2-amino oleic acid for inhibition of calcification of glutar-
aldehyde pretreated porcine bioprosthetic heart valves. Circu-
lation 90:323—-329; 1994.

10. Woodroof, E. A. Use of glutaraldehyde and formaldehyde to
process tissue heart valve. J. Bioeng. 2:1-9; 1978.

11. Cheung, D. T.; Nimni, M. E. Mechanism of cross-linking of
proteins by glutaraldehyde: | reaction of model compounds.
Connect. Tissue Res. 10:187—-199; 1982.

12. Korn, A. H.; Feairheller, S. H.; Filachione, E. M. Glutaralde-
hyde: nature of the reagent. J. Mol. Biol. 65:525—-529; 1972.

13. Webb, C. L.; Schoen, F. J.; Flowers, W. E.; Alfrey, A.C,;
Horton, C.; Levy, R. J. Inhibition of mineralization of glutar-
aldehyde-pretreated bovine pericardium by AlCl;—mecha-
nism and comparisons with FeCls, LaCl;, and Ga(NOs)3 in
rat subdermal model studies. Am. J. Pathol. 138(4):971—
981, 1991.

14. Levy, R. J; Qu, X.; Underwood, T.; Schoen, F. J.; Trachy,
J. W. Cdlcification of valved aortic dlografts in rats. effects
of age, crosslinking, and inhibitors. J. Biomed. Mater. Res.
29:217-226; 1995.

15. Levy, R. J; Schoen, F. J.; Flowers, W. B.; Stadlin, S. T. Initi-
ation of mineralization in bioprosthetic heart valves: studies
of alkaline phosphatase activity and its inhibition by AICl,;
or FeCl; preincubation. J. Biomed. Mater. Res. 25:906—-935;
1991.

16. Girardot, M. N.; Girardot, J. M.; Schoen, F. J.; et al. Develop-
ment of the AOA process as antimineralization treatment
for bioprosthetic heart valves. Trans. Soc. Biomater. 16:266;
1993.

17. Schoen, F. J; Levy, R.J; Nelson, A. C.; Bernhard, W. F.;
Nashef, A.; Hawley, M. Onset and progression of experimen-
tal bioprosthetic heart valve cacification. Lab. Invest.
52:523-532; 1985.

18. Schoen, F. J,; Tsao, J. W.; Levy, R. J. Calcification of bovine
pericardium used in cardiac valve bioprostheses: implication
for the mechanisms of bioprosthetic tissue mineralization.
Am. J. Pathol. 123:134-145; 1986.

19. Karnovsky, M. J. A formaldehyde-glutaral dehyde fixative of
high osmolality for use in electron microscopy. J. Cell Biol.
27:137A—-138A; 1965.

20. Schoen, F. J; Levy, R. J.; Nelson, A. C.; Bernhard, W. F;
Nashef, A.; Hawley, M. Onset and progression of experimen-
tal bioprosthetic heart valve cacification. Lab. Invest.
52:523-532; 1985.

21. Jones, M.; Eidbo, E. E.; Hilbert, S. L.; Ferrans, V. J.; Clarks,
R. E. The effects of anticalcification treatments of biopros-
thetic valves implanted in sheep. Trans. Am. Soc. Artif. In-
tern. Org. 34:1027-1030; 1988.

22. Hirsch, D. H.; Drader, J.; Thomas, T. J.; Schoen, F. J.; Levy,
J. T.; Levy, R. J. Inhibition of calcification of glutaraldehyde
pretreated porcine aortic cusps with sodium dodecy! sulfate:
preincubation and controlled release studies. J. Biomed.
Mater. Res. 27:1477—-1484; 1993.

23. Christoffersen, M. R.; Thyregod, H. C.; Christoffersen, J. Ef-
fects of aluminum(111), chromium(l11), and iron(l11) on the
rate of dissolution of calcium hydroxyapatite crystals in the
absence and presence of the chelating agent desferrioxamine.
Calcif. Tissue Int. 41:27-30; 1987.

24. Phelps, K. R.; Vigorita, V. J,; Bansal, M.; Einhorn, T. A.
Histochemical demonstration of iron but not aluminum in a
case of diaysis-associated osteomalacia. Am. J. Med.
84:775—780; 1988.

25. Urry, D. W. Neutral sites for calcium ion binding to elastin
and collagen: a charge neutralization theory for calcification
and its relationship to atherosclerosis. Proc. Natl. Acad. Sci.
68:810—-814; 1971.

26. Urry, D. W.; Long, M. M. Molecular pathology of vascular
elastic fiber—the importance of the glycoprotein coating.
Glycoproteins and glycolipids in disease processes. ACS
Symp. Ser. 80:227—255; 1978.

27. Cleveland, D. C.; Williams, W. G.; Razzouk, A. J.; et al.
Failure of cryopreserved homograft valved conduits in the
pulmonary circulation. Circulation 86(Suppl 5):150-153;
1992.

28. Schoen, F.J. Differential calcification of cusps and aortic
wall of failed stented porcine bioprosthetic valves. J. Biomed.
Mater. Res. to appear.



