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Postimplant calcific degeneration is a frequent cause of clin-
ical failures of glutaraldehyde cross-linked porcine biopros-
thetic heart valves (BPHV). It was demonstrated previously
that 2-amino oleic acid (AOA) used as a bioprosthesis treat-
ment was highly effective in mitigating aortic valve cusp
but not aortic wall calcification. Our main objective was to
study the efficacy of various AOA exposure conditions for
inhibiting calcification of both cusps and aortic wall tissues
using rat subdermal implants. BPHV tissues were treated
with a saturated AOA solution for different time intervals
before experimentation. Aortic wall AOA levels were con-
sistently lower than that of the cusps after the same expo-
sure times. The diffusion of calcium ion across both cusp
and aortic wall tissues was evaluated, and the results dem-
onstrated that there was an AOA exposure time-dependent
retardation of calcium ion penetration for cusp but not aor-
tic wall. An 8-month extraction study was performed to
determine the stability of ACA binding. When Tween 80
was used as an extraction medium, cusp and aortic wall
retained 12.9 and 48.7%, respectively, of their initial AOA
levels. AOA inhibition of calcification in rat subdermal im-
plants (60 days) was found to be exposure time-dependent

with maximum treatment time (120 h), resulting in the low-
est calcium levels (20.1 + 10.3 and 71.4 * 5.4 ug/mg of cusp
and aortic wall, respectively) as compared with controls
(219.1 + 6.8 and 104.9 = 8.5 ng/mg of cusp and aortic wall,
respectively). The significance of AOA binding on BPHV
tissue was determined by either blocking or reducing
BPHV’s {cusp and aortic wall) free aldehyde residues with
lysine or NaBH,, respectively, before AOA treatment. For
aortic cusps, the AOA contents after 72 h were 98.3 = 2.7,
34.2 £ 3.6, and 54.1 £ 3.0 nM/mg of tissue for AOA (con-
trol), lysine-pretreated (plus AOA) and NaBH,-pretreated
(plus AOA) tissues, respectively. However, their calcium
levels after 60 days of rat subdermal implant were all com-
parable (i.e., 48.1 * 6.2, 38.2 = 9.1, and 47.0 = 15.0 pg
calcium per mg of tissue). Similar results were observed on
BPHYV aortic wall. It can thus be concluded that AOA inhi-
bition of BPHV calcification is exposure time-dependent,
but the efficacy of AOA for aortic wall is less than that
noted for aortic cusps, perhaps because of lower AOA
binding and differences in calcium diffusion kinetics.
© 1994 John Wiley & Sons, Inc.

INTRODUCTION

Pathologic calcific degeneration frequently causes
clinical failure of bioprosthetic heart valves (BPHV)
fabricated from porcine aortic valves cross-linked
with glutaraldehyde.! Calcification of glutaraldehyde
cross-linked bioprosthetic heart valves is hypothe-
sized to be a multifactorial process.> The influx of
calcium ions over time into bioprosthetic tissue after
BPHV implantation almost certainly plays an impor-
tant role in the initial nucleation of calcium phosphate
crystals intrinsically within devitalized cells in the
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valve Cusps.z’4 This results in calcific degeneration,
and eventually failure due to stenosis or tearing with
regurgitation. Various strategies have been evaluated
for counteracting this mineralization process. Never-
theless, no completely satisfactory method is cur-
rently available clinically for completely preventing
calcification of BPHV. However, 2-amino oleic acid
(AOA) as a BPHV pretreatment was shown to be ef-
fective in preventing calcification of glutaraldehyde
cross-linked aortic valve cusps, but not aortic wall,5>7
These recent animal model studies used rat subder-
mal implants,® sheep orthotopic mitral valve replace-
ments,® and xenografts composed of porcine trileaf-
lets and ascending aortic wall implanted as left ven-
tricular apicoaortic shunts’ in sheep. AOA is
hypothesized to bind to BPHV via its 2-amino group
reacting with residual glutaraldehyde (presumably
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forming a Schiff base or related compounds®%)

thereby allowing AOA to remain in the tissue.

The objective of this study was to investigate the
conditions critical for AOA mitigation of calcification
of both glutaraldehyde-pretreated aortic valve cusps
and aortic wall. The following studies were carried
out to examine: 1) the effects of various exposure con-
ditions for AOA incorporation on calcium diffusion
through either cusp or aortic wall; 2) the long-term
binding stability of AOA to either cusp or valve (by
comparing dissociation into three types of media: a
physiologic buffer, bovine serum, and a nonionic de-
tergent solution); 3) the calcification of rat subdermal
implants for assessing the inhibition of calcification
for either cusp or aortic wall using tissues that were
exposed to AOA for various durations of time; 4) the
effects of inhibiting AOA binding to both glutaralde-
hyde-pretreated aortic valve cusps and aortic wall on
the calcification response by either partially blocking
AOA uptake with lysine or reducing the residual al-
dehyde groups with sodium borohydride before
AOA exposure.

MATERIALS AND METHODS
Materials

4C-Jabeled 2-amino oleic acid (AOA) (labeled at
the B-carbon, specific activity: 1.6 mCi/mM) was syn-
thesized at American Radio Chemical (St. Louis, MQO)
using procedures established by Girardot.'' Nonra-
dioactive AOA was synthesized by the same proce-
dures at Medtronic (Minneapolis, MN). Fresh porcine
aortic valves were obtained at slaughter and glutar-
aldehyde cross-linked porcine aortic valve tissues
(prepared according to proprietary procedures ap-
proved for clinical use) were directly supplied by the
Heart Valve Division of Medtronic (Irvine, CA). Fresh
frozen bovine serum, lysine, and sodium borohy-
dride were purchased from Sigma Chemical Com-
pany (St. Louis, MO). Tween 80 was from Fisher
Chemical (Fairlawn, NJ). Sodium azide (Sigma
Chemical Company) was added to the bovine serum
as a preservative (0.1%). All other chemicals were
reagent grade; distilled and deionized water was
used.

Amino-oleic acid was provided to our laboratory by
the Medtronic Heart Valve Division (Irvine, CA) as a
saturated solution prepared under proprietary condi-
tions also used to prepare clinically implantable heart
bioprostheses.®!' A "C-AOA stock solution was pre-
pared by similar procedures.®'' The *C-AOA stock
solution was spiked directly into the AOA solution
for all experiments. AOA binding postglutaraldehyde
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fixation involved incubations of either porcine aortic
cusps or aortic wall specimens in a saturated solution
of AOA in a proprietary AOA solvent as described
before, for the various durations described subse-
quently for the dose response conditions. Tissues
pretreated with *C-AOA were washed extensively
with an excess of normal saline until the radioactivity
of the wash liquid was indistinguishable from back-
ground. Control tissues were exposed to the propri-
etary AOA-solvent (without AOA) for appropriate
durations.

Determination of AOA content in
14C-AOA-treated tissues

Sample tissues were lyophilized separately,
weighed, and incubated in Solvable® (New England
Nuclear Research Products, Boston, MA) for 24 h at
60-65°C in a water bath. Each digested sample was
then combined with an adequate volume of Ecol-
ume® (ICN Biomedical, Irvine, CA), and its *C-
radioactivity was determined by liquid scintillation
counting (Beckman LS3801 Liquid Scintillation
Counter, Beckman Instruments, Fullerton, CA). The
AOA content of each tissue specimen was assessed
by comparing its dpm value with that of the '*C-AOA
solution prepared for tissue treatment. The amount
of AOA incorporated was expressed as nanomoles
per milligram of dried tissue.

AOA uptake by tissues

Porcine aortic valve cusp or wall AOA uptake stud-
ies were separately performed by incubating glutar-
aldehyde cross-linked tissues with *C-AOA solution
for different periods of time (0.17, 1, 3, 6, 12, 24, 72,
and 96 h) at 37°C. The tissues’ AOA contents were
determined on freeze-dried representative samples
(as before).

Diffusion of calcium across tissues

A piece of AOA-treated cusp tissue was mounted
on a microdiffusion cell. One milliliter of 0.2% (18
mM) calcium chloride solution was pipetted into the
donor chamber and 1 ml of water was immediately
added to the recipient chamber. The diffusion cell
was placed on a shaker rotating at 120 rpm, and the
temperature was maintained at 37°C. After 5 min, the
recipient chamber was evacuated and replenished



2-AMINO OLEIC ACID EXPOSURE

with 1 ml of water. Additional samples were with-
drawn at 10, 15, 20, 30, 45, 60 and 75 min. The cal-
cium contents of all samples collected (after proper
dilutions) were determined by atomic absorption
spectroscopy (Perkin-Elmer Model 2380 Spectropho-
tometer, Perkin-Elmer, Norwalk, CT) at a wavelength
of 422.8 nm.

Similar methodologies were applied to evaluate the
pattern of calcium diffusion across aortic wall. Vari-
ous samples were withdrawn between 3 and 48 h.
Their diffusivities were calculated based on steady-
state equilibrium,’? as described by Johnston et al.,*?
using the following equation'*:

D = I*/6(ty,g),

where D = diffusivity, I = thickness of tissue, and
t.g = lag time.

AOA extraction study

MC-AOA extraction studies were carried out with
three individual solvents including pH 7.4 phos-
phate-buffered saline, 20% aqueous Tween 80 solu-
tion (to provide a sink condition for AOA dissolu-
tion), and bovine serum (to simulate an in vivo envi-
ronment after valve implantation). Samples of AOA-
treated tissue were transferred to a vial containing 10
ml of pH 7.4 sodium phosphate-buffered saline
(0.18M) placed on a shaker (rotating at 120 rpm) at
37°C for 0.5 h. Each BPHV specimen was then trans-
ferred to another vial containing fresh phosphate
buffer. The same procedure was repeated at different
time intervals for 8 months. Samples were withdrawn
from each vial and combined with Ecolume®, and the
4C-level was assessed by liquid scintillation count-
ing. AOA content was determined by comparing its
dpm value with that of the *C-spiked AOA solution
used for treating tissue. At the conclusion of the ex-
traction study, each tissue specimen was retrieved
and digested with Solvable®; its residual '*C-
radioactivity was determined by the procedures pre-
viously described involving saline washes to remove
residual radioactivity followed by lyophilization. The
residual dpm value was added to the total cumulative
counts gathered during the study; this number was
stipulated as the initial total counts on the tissue be-
fore the experiment. The extraction study results
were thereby expressed as the cumulative percentage
of AOA extracted versus time.

Similar methodologies were applied to conduct
separate extraction studies using either bovine serum
or Tween 80 as extraction media.

Treatment of tissues (cusp and aortic wall) for
subdermal implants

Cusps were pretreated with a saturated AOA so-
lution (0.171%) (approximately 1 ml AOA solution for
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20 mg of wet tissue) for 10 min, 5, 72, and 120 h to
incorporate various amounts of AOA into the tissues.
Control cusp specimens were treated with only ACA
solvent for the same durations. Similarly, aortic wall
samples were treated with AOA solution for 2, 12, 72,
and 120 h. A set of aortic wall tissues was also treated
with AOA solvent for the same durations as control.

We sought to reduce the reactivity of free glutaral-
dehyde residuals for AOA binding. Porcine aortic
cusp and aortic wall tissues were incubated in a 0.17
M lysine solution at room temperature for 24 h. These
lysine treated tissues were washed extensively with
normal saline and subsequently treated with AOA
solution for 72 h according to the procedures de-
scribed previously.

To reduce the free glutaraldehyde residuals for in-
hibiting subsequent AOA binding, porcine aortic
valve cusp and wall tissues were incubated in 0.1 M
NaBH, in 0.05 M N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (Hepes) buffer (at pH 7.4) at room
temperature for 24 h. These NaBH,-treated tissues
were washed with normal saline and subsequently
treated with AOA for 72 h according to the proce-
dures described previously.

Efficacy of AOA for inhibiting
glutaraldehyde-pretreated porcine aortic cusp and
aortic wall calcification in a rat subdermal model

Rat subdermal implants'*'® were used to assess
the anticalcification efficacy of AOA. AOA-treated,
solvent-treated, and untreated tissues were im-
planted into male weaning rats (3 weeks old, 50-60 g,
Sprague-Dawley; Charles River Laboratories, Bur-
lington, MA), anesthetized with a mixture of keta-
mine (100 mg/ml) and xylazine (20 mg/ml), in subder-
mal pouches dissected in the ventral abdominal wall
as described previously.’® Each animal received two
separate subdermal implants. After 60 days, rats
were euthanized with carbon dioxide and the tissue
specimens were retrieved. Representative specimens
fixed with a combined glutaraldehyde-formaldehyde
fixative’® solution were examined morphologically by
light microscopy, using glycomethacrylate embed-
ding medium according to previously described
methods.***!7 All tissue specimens were rinsed with
normal saline and deionized water and freeze dried.
Acid hydrolysates of the freeze-dried specimens were
prepared for calcium analysis by atomic absorption
spectroscopy using previously described proce-
dures.*"

Data and statistical analyses

Replicate data was calculated and expressed as
mean * standard error of the mean (SEM). Unpaired



1488

t tests were used to assess the significance of statis-
tical differences between experimental groups and
controls.

RESULTS
AOA uptake by tissues

Incubation time-dependent uptake between AOA
and tissue samples, assayed as the amounts of AOA
incorporated into cusp and aortic wall, is depicted in
Figure 1. Increased duration of AOA incubation re-
sulted in plateau levels of AOA by approximately 20
h for both aortic wall and cusp; slight increases in
AOQOA levels could be seen after that time with length-
ier incubations. Uptake normalized according to dry
weight at all times was significantly greater for cusp
than aortic wall; the maximum amounts of AQA in-
corporated initially into cusp and aortic wall were
127.9 and 67.3 nM/mg of tissue, respectively (P <
.001).

Diffusion of calcium across tissues

The rate of calcium diffusion was more than an
order of magnitude more rapid across cusp (AOA
pretreated and untreated) than aortic wall (AOA pre-
treated and untreated) tissues (Fig. 2). In Figure 2A,
after 1 h, the cumulative amounts of calcium diffused
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Figure 1. Uptake of AOA by bioprosthetic tissue: (open

circles) cusp and (closed triangles) aortic wall. This study
was performed to establish the optimum treatment for in-
corporating various amounts of AOA into tissues for the
duration of exposure. The actual AOA levels of the tissues
for implantation were determined independently. Each
data point represents the average of at least six replicates *
SEM. Copyright © 1994 John Wiley & Sons, Inc. Reprinted
from Polymer Site-Specific Pharmacotherapy, pp. 221-242, by
W. Chen, S. P. Schwendeman, V. Labhasetwar, and R. J.
Levy. Used with permission. All rights reserved.
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Figure 2. (A) Diffusion of calcium across cusp tissues with
different AOA levels: (open squares) 101.0 nM/mg of tis-
sue, (closed triangles) 59.4 nM/mg of tissue, (open circles)
32.1 nM/mg of tissue, and (open diamonds) 0 nM/mg of
tissue. (B) Diffusion of calcium across aortic wall tissues
with different AOA levels: (closed triangles) 60.2 nM/mg of
tissue, (open triangles) 23.0 nM/mg of tissue and (closed
circles) 0 nM/mg of tissue. Each data point represents the
average of at least four replicates = SEM.

across cusp samples were 22.5 + 3.6, 48.7 = 10.8, and
78.1 = 3.1 pg (Average + SEM) for tissues containing
101.8, 32.1, and 0 nM of AOA per mg tissue, respec-
tively. When aortic wall was used as a diffusion bar-
rier (Fig. 2B), after approximately 48 h the cumulative
amounts of calcium diffused were 14.9 = 3.2, 19.7 =
1.8, and 25.4 + 2.2 pg for tissues containing 60.2,
23.0, and 0 nM of AOA per mg of tissue, respectively.
Overall, the increased presence of AOA significantly
retarded only diffusion of calcium ions across aortic
cusp (compared with control), but not aortic wall (Ta-
ble 1), as indicated by their calculated diffusivities.

AOA extraction study

The results of the 8-month extraction study using
both cusp and aortic wall are illustrated in Figure 3. In
general, an initial burst of AOCA released from each
type of tissue specimen within the first 24 h of in vitro
incubation followed by a greatly diminished rate of
AOA extraction. Extraction of AOA from cusps was
approximately 125% greater than that of aortic wall.
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TABLE I

Diffusivities of Calcium Ions Comparing Cusp and
Aortic Wall with Different AOA Levels

AOA Level Diffusivity
Tissue (nM/mg Tissue) (mm?/h)

Cusp 0 2,69 = 0.11
32.1 1.22 = 0.20*

101.8 0.81 * 0.11*

Aortic wall 0 0.21 = 0.04
23.0 0.09 = 0.00*

60.2 0.14 = 0.00*

Each number represents at least four replicates + SEM.
*P < .01 as compared with no AOA incorporation.
P < .01 as compared with no AOA incorporation.

Cusp AOA

As seen in Figure 3A, an initial burst of AOA re-
lease from cusps was observed in both bovine serum
and Tween solution. A very large proportion of
bound AOA was dissociated in these solvents within
the first 24 h. The rate of dissociation greatly moder-
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Figure 3. (A) Extraction of AOA treated cusp tissue in:

(closed triangles) pH 7.4 phosphate bulffer, (open circles)
bovine serum, and (closed triangles) Tween 80 solution. (B)
Extraction of AOA-treated aortic wall tissue in: (closed di-
amonds) pH 7.4 phosphate buffer, (open circles) bovine
serum, and (closed triangles) Tween 80 solution. Each
datapoint represents the average of at least five replicates +
SEM.
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ated thereafter and reached a relatively steady (or lin-
ear) phase after 50 days. The rate of AOA dissociation
was relatively lower in phosphate-buffered saline
compared with bovine serum and Tween.

Table II summarizes the initial and residual AOA
levels on the cusp specimens used for the extraction
study. For comparison, fresh porcine aortic cusp tis-
sue (after AOA pretreatment) was used as a control.
It should be noted that 42.2 + 2.3 nM of AOA was
present on each milligram of fresh cusp tissue (non-
extracted) as compared with 176.6 + 7.1 nM per mil-
ligram of its glutaraldehyde cross-linked counterpart
(before extraction). Each milligram of cusp tissue, af-
ter extraction with phosphate buffer, retained 114.8 *
5.2 nM of AOA (65.0% of initial tissue level). The
presence of a surfactant (i.e., Tween 80) in the ex-
tracting media greatly enhanced AOA’s aqueous sol-
ubility and dissociation; thus, only 22.8 * 2.8 nM of
AOA (12.9% of initial tissue level) remained on each
milligram of tissue at the conclusion of the study.
When bovine serum was used as an exiraction me-
dium, each milligram of cusp tissue retained 44.9 +
1.7 nM of AOA (25.4% of initial tissue level).

Aortic wall AOA

In Figure 3B, similar to the cusp results, an initial
burst effect was also observed in either bovine serum
or Tween solution. A large portion of AOA was dis-
sociated in the first 10 days. The rate of dissociation
greatly moderated thereafter and reached a steady
phase after 40 days. Similar to the observations in the
cusp tissues, the rate of AOA dissociation in phos-
phate buffer remained slow throughout the study
compared to the other media studied. Table III sum-
marizes the initial and residual AOA levels on the
cusp tissues used for the extraction study. For com-

TABLE II
Residual Porcine Aortic Cusp AOA Levels after
Extraction Study

Amount of AOA

Medium (nM/mg Tissue) (% Control)
Control* 176.6 = 4.7
Bovine serum? 449+ 1.7 25.4
20% Tween 80" 22828 12.9
Phosphate buffer! 114.8 + 4.7 65.0
Fresh tissuet 422 +2.38 23.9

Each number represents at least five replicates + SEM.
The AOA levels on both types of tissue after the extraction
study were significantly lower than those of the controls (P
<.001 in both cases).

*No extraction study performed.

*Results after 240 days of extraction.

*Nonglutaraldehyde cross-linked tissue subjected to
AQA pretreatment/no extraction study performed.

$Adopted from Chen et al.”
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TABLE III
Residual Porcine Aortic Wall AOA Levels after
Extraction Study

Amount of AOA

Medium (nM/mg Tissue) (% Control)
Control* 59.1 = 1.6
Bovine serum 28.8 = 0.2 48.7
20% Tween 80 235+ 1.4 39.8
Phosphate buffer’ 55.5 = 0.3 93.9
Fresh tissue¥ 26.6 + 1.2§ 45.0

Each number represents at least five replicates + SEM.
The AOA levels on both types of tissue after the extraction
study were significantly lower than those of the controls (P
< .001 in both cases).

*No extraction study performed.

*Results after 240 days of extraction.

*Nonglutaraldehyde cross-linked tissue subjected to
AOA pretreatment/no extraction study performed.

$Adopted from Chen et al.”

parison, fresh tissue (after AOA pretreatment) was
used as a control; 26.6 = 1.2 nM of AOA was present
on each milligram of fresh aortic wall tissue (nonex-
tracted) as compared with 59.1 = 1.6 nM per milli-
gram of its glutaraldehyde cross-linked counterpart
(before extraction). Each milligram of aortic wall tis-
sue, after extraction with phosphate buffer, retained
55.5 = 0.3 nM of AOA (93.9% of initial AOA level).
The presence of a surfactant (i.e., Tween 80) greatly
enhanced AOA’s aqueous solubility and dissociation;
thus, only 23.5 = 1.4 nM of AOA (48.7% of initial
tissue level) remained on each milligram of aortic wall
tissue at the conclusion of the study. When bovine
serum was used as an extraction medium, each mil-
ligram of aortic wall tissue retained 28.8 + 0.2 nM of
AOA (39.8% of initial tissue level).

Efficacy of AOA (duration of exposure study)
using rat subdermal model

The extent of inhibition of calcification on AOA
treated cusp and aortic wall with respect to their du-
rations of AOA exposure, after 8 weeks of subdermal
implantation, is illustrated in Figures 4 and 5.

Cusp calcification mitigation

In Figure 4A, the calcium levels of explanted cusp
tissue specimens decrease with the increase of AOA
exposure time. A sharp decline of calcium from 150.6
+ 24.0 to 48.1 + 6.2 pg/mg of tissue was observed at
5and 72 h of AOA exposure, respectively. The lowest
cuspal calcium level (20.1 = 10.3 ng/mg of tissue) was
achieved at 120 h of AOA treatment. All of the vari-
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Figure 4. (A) Calcification of cusp tissues with different
AOA exposure durations after 60 days of subdermal im-
plantation: (closed triangles) AOA-treated and (open cir-
cles) control. (B) Calcification of aortic wall tissues with
different AOA exposure durations after 60 days of subder-
mal implantation: (closed triangles) AOA-treated and (open
circles) control. Controls were exposed for the same dura-
tions as AOA specimens, but only in solvent. Each data
point represents the average of at least 10 replicates + SEM.

ous control specimens (treated only with AOA sol-
vent for durations identical to the corresponding
AOA incubations) showed virtually identical elevated
calcium levels, indicating that AOA treatment, but
not solvent exposure, is a prerequisite for anticalcifi-
cation.

Aortic Wall Calcification Inhibition

For aortic wall (Fig. 4B), the shortest exposure time
(2 h) was ineffective for preventing calcification.
When exposure time was 12 h, the calcium content
decreased to 71.4 * 5.4 pg/mg of tissue manifesting a
significant difference in calcium levels compared with
control. Nevertheless, the aortic wall explants were
more calcified than cusp, which indicated that aortic
wall calcification is influenced less by AOA pretreat-
ment than cusp.
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Figure 5.

Morphologic demonstration of substantial inhibition of calcification of porcine aortic valve cusp by maximal

concentration AOA pretreatment, but lesser effect on aortic wall. (A) AOA treated cusp; minimal calcification noted
(compare with {C]). (B) AOA-treated aortic wall; no detectable decrease in calcification from control (compare with [D}). (C)
Control (not AOA-treated) cusp; severe calcification. (D) Control (not AOA-treated) aortic wall; calcification is equivalent
to that in {B]. All implanted subdermally in rats for 60 days. All are photographs of sections stained with von Kossa stain
(calcium phosphate black); magnifications: (A) and (C) X150, (B) and (D) x50.

Efficacy of AOA (pre-AOA blockade of residual
aldehyde groups with lysine and reduction of
residual aldehyde groups with sodium
borohydride) in rat subdermal model

Cusp: lysine and borohydride data

Table IV summarizes the calcium levels of cusp tis-
sues and their corresponding AOA levels. Before im-

plantation, the AOA contents were 98.3 * 2.7, 34.2
3.6, and 54.1 = 3.0 nM/mg of tissue for AOA (con-
trol), lysine-pretreated (plus AOA) and NaBH,-
pretreated (plus AOA) tissues, respectively indicat-
ing reduced AOA levels as a result of the pre-
exposures to either lysine or sodium borohydride.
After 60 days of subdermal implantation, the calcium
levels of the explants were comparable (i.e., 48.1 *
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TABLE IV
Effects on Calcification (60-Day Rat Subdermal Implant) of Lysine and NaBH, Pretreatment Before AOA on
Aortic Cusp

AOA Level Tissue Calcium
Group Treatment (nM/mg Tissue) = SEM (ng/mg tissue) + SEM
I Control (no treatment) 0 219.1 = 6.8
I AQOA treatment 98.3 = 2.7 48.1 £ 6.2*7F
1 Lysine/then AOA treatment 34.2 + 3.6 38.2 £9.1*
v Lysine only 0 159.3 £ 5.8
v NaBH,/then AOA treatment 541. + 3.0 47.0 = 15.0*
VI NaBH, only 0 1976 £ 7.2

Each data point represents the average of at least 10 replicates + SEM.

*P < .001 as compared with group L.
P < .001 as compared with groups IV and V.

6.2, 38.2 + 9.1, and 47.0 + 15.0 pg of calcium per mg
of tissue), and significantly less than that of control (P
< .001). The control tissues (i.e., without any AOA
treatment) showed high degrees of calcification (i.e.,
219.1 = 6.8 pg of calcium/mg of tissue).

Aortic wall: lysine and borohydride data

Table V summarizes the calcium levels of aortic
wall tissues and their corresponding AOA levels. Be-
fore implantation, the tissue AOA levels were 69.6 +
1.4, 17.8 = 0.8, and 39.5 * 1.5 nM/mg of tissue for
AOA, lysine-pretreated and NaBH,-pretreated aortic
wall tissues, respectively. After 60 days of subdermal
implantation, their calcium levels were also compa-
rable (i.e.,71.4 = 5.4,82.8 £ 7.6, and 88.4 + 4.3 pg of
calcium/mg of tissue). The control groups showed
variable degrees of calcification, and the calcium con-
tent of lysine-pretreated aortic wall (73.3 = 6.8 ug/mg
of tissue) did not differ significantly from that of the
group treated with both lysine and AOA (82.8 = 7.6
pg/mg of tissue), but was significantly lower than
that of the NaBH,-pretreated counterpart (138.8 =
14.5 ng/mg of tissue, P < .001).

Morphology

Histologically, as illustrated in Figure 5, the reduc-
tion of calcification in AOA-treated tissues was con-
firmed. Furthermore, the cuspal architecture of the
AOA-pretreated explants was not different in appear-
ance from unimplanted, noncalcified cusps. Calcifi-
cation was not noted within the maximally treated
cusps. Calcification of the AOA-treated aortic wall
was slightly diminished relative to control tissue, but
the calcification pattern was not morphologically un-
usual. The aortic wall calcification was principally ori-
ented along the elastic laminae in both AOA-
pretreated and non-AOA-exposed aortic wall ex-
plants.

DISCUSSION

The principal findings of this study were: 1) Pre-
treatment with AOA retarded the diffusion of cal-
cium ions through BPHV aortic cusps, but not aortic
wall. Reduction of calcium diffusion through cusps
was directly related to increasing AOA levels. 2) A

TABLE V
Effects on Calcification (60-Day Rat Subdermal Implant) of Lysine and NaBH, Pretreatment Before AOA on
Aortic Wall

AOA Level Tissue Calcium
Group Treatment (nM/mg Tissue) + SEM (ng/mg Tissue) =+ SEM
1 Control (no treatment) 0 104.9 = 8.5
I AOA treatment 69.6 £ 1.4 71.4 £ 5.4%F
m Lysine/then AOA treatment 17.8 = 0.8 82.8 £ 7.6*
v Lysine only 0 73.3 £ 6.8
\% NaBH,y/then AOA treatment 35915 88.4 =+ 43
\Y| NaBH, only 0 138.3 + 14.5

Each data point represents the average of at least 10 replicates = SEM.

*P < .001 as compared with group I.
P < .001 as compared with group VL
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finite but significant amount of AOA remained
tightly associated to either cusp or aortic wall regard-
less of aggressive solvent extraction. 3) Partially
blocking AOA uptake with either lysine or sodium
borohydride did not significantly diminish the AOA
anticalcification effect for cusp or aortic wall, thus in-
dicating the exposure time-dependent anticalcifica-
tion effect of AOA.

Calcium diffusion

The presence of AOA on bioprosthetic cusp and
aortic wall tissues greatly reduces the rate of calcium
ion diffusion, and the extent of retardation of calcium
diffusion appears to be proportional to the amount of
AOA present on the tissues (see Fig. 2). In addition,
the AOA dependency of calcium transport kinetics is
consistent in both cusp and aortic wall tissues. The
time span for calcium transport across aortic wall is
much longer than that of cusp, which implies aortic
wall is more impervious to calcium penetration. The
differences in the diffusion time spans of the two
types of tissues may be attributable to a number of
material considerations, including the fact that aortic
wall is much thicker (range of thickness 1.5-2.0 mm)
and has relatively greater amount of elastin. Last, the
denser laminated architecture of aortic wall could also
contribute to the great difference in calcium diffusion
time span.

The gradual decrease of diffusivity of cusp tissues
with increase in their AOA levels (see Table II) sug-
gested an interaction between calcium ions and AOA
molecules within the cuspal tissues. However, the
difference in AOA levels on aortic wall tissues did not
appear significantly to alter the diffusivities of cal-
cium across the aortic wall tissue. This observation
could be caused by the higher calcium retention ca-
pacity (due to greater thickness), and thus retention
time, thereby masking the apparent effect of calcium
ion-AOA interaction. Perhaps the presence of bound
AOA on the tissue surface creates an unfavorable en-
vironment for the initial nucleation of calcium phos-
phates, and thereby hinders the eventual formation
of hydroxyapatite. It is also conceivable that AOA
could serve as a detergent to extract calcifiable mate-
rials (e.g., phospholipids) from bioprosthetic tissues,
rendering them less susceptible to calcification.

AOA extraction study

Extraction studies of AOA-treated tissues (cusp
and aortic wall) were performed to determine the sta-
bility of AOA binding. Initially, pH 7.4 phosphate-
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buffered saline was used as a medium for the study.
To better simulate the in vivo environment that a bio-
prosthetic heart valve would encounter after implan-
tation, an AOA extraction study was also conducted
using bovine serum as an alternative medium. Fur-
thermore, because of the poor solubility of AOA in
water, and hence in phosphate-buffered saline, ex-
traction in this medium may thus reflect its dissolu-
tion characteristics rather than its binding stability.
Therefore Tween 80, a nonionic surfactant, was used
as a dissociative medium to enhance nonbound AOA
dissolution.

The results of the extraction study demonstrated
that a small but significant amount of AOA remained
tightly associated with the tissue (cusp or aortic wall),
after 8 months, despite the harsh solvent condition
{i.e., Tween 80 solution) used for extraction. This re-
sult may indicate that at least a sizable fraction of the
AOA uptake could be covalently bound. A significant
fraction of AOA could also be associated with the
tissue via some other mechanisms (e.g., hydrophobic
interaction). Thus, in the presence of a sink condition
(i.e., Tween 80), this fraction of AOA dissociated al-
most immediately (see Fig. 3).

Efficacy of AOA (duration of exposure) in rat
subdermal model

The results of rat subdermal implant study indi-
cated that AOA has a definite exposure time-related
anticalcification response on both cusp and aortic
wall (see Table I and Fig. 4). Apparently, a minimum
time exposure of tissue has to be achieved for anti-
calcification efficacy. The minimum time requirement
for cusp was between 5 and 72 h, and almost com-
plete inhibition of calcification was achieved at 120 h.
The optimal exposure time for maximal inhibition of
calcification of aortic wall was about 72 h. Neverthe-
less, aortic wall was significantly more calcified than
cusp tissue despite the AOA treatment. The differ-
ences in tissue compositions (i.e., collagen for cusp
and elastin for aortic wall) as discussed earlier, and
differences in mechanism could account for a differ-
ential in the initial AOA levels, and thus the differ-
ential anticalcification effect on the two types of tis-
sues. Last, AOA may not alter the pathophysiology
of aortic wall mineralization, which partially involves
elastin calcification.

Efflcacy of AOA in rat subdermal model: Blockade
lutaraldehrde residues with lysine and

re uction of glutaraldehyde residues with

sodium borohydride

The mode of AOA binding on aortic wall tissue was
determined by either blocking or reducing the free



1494

glutaraldehyde residues pre-emptively, using lysine
and NaBH,, respectively. Lysine has an e-amino
group, and thus can be expected to react readily with
free aldehyde residues, thereby partially blocking the
level of aldehyde reactions with AOA in subsequent
treatments. The reaction between lysine and free al-
dehyde residues was validated in a previous study
involving the use of *C-lysine.® NaBH, is a reducing
agent and is hypothesized to convert the free alde-
hyde functional groups into alcohol, thereby also par-
tially reducing the binding of AOA in subsequent
treatment. The calcium contents of subdermal ex-
plants of all the AOA treatment groups were compa-
rable, and the control treatments (including lysine
and NaBH,) were ineffective in inhibiting calcifica-
tion. The implication of these results is that the length
of time the cusp tissue is exposed to AOA solution
appears to be more important in preventing calcifica-
tion than their initial absolute AOA levels.

Comparing AOA with other anticalcification agents

Pretreating bioprosthetic heart valve cusps with so-
dium dodecyl sulfate (SDS) in rat subdermal im-
plants'® and sheep circulatory implants,*® ferric ion
and aluminum ion in rat subdermal studies,?* and
also diphosphonate compounds (e.g., aminodiphos-
phonate) in rat subdermal studies'® has proven to be
efficacious for inhibiting porcine aortic valve biopros-
thetic calcification. Only the latter three agents were
evaluated for their anticalcification efficacies on aortic
wall in rat subdermal implants,?* and they were in-
deed effective. Nevertheless, their anticalcification ef-
ficacies for aortic wall were never assessed in a large
animal circulatory implant. However, a recent study
using glutaraldehyde-pretreated rat aortic valve al-
lograft implants (as aortic vascular grafts in rats) has
demonstrated that either ferric chloride or aluminum
chloride was effective in inhibiting aortic wall calcifi-
cation.??

The presence of calcification in the aortic wall por-
tion of stent-mounted porcine valve is rarely of clin-
ical significance. Recently, the introduction of stent-
less porcine aortic valves (composed of both cusp and
aortic wall) for clinical use’*?® has raised further
questions about possible obstruction due to aortic
wall calcification. It was demonstrated in a recent
study that the aortic wall portion of stentless valve
(implanted in sheep as an apicoaortic shunt) calcified
extensively despite AOA pretreatment before im-
plantation.” This result raises the possibility that the
development of calcified nodules on aortic wall could
indeed cause obstruction of stentless allografts. This
notion is further supported by the fact that calcific
stenosis of the aortic wall was the primary cause of

CHEN ET AL.

the failure of cryopreserved homograft valves in a
recent study.?

CONCLUSIONS

4C-labeled 2-amino oleic acid pretreatment of glu-
taraldehyde preserved porcine aortic valve biopros-
theses was more effective in mitigating cusp than aor-
tic wall calcification in rat subdermal implants, and
the anticalcification effect appears to be dependent
more on the amount of time tissues are exposed to
AOA than on their actual AOA levels. Bound AOA
diminished Ca®* diffusion into BPHV (cusps but not
aortic wall), and the reduced rate of diffusion appears
to be directly related to the increasing amount of
AOA bound to aortic cusps. This may explain in part
the anticalcification mechanism of AOA for cusps but
not the aortic wall.

These studies were supported by grants and contracts to
the University of Michigan (W.C. and R.J.L.) from the
Heart Valve Division of Medtronic (Irvine, CA).
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