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Abstract

The objective of this study was to investigate the elastin repair
process in the rat aortic smooth muscle cell culture after pro-
teolytic injury. Although little studied in vivo, elastin repair is
thought to occur through a sequential process involving enzy-
matic removal (debridement) of damaged fibers followed by
synthesis of tropoelastin, its subsequent processing, and even-
tual incorporation into new insoluble elastin. A second repair
mechanism of proteolytically damaged elastin in a culture sys-
tem is reported here. Repair in this system relates directly to
restoration of resistance to elastin solubilization by hot alkali.
As expected, severe injuries were observed with porcine pan-
creatic elastase (PPE). Using PPE, only 6% of the elastin,
relative to control, was resistant to hot alkali immediately after
elastase treatment. 4 wk later, resistance to hot alkali had
increased dramatically to a mean of 90%. Repair took longer
after injury with 75 1tg of PPEas compared with 50 Azg of PPE.
The limited elastic fiber proteolysis induced by either human
neutrophil elastase or porcine trypsin was repaired in culture
within 2 wk. Elastin that had been radiolabeled with [3Hjlysine
4-5 wk before injury was converted from a hot NaOH-suscep-
tible to a NaOH-resistant elastin fraction during recovery from
PPE injury. At the same time, the frayed elastic fibers that
were seen with the electron microscope immediately after PPE
treatment were replaced by continuous bands of elastin that
resembled those in control cultures. Restoration of NaOHre-
sistance did not require a net increase in total cell layer elastin,
suggesting that relatively little new tropoelastin incorporation
into the cell layer was required for this type of repair. These
results suggested a salvage repair mechanism for proteolyti-
cally damaged elastin.

Introduction

Elastin is a cross-linked protein biopolymer with rubber-like
tensile properties that make it highly suited for its role in the
lung, major arteries, and other organs (1). The proteolytic deg-
radation of elastin has been the subject of intensive investiga-
tion for many years. Much of the interest stems from the possi-
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ble involvement of such elastolysis in the pathology of human
diseases, including emphysema and atherosclerosis (2). Rela-
tively little work has been directed to processes involving the
repair of this elastin. Mature elastin is insoluble and is often
defined operationally as that protein which remains after
treatment of a tissue homogenate with 0. 1 NNaOHfor 45 min
at 980C (3). It contains interchain cross-links, including des-
mosine (DES)' and isodesmosine (IDES), that are responsible
for this insolubility.

Recent reports suggest that elastin peptides, which can
arise during proteolysis, initiate signal transduction by inter-
acting with cell recognition sites. For example, human leuko-
cytes respond in vitro to elastin peptides by chemotaxis (4, 5).
Mononuclear cells, fibroblasts, and smooth muscle cells ex-
hibit a rapid increase in cytosolic concentrations of calcium
ions (6, 7). We have previously used neonatal rat aortic
smooth muscle cell cultures as model systems to study elastic
fiber injury by proteases (8, 9). Morphologically the cell layers
in the culture resemble the aorta, with elastin accounting for as
much as 50% of the total protein. Unlike elastin of control
cultures, the elastin of protease-treated cultures is partially sol-
ubilized by incubation in hot alkali (8, 9). In this report, we
studied the fate of protease-damaged elastin. Our data show
that this elastin is converted to the hot alkali-resistant form.
A hitherto undescribed salvage process may be responsible for
this repair.

Methods

Protease treatment of smooth muscle cell cultures. Neonatal rat smooth
muscle cells were isolated from the aortae of 1-3-d-old Sprague-Daw-
ley rats and cultured in DMEcontaining 3.7 g/liter sodium bicarbon-
ate, 100 U/ml penicillin and 100lg/ml streptomycin, 10% fetal bovine
serum, and 20 qg/ml sodium ascorbate as described previously (9).
Each experiment was carried out on the same cohort of cells after
trypsinization and reseeding into 25-cm2 flasks for first passage. All
experiments contained control and enzyme-treated cultures. In some
experiments, cells were pulsed with L[4,5-3H]lysine-HCl for 24 h
within the first 2 wk of culture in first passage, as described previously
(9). The experimental design is presented schematically in Table I;
experiments are numbered for reference.

As our intent was to injure a stabilized cell layer rather than one
that is rapidly growing and synthesizing elastic fibers, older cultures,
usually 6 wk old, were treated with protease. As previously described,
proteases were prepared, assayed, added to Dulbecco's balanced salt
solution, filtered through a 0.22-am filter, reassayed, and added to
cultures that had been washed with Puck's saline to remove serum (9).
Incubation in the presence of protease was carried out for 45 min at
37°C, after which the enzyme incubation media were removed and
fresh media with serum were added. Control cultures were treated in
parallel with Dulbecco's balanced salt solution. Incubation media were

1. Abbreviations used in this paper: Az, sodium azide; DES, desmosine;
HNE, human neutrophil elastase; IDES, isodesmosine; PPE, porcine
pancreatic elastase; PPT, porcine pancreatic trypsin.
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Figure 1. The effect of PPE on the elastin component of living cell
layers (experiment 1). Note the elastin solubilized during the 45-min
incubation period with PPE (calculated from the concentration of
IDES + DES). More than 90% of the elastin remaining in the PPE-
treated cell layer was susceptible to hot alkali treatment, in contrast
to control cell layers. However, 2 wk after treatment, elastin in cell
layers treated with 50 lsg PPE was not susceptible to hot alkali. Elas-
tin in the cell layers treated with 75 ,g PPEwas still significantly
damaged (*) as indicated by susceptibility to hot alkali. By 4 wk after
PPE treatment, elastin in both 50- and 75-jug PPE-treated cell layers
was not susceptible to hot alkali. Levels of elastin in control flasks in-
creased 35% during the 4-wk recovery period. The total cell layer
elastin content of PPE-treated cultures was below that of the corre-
sponding control during the recovery period. ., mgelastin in cell
layer (based on IDES/flask); a, mgof 0.1 NNaOH-insoluble elastin
(based on IDES/flask).

assayed for lactate dehydrogenase (LDH) (10); another aliquot was
prepared for amino acid analysis to quantify solubilized elastin and
total solubilized protein. Cell layers were harvested by scraping. After
homogenization, aliquots were used to measure LDHand DNA(1 1).
Other aliquots were used for amino acid analysis and preparation of
the elastin-containing residue. The residue was subjected to amino acid
analysis on an amino acid analyzer (model 119 CL; Beckman Instru-
ments, Fullerton, CA) using a program that optimized quantitation of
the elastin-specific cross-link amino acids, IDES and DES, as described
elsewhere (9). Selected samples were also analyzed on an amino acid
analyzer (model 6300; Beckman Instruments). From the amino acid
analysis, total protein present in the cell layer and collagen (from the
total hydroxyproline content corrected for elastin hydroxyproline)
were calculated (9). In experiment 4, the fractions containing lysyl and
IDES and DESresidues were assessed for radioactivity by liquid scin-
tillation spectrometry. Values were quench corrected and the specific
radioactivity of each amino acid was calculated by dividing those
values by the amount of amino acid present in the eluted material.

Quantification of elastin. Three different methods of preparing cell
layer material for analysis of elastin were assessed: (a) total cell layer
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Figure 2. The effect of HNEand PPT on the elastin component of
living cell layers (experiment 2). Note that little of the elastin is solu-
bilized by HNEduring the 45-mmn incubation period as compared
with PPE, although HNEand PPE have similar elastolytic activity
against elastin purified from the cell layers (9). PPT did not solubi-
lize detectable amounts of IDES + DES. Nevertheless, the elastin of
HNEand PPT treated cultures is susceptible (*) to hot alkali treat-
ment, in contrast with control cultures. By 2 wk after protease treat-
ment, elastin in the cell layer was no longer susceptible to hot alkali
extraction. ., mgelastin in cell layer (based on IDES/flask); a, mgof
0.1 N NaOH-insoluble elastin (based on IDES/flask).

elastin method. Cell layers were removed from the flasks by scraping.
After homogenization, an aliquot of the suspension was Iyophilized
and acid hydrolyzed for amino acid analysis. Total elastin, including
proteolytically degraded peptides, physically trapped in the cell layer,
would be measured using this method (method 1). (b) Washed cell
layer elastin method. Cell layer homogenate was prepared as above
followed by centrifugation and washing of the pellet. Supernatant and
pellet were hydrolyzed and analyzed as above. Trapped or loosely

Repair of Protease-damaged Elastin in Culture 1645
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Table L Experimental Design

Time in first passage

Wk 1: Harvest
Exp. ascorbate Wk2: Wk6:
no. begun* [3H]lysinet protease injury D after protease Procedurer

,uCi/flask

1 + - 50, 75, or 100 0, 14, and 28 1 and 3
Mg PPE

2 + - 100 Ag HNE 0, 14, and 28 1 and 3
or PPT

3 - 10 MCi 50,Mg PPE±Az 0, 14, and 28 1 and 3
-Az 0, 2, 7, 14, Ultrastr.

and 28
+Az 14 and 28 Ultrastr.

4 + 50 MCi 50ug PPE 0, 14, and 28 1 and 3
0, 14, and 28 Ultrastr.

5 + - 50g PPE, 7 2
HNE, or
PPT, then
[3H]lysine

* Cultures were grown and maintained in the presence or absence of
ascorbate.
* Cultures were pulsed for 24 h on day 7 (exp. 4) or day 11 (exp. 3).
§ Cultures were washed and then incubated for 45 min in the pres-
ence of protease. Then the media were removed and medium with
serum was added back to flasks not being harvested at that time. For
exp. 3, 100 M1 of medium containing Az was added 1 h later for a pe-
riod of 24 h. The final concentration of Az was 0.2%. For exp. 5,
treatment with protease was at wk 5; the media containing protease
was removed and 50 MCi of [3H]lysine was added for 24 h.
"I Cultures were harvested at the times indicated as described in
Methods and elastin was analyzed by methods 1 and 3 or by method
2. Other flasks were fixed and prepared for ultrastructure (ultrastr.).
Exp., experiment.

bound elastin peptides would be found in the supernatants using this
procedure (method 2). (c) Hot alkali insoluble elastin method. Homog-
enized cell layer was incubated in 0.1 NNaOHat 980C for 45 min (3),
before hydrolysis and analysis (method 3). The insoluble residue of the
hot alkali method is insoluble elastin as judged by the amino acid
composition.

The quantity of elastin in the three preparations above was calcu-
lated from amino acid analysis data in two ways. The first calculation
(micrograms elastin = 43 X nmol of IDES + DES) was based on the
mean content of DES+ IDES cross-link amino acids present in the hot
alkali residue of control cell layer elastin and identical to that found in
rat aorta elastin (two residues per 1,000) (9, 12). This calculation of
elastin content was suitable for use with purified elastin and cell layer
preparations containing other components and was used for all three
methods of cell layer processing. A second method of quantifying
elastin from the total amino acid analysis could only be used with hot
NaOH-purified elastin. Elastin present (in micrograms) was calculated
by multiplying the sum (in nanomoles) of all amino acid residues
present by 85 (the average residue mass).

Table II. Index of Elastin Insolubility as a Measure of Repair*

Wkafter treatment
Exp. Cell layer
no. treatment 0 2 4

(% relative to control)

1 50 fig PPE 7±1 (3)* 79±15 (2) 94±10 (3)
75 gg PPE 6±2 (3)t 27±2 (2)t 115±21 (3)

2 100 ,g HNE 63±24 (3)* 79±17 (3) 80±6 (3)
100 Ag PPT 53±13 (3)t 66±19 (3) 86±14 (3)

3 50 ,g PPE 7±2 (3)$ 67±3 (3)* 93±10 (2)

4 50,ug PPE 2±0 (3)t 56±7 (3)t

* The susceptibility of protease-damaged elastin to hot alkali as a
measure of repair. The values are expressed as the mean±SE (no. of
flasks) and were calculated as described in Methods. A value of 100%
would represent an index identical to that of the control flasks. In
control flasks the values for the absolute amounts of hot alkali resis-
tant elastin were compared pairwise with those for the total cell layer
elastin in the same flasks; significant differences were found only at
the 4-wk time point of experiment 4 (mean values of 1,143 vs. 1,799
,ug, respectively).
* Significantly different from the corresponding control cultures with
respect to the proportion of total cell layer elastin that was resistant
to hot alkali. After statistical comparison, ratio values were normal-
ized as described in Methods. Exp., experiment.

Measurement of proteolytically damaged elastin and its repair.
Proteolytically damaged elastin was operationally defined in two ways:
as the elastin removed either during centrifugation and washing of the
cell layer homogenate or by the harsher hot alkali procedure. An index
of elastin insolubility as a measure of repair in each flask was calculated
as 100 X the micrograms of hot alkali-resistant elastin in the flask
divided by the micrograms of total cell layer elastin. That ratio, repre-
senting the proportion of total cell layer elastin that was resistant to hot
alkali, was then normalized by dividing by the ratio found in the
control flasks (usually near unity).

Ultrastructure. Cultures were fixed in 1% glutaraldehyde buffered
with 0.1 Msodium cacodylate, rinsed in buffer, postfixed in 1% os-
mium tetroxide, dehydrated through a graded series of ethyl alcohols
and embedded in Polybed 812 (Polysciences, Inc., Warrenton, PA) as
previously described (9). Small blocks were cut from central and pe-
ripheral areas of each flask and glued to Polybed bases for sectioning.
Thin sections were mounted on collodion-covered copper grids,
stained with aqueous uranyl acetate and lead citrate, and then exam-
ined with a Philips 300 electron microscope.

Statistical analysis. Values given are the mean±SE (1 SEM). Sta-
tistical analyses involving two groups were carried out using the t test
for unpaired or, where noted, paired data. Comparisons involving
three groups were made using analysis of variance, the Dunnett test for
comparison of groups with the control group, or the Bonferroni test for
comparison among all of the groups. Probability values of P < 0.05
were considered significant.

Results

Protease-damaged elastin. Treatment of cell cultures with
porcine pancreatic elastase (PPE) solubilized 10-20% of the

Repair of Protease-damaged Elastin in Culture 1647

Figure 3. Ultrastructure of control 6-wk-old cultures (treated with media only). The cultures studied in the experiments shown in Figs. 3-5

were grown in the absence of ascorbate. Elastic fibers (arrows) are electron lucent and are present in bands between layers of smooth muscle

cells. XI 1,200.
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Table III. Fate of [3H]Lysine-labeled, NaOH-resistant
Elastin after PPE Treatment in Cultures Grown in the Absence
ofAscorbate*

Cell layer treatment

Elastin Control 50,ug PPE 50 jg PPE + Az

Immediately after treatment

cpm 1,962+105 (3) 156±32 (2)$
Ag 1,828+222 (3) 98±28 (3)$
cpm/Mg 1.04±0.16 1.34±0.17

2 wk after treatment

cpm 2,067+318 (3) 1,304±245 (3) 519±162 (3)$

Mg 3,706±304 (3) 1,950±262 (3)$ 355±117 (3)§
cpm/Mg 0.54±0.05 0.66±0.03 1.57±0.23§

4 wk after treatment

cpm 1,816+297 (3) 1,635±87 (3) 245±55 (3)§
,ug 4,753+610 (3) 3,506±72 (2) 232±21 (3)§
cpm/1g 0.38±0.02 0.47±0.03 1.03±0.16§

* The fate of elastin in cultures labeled with 10 MCi of [3H]lysine on
day 11 in first passage, chased, and treated with PPEon wk 6 (exper-
iment 3). Values presented are the mean±SE (no. of flasks).
$ Significantly different with respect to the corresponding control
values.
§ Significantly different with respect to the corresponding control and
PPE-treated values. Values of counts per minute/microgram were
calculated for each flask of a group and compared. None of the
values for the 50 gg PPE + Az group are different from those of the
group immediately after treatment with PPE.

elastin and rendered > 90% of the remaining cell layer elastin
susceptible to hot alkali solubilization (Fig. 1). By contrast,
elastin in control cultures was not solubilized by hot alkali
treatment. 2 wk after treatment with 50 Mg PPE (Fig. 1), there
was no hot alkali-susceptible elastin and the elastin exhibited
the same amino acid composition as elastin from control cul-
tures. Cultures treated with 75 ug of PPE required 4 wk of
recovery to reach this stage; with 100 ug PPE, the cell layers
peeled within 24 h; therefore, this dose was not used in subse-
quent studies.

Cultures were also treated with 100 Mg of human neutro-
phil elastase (HNE) or porcine pancreatic trypsin (PPT) (Fig.
2). HNE solubilized only 3% of the total elastin present,
whereas none was detected in the media of PPT-treated cul-
tures. However, significant amounts of elastin in cultures
treated with HNEor PPT were susceptible to hot alkali (Fig.
2). Nevertheless, the proportion of elastin that was susceptible
to hot alkali was not as large as with PPE treatment (Table II).
By 2 wk after treatment with HNEor PPT, the elastin present
in the cell layers was resistant to hot alkali.

The increase in the proportion of hot alkali-resistant elas-
tin with time in culture after protease treatment was quantified

Table IV. Levels of Total Cell Layer Elastin during Recovery"

Wkafter treatment
Exp.
no. Treatment 0 2 4

Mg % of wkO

1 Control 1,428+129 (3) 114±12 (3) 135±13 (3)
50 ,ug PPE 1,174+133 (3) 74±15 (2)$ 82±25 (3)4
75 Mg PPE 817±107 (3) 102±17 (2)$ 66±14 (3)

2 Control 2,030+15 (2) 111±12 (3) 108±7 (3)
100 ,g HNE 1,652+98 (3)$ 124±18 (3) 127±11 (3)
100 ,gg PPT 2,278±66 (3) 99±7 (3) 104±14 (3)

3 Control 2,450±269 (3) 180±19 (3) 243±53 (3)
50 ,ug PPE 1,705+90 (3) 206±19 (3) 265±25 (3)
50 /g + Az - 96±21 (3)§ 56±8 (3)§

4 Control 860±2 (3) - 209±13 (3)
50 ,g PPE 737±95 (3) - 124±36 (3)$

* Levels of total cell layer elastin during recovery are expressed as the
mean±SE %of wk 0 value (no. of flasks).
$ Significantly different with respect to the amounts of elastin present
as compared with the corresponding control values.
§ Significantly different with respect to the amounts of elastin present
as compared with the corresponding control and PPE-treated values.
Exp., experiment.

(Table II). There was a dramatic increase in this index of elas-
tin insolubility from a mean of only 6%, after PPE treatment,
to a mean of 90%, 4 wk later. Because the initial elastin dam-
age was not as severe in cultures treated with HNEor PPT, the
recovery was not as dramatic.

Fate ofprotease-damaged elastin. Cell layers were labelled
with [3H]lysine within the first 2 wk of culture (experiments 3
and 4). In experiment 3, carried out in the absence of ascor-
bate, hot alkali-elastin-associated radioactivity in PPE-treated
cultures recovered to within 93% of control values during the
4-wk period after treatment (Table III). Although the initial
amount of cell layer elastin and the associated radioactivity
were reduced by PPE solubilization, this data indicated rein-
corporation of proteolytically damaged elastin into hot alkali-
resistant material. Hot alkali-resistant elastin and total cell
layer elastin were 74 and 76% of control values, respectively
(Tables III and IV). As expected, the level of radioactivity in
the hot alkali-resistant elastin of control cultures was the same
at all time points.

The specific radioactivity values of the elastin in the PPE-
treated cultures after 4 wk of recovery was not significantly
lower than that of the corresponding controls. This would not
be the case if PPE-damaged elastin had been debrided and
replaced by new elastin. With both control and PPE-treated
cultures, the decrease in the specific radioactivity of elastin
with time reflected a proportional increase in the amount of
hot alkali resistant elastin due to biosynthesis.

In the second experiment with [3H]lysine-labeled cultures
(no. 4), IDES and DES residues exhibited similar levels of

Repair of Protease-damaged Elastin in Culture 1649

Figure 4. Ultrastructure of severely damaged area of a PPE-treated culture immediately after exposure to PPE (50 ,g X 45 min). Elastic fibers

(arrows) are electron dense and appear frayed. X 12,900.
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Table V. Production and Accumulation of Elastin
during the First Week after Protease Treatment*

I wk later
Insoluble elastin

Treatment after treatment Elastin IDES+DES

Ag 9%i of wkO cpm

Control 1,919±91 (3) 157±12 (3) 91,012±5,667 (3)
50 gg PPE 1,705±500 (2) 135±10 (3) 73,029±6,749 (3)
50 Ag HNE 2,086±230 (2) 125±18 (3) 87,504±12,328 (3)
50 gg PPT 2,151±157 (2) 154±54 (3) 73,689±9,644 (3)

* Mean±SE (no. of flasks) values for washed cell layer elastin in
6-wk-old cultures after protease treatment. The elastin values after 1
wk of recovery are expressed as a percent of the latter values. PPE
treatment solubilized 176±16 Ag (n = 7) of elastin and an additional
35-55 Ag could be removed by homogenizing and washing the cell
layer. HNEsolubilized only 14±4 ,ug (n = 7) of elastin. After treat-
ment, some flasks were harvested and others pulsed with 50 gCi of
[3Hllysine for 1 d and chased for another 6 d (experiment 5). There
are no significant differences in this Table.

specific radioactivity. There were no differences between the
specific radioactivity of IDES + DES residues from cultures
that had been treated with PPE4 wk earlier and their controls
(data not shown). However, incomplete repair was observed in
this experiment 4 wk after injury (Table II).

To study hot alkali-susceptible elastin, we carried out
amino acid analysis on the hot alkali supernatant material
from one flask after PPE treatment. The expected amounts of
IDES + DESwere found and their specific radioactivities were
comparable to IDES + DESfrom the control cell layers.

Effect of azide on repair. Killing of the cell layer 1 h after
PPE treatment was carried out to examine the possibility that
repair might occur in the extracellular matrix without the
contribution of intact cells or their synthesized products. As
little as a 1-h recovery period in medium containing serum
allowed the somewhat rounded PPE-treated cells to return to
their flattened conformation before the addition of sodium
azide (Az) (9). In an initial experiment to study the effects of
Az, cultures were treated for I d with medium containing
concentrations of Az up to 0.4% followed by another 4 d in
Az-free medium (not shown). Proteases were not used. The
effect was a 95% loss of LDH from the cell layer during that
time and a 35%decrease in DNAcontent. At the same time we
found no loss of elastin.

After PPE treatment, there was no repair in the Az-treated
cultures; there was no increase in hot alkali-resistant elastin
during the subsequent 4-wk period (Table III). The amount of
total cell layer elastin decreased by 44% and may have repre-
sented preferential loss into the media of the PPE-damaged
portions of elastin in the absence of repair (Table IV). Mean-
while, Az-treated cultures exhibited a 59% decrease in total
protein from the 6,859 Mg present immediately after PPE-
treatment (not shown). The specific radioactivity of the elastin
in the Az-treated cultures at 2 and 4 wk was not different from

the levels found at the time of injury. This suggested that no
new insoluble elastin was accumulating in the cultures after
treatment with Az. By comparison cultures treated with PPE,
but not Az, exhibited a 2.65-fold increase in total cell layer
elastin and a 2.65-fold increase in hot alkali-insoluble elastin
with a 2.85-fold decrease in elastin specific radioactivity
(Tables III and IV).

Levels of elastin and collagen during the recovery phase. At
no time during the 4-wk recovery period after protease treat-
ment did we find elevated levels of either total cell layer elastin
or collagen as compared with control cell layers. This observa-
tion was made whether cell layers were isolated by homogeni-
zation followed by centrifugation and washing or by homoge-
nization only. Nor was the collagen content different among
the groups immediately after treatment (not shown).

In those experiments where the cell cultures were supple-
mented with ascorbate, the amount of total cell layer elastin
was below that of the corresponding controls 4 wk after PPE
treatment (experiments 1 and 4, Table IV). 4 wk after treat-
ment with 75 mg of PPE, a significant depression of insoluble
collagen as compared with the control was also found (PPE
treated = 1,120±68 yg, n = 3, and control = 1, 7 14+57 Mgper
flask, n = 3). Nevertheless, DNAand LDH values, indicators
of cell number and cell viability, were not lower for flasks
treated with 75 Mg of PPE as compared with control flasks at
any of the study times (not shown). In this experiment, the
injury to the extracellular matrix might have been so severe as
to destroy the scaffolding for new elastin or collagen incorpo-
ration.

A more sensitive method of measuring the effect of pro-
tease treatment on the incorporation of new elastin and colla-
gen, used cultures that were pulsed with [3Hjlysine immedi-
ately after protease treatment (Table V). Protease-treated cul-
tures as compared with control cultures exhibited similar
incorporation of radioactive lysine into IDES/DES. As ultra-
structural repair is only evident near the top of the culture at 2
d, it is possible that the pulse period during the first 24 h after
PPE injury is too early to detect an increase in [3Hjlysine
incorporation into elastin (Table V). Similarly, there was no
increase in collagen incorporation, based upon pulse-chase
into [3H]hydroxylysine, after protease treatment (data not
shown).

Repair at the ultrastructural level. Repair at the ultrastruc-
tural level was also observed. At the time of injury, the contin-
uous bands of amorphous elastin found in the bottom half of
control cultures (Fig. 3) were frayed, fragmented, and electron
dense in many areas of the PPE-treated cultures as previously
described (Fig. 4) (8, 9). The small clumps of amorphous elas-
tin that remained in these areas were surrounded by frayed
elastin and appeared to be in central regions of the elastic fiber
that the enzyme had not penetrated. 2 d after PPE treatment,
extensive fragmentation was still apparent (not shown). By 7 d,
frayed elastic fibers were no longer evident and electron lucent
bands were again visible (Fig. 5). However, these bands often
lacked the thickness and uniformity of elastin bands in control
cultures. By 2 wk after PPE treatment, the cultures could not
be distinguished from controls (Fig. 6). By contrast, 2 wk after
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Figure 5. Ultrastructure of cultures 7 d after PPE treatment. At this time severely damaged areas can no longer be found and elastic fibers
(arrows) are again electron lucent and organized in bands, although lacking the thickness and uniformity of elastin bands in control cultures.
x15,000.
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treatment with PPE followed by azide, there was little amor-
phous elastin seen (not shown) and significant amounts of
fragmented elastin were still present.

Discussion

In our smooth muscle cell cultures, we have consistently ob-
served a combination of two levels of proteolytic injury to the
elastin, one being frank solubilization and, the other, pre-
sumed peptide bond hydrolysis without concomitant solubili-
zation of elastin. Frank solubilization was observed to a large
degree with PPE, whereas HNEinjury resulted in much less
solubilization and is presumed to be dominated by peptide
bond hydrolysis. The latter injury could be assessed by probing
the cell layer with hot NaOH. Within 4 wk, a salvage repair
process converted most of the hot alkali-susceptible, protease-
damaged elastin to hot alkali-resistant elastin. The most dra-
matic repair was observed after PPE treatment, where dam-
aged but insoluble elastin was almost entirely susceptible to
subsequent solubilization with hot alkali treatment, but > 90%
resistant 4 wk later. Such results correlated well with ultra-
structural analyses that showed extensive amounts of frag-
mented elastin after PPE injury followed by the reappearance
of bands of electron-lucent elastin after 2 wk of repair.

Additional data suggested that the hot alkali-susceptible
elastin present immediately after injury was reintegrated with
time into a hot alkali-resistant form. Debridement as a signifi-
cant mechanism of repair in the cell culture system thus was
excluded. As we have not added inflammatory cells to the
injured cell layers, these results do not exclude debridement of
elastin in vivo.

Although newly synthesized tropoelastin molecules may
play a role in the restoration of hot alkali resistance, protease-
treated cultures did not exhibit increased levels of total cell
layer elastin, as compared with the controls, during the 4-wk
recovery period. Nor was there greater incorporation of newly
synthesized tropoelastin within 1 d after injury as compared
with the controls. Indeed, in two experiments, nos. 1 and 4,
those amounts were below the corresponding 4-wk controls.
Furthermore, those amounts had not increased from the levels
found immediately after treatment, suggesting that little new
tropoelastin incorporation was required for repair of this type
of injury. However, repair did not occur if the cells were killed.
In a separate study, a two-to-threefold increase in [3H]valine
incorporation into nondialyzable radioactivity was observed 1
d after PPE treatment (8). Combined with our present find-
ings, this suggests that a PPE-treated cell layer may provide a
less efficient matrix for the incorporation of new tropoelastin
molecules.

Injury of elastin with either 100 gg of PPTor HNEresulted
in less injury than with 50 ,g of PPE, as measured by hot alkali
susceptibility and repair was complete within 2 wk. There was
a dose-response effect for repair of PPE injury. Injury by 75 ,ug
PPErequired 4 wk for restoration of hot alkali resistance to the
elastin as compared with 2 wk for cultures treated with 50 jg of
PPE in the same experiment.

A number of in vivo studies involving proteolysis of elastin
contain observations that are consistent with this novel repair
mechanism (13-15). There is chemical evidence that damage
to the elastin in the human aorta accumulates with age (16). A
recent report by Halme and co-workers (17) demonstrated a
new cyclic amino acid in the alkali hydrolysate of aortic elastin
from older humans. In discussing the origin of this crosslink,
they hypothesized that "during aging, nonspecific proteinases
might cleave the elastin peptides outside the crosslinked stable
network."

It is possible to derive insights into the properties of native
or proteolytically damaged elastic fibers by considering their
susceptibility to hot NaOH. It is also instructive to consider the
resistance of elastin even to hot 1.0 NNaOHas compared with
its susceptibility to solubilization by alcoholic 1.0 N KOHat
room temperature (18, 19). The extreme hydrophobicity of
elastin is well known, as is the stabilization of hydrophobic
forces by elevated temperatures (20, 21). Hot alkali treatment
of elastin increases the number of NH2-terminal amino acids
per 1,000 residues by only two to three (22, 23). These new
NH2-terminal amino acids are probably concentrated on the
surface of the elastic fiber. Robert and Poullain (19) have
shown that the addition of 80% ethanol to the alkali results in
the solubilization of elastin even at room temperature. This
addition of alcohol to the solvent decreases the intraelastin
hydrophobic forces, facilitating penetration of the alkali into
the elastic fiber ( 19, 21). Salvage repair of elastin may consist
of restoring the hydrophobicity and, concomitantly, the resis-
tance to hot alkali. At the ultrastructural level, this restoration
may be associated with the renewed ability to exclude the
aqueous electron-dense stain.

There is as yet little information available on possible re-
pair mechanisms. However, from observations made on the in
vitro and in vivo models and consideration of the normal
elastin maturation process, it is intriguing to hypothesize the
following mechanism. The first step in the re-zippering of an
enzymatically hydrolyzed peptide bond in elastin may involve
formation of a Schiff base linkage between the new NH2-termi-
nal alpha-amino group and a peptidyl aldehyde group derived
from a lysyl residue, leading to formation of a unique cross-
link amino acid. Schiff base formation is also a key step in the
cross-linking of tropoelastin monomers, through lysyl-derived
residues, into mature, insoluble elastin (24). The origins of the
lysyl residue could include the peptide backbone of existing
elastin or, even, newly synthesized tropoelastin. In either case,
the requirement for oxidation of the side chain of that lysyl
residue implies that lysyl oxidase may play an important role
not only in the early development of elastin, but also in its
repair.

An interesting feature of this proposed mechanism is that
repair is unlikely to restore the original peptide bonds. There-
fore, the primary structure and the elastic properties of the
repaired elastin, are likely to be altered and possibly weakened
as compared with the original native elastin. Under mechani-
cal stress, tearing might occur; however, the elastic properties
of the repaired elastin would clearly be strengthened as com-
pared with the proteolytically damaged elastin. The carboxyl
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Figure 6. Ultrastructure of cultures 2 wk after PPE treatment. Elastic fibers (arrows) are electron lucent, organized in bands, and difficult to dis-
tinguish from controls. X 1 1,200.



group that resulted from the proteolytic hydrolysis of the pep-
tide bond might remain after the repair process is complete.
This new carboxyl group would modify the extreme hydro-
phobicity of the elastin in that microenvironment and could
serve as a potential calcification site. At the level of the elec-
tron microscope, calcium crystals are found among elastic
fibers in atherosclerotic lesions (25).

Proteolysis of elastin may hydrolyze many peptide bonds;
nevertheless, much of the proteolytically damaged elastin may
remain insoluble or trapped within the extracellular matrix
and repaired as described above. Interference with this mecha-
nism, rather than frank solubilization of elastin, may be an
important factor in pathologies involving elastin proteolysis.
Because elastin is a highly cross-linked biopolymer, it may be
one of the few proteins that does not appear to turnover signifi-
cantly during the lifetime of the animal, except under patho-
logic conditions (26). Data derived from an earlier study of this
in vitro model suggested partial protection of the elastic fibers
against accidental proteolysis by HNE(9). However, as a result
of small repetitive insults to the fiber, repair cross-links might
accumulate over time. This process could lead to progressive
changes in the tensile properties of elastin. Such alterations
might be associated with the impairment of elastic recoil and
loss of function.
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