The American Journal of Pathology, Vol. 177, No. 3, September 2010
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2010.081127

Cardiovascular, Pulmonary and Renal Pathology

Angiotensin-Converting Enzyme N-Terminal
Inactivation Alleviates Bleomycin-Induced Lung

Injury

Ping Li,* Hong D. Xiao,! Jianguo Xu,*
Frank S. Ong,* Mike Kwon, Jesse Roman,?
Anthony Gal,™ Kenneth E. Bernstein,*T

and Sebastien Fuchs*"

From the Departments of Biomedical Sciences,* and Pathology
and Laboratory Medicine," Cedars-Sinai Medical Center, Los
Angeles, California; the Departments of Pathology and
Laboratory Medicine," and Pulmonary Medicine,* Emory
University, Atlanta, Georgia; and the Department of Medicine,’
University of Louisville, Louisville, Kentucky

Bleomycin has potent anti-oncogenic properties for
several neoplasms, but drug administration is limited
by bleomycin-induced lung fibrosis. Inhibition of the
renin-angiotensin system has been suggested to de-
crease bleomycin toxicity, but the efficacy of such
strategies remains uncertain and somewhat contra-
dictory. Our hypothesis is that, besides angiotensin
II, other substrates of angiotensin-converting enzyme
(ACE), such as the tetrapeptide N-acetyl-seryl-aspar-
tyl-lysyl-proline (AcSDKP), play a significant role in
controlling fibrosis. We studied bleomycin-induced
lung injury in normotensive mice, termed N-KO and
C-KO, which have point mutations inactivating either
the N- or C-terminal catalytic sites of ACE, respec-
tively. N-KO, but not C-KO mice, have a marked re-
sistance to bleomycin lung injury as assessed by lung
histology and hydroxyproline content. To determine
the importance of the ACE N-terminal peptide sub-
strate AcSDKP in the resistance to bleomycin injury,
N-KO mice were treated with S-17092, a prolyl-oli-
gopeptidase inhibitor that inhibits the formation of
AcSDKEP. In response to bleomycin injection, S-17092-
treated N-KO mice developed lung fibrosis similar to
wild-type mice. In contrast, the administration of
AcSDKP to wild-type mice reduced lung fibrosis due
to bleomycin administration. This study shows that
the inactivation of the N-terminal catalytic site of ACE
significantly reduced bleomycin-induced lung fibro-
sis and implicates AcSDKP in the mechanism of pro-
tection. These data suggest a possible means to in-

crease tolerance to bleomycin and to treat fibrosing
lung diseases. (4m J Pathol 2010, 177:1113-1121; DOI:
10.2353/ajpath.2010.081127)

Pulmonary fibrosis is a serious medical problem affecting
more than 200,000 patients in the United States and is
responsible for more than 40,000 deaths annually. At
present, few treatments are available to counteract pul-
monary fibrosis. Modulation of the renin-angiotensin sys-
tem has been suggested to alter the evolution of this
ailment, but the efficacy of such strategies remains un-
certain and the conclusions of previous reports are some-
what contradictory.'*

The renin-angiotensin system controls blood pressure
and renal homeostasis in mammals. Angiotensin-convert-
ing enzyme (ACE) is the last enzyme of a cascade gen-
erating angiotensin Il. The complete inactivation of ACE
in mice results in a complex phenotype, including low
blood pressure, anemia, male sterility, and kidney mal-
formations.®€ These knockout mice, as well as data from
several different experimental approaches, demonstrate
physiological roles for ACE beyond simple blood pres-
sure control. For example, angiotensin Il has been impli-
cated in promotion of fibrosis.”®

Although a single polypeptide chain, ACE is com-
posed of two homologous but independent catalytic do-
mains. These domains, termed the N- and C-domains,
each bind a single zinc atom, which is required for ca-
talysis.’™® Both domains can cleave angiotensin |, and
both domains can degrade bradykinin; however, the two
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domains of ACE have some important differences. For
example, only the N-domain can use the tetrapeptide
N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP) as a sub-
strate, cleaving this peptide into inactive fragments.””
Initially, AcSDKP was presented as a suppressor of
bone marrow proliferation.'? However, several in vivo
studies have challenged this assertion and suggested
that AcSDKP may suppress fibrosis in models of tissue
injury.™® ACE is the primary enzyme responsible for the
degradation of AcSDKP; its actions in producing the
profibrotic molecule angiotensin Il and in degrading
the antifibrotic molecule AcSDKP suggest that ACE
and the renin-angiotensin system may be important in
some fibrotic diseases.

To further investigate the role of ACE in lung fibrosis,
we used bleomycin to induce lung fibrosis in two new
strains of genetically engineered mice with point muta-
tions eliminating zinc binding in one of the two catalytic
domains of ACE. The absence of zinc catalytically inac-
tivates either the N-domain or the C-domain, and these
mice are termed N-KO and C-KO, respectively.'*'® Be-
cause we only introduced point mutations into the ACE
gene, both lines of mice have normal serum and tissue
levels of ACE protein. Because each line preserves cat-
alytic function in one of the two ACE catalytic domains,
both lines have serum levels of angiotensin Il and blood
pressures equivalent to those of wild-type mice. Thus,
these mice allow investigation of ACE domain-specific
functions independent of any secondary effects of blood
pressure changes, a typical bias introduced with either
ACE inhibitors (which inhibit both domains of ACE) or the
genetic elimination of all ACE expression (use of ACE
knockout animals).

Bleomycin-induced lung injury is a well accepted
model of lung fibrosis,'® which has direct clinical corre-
lates, because the antineoplastic use of bleomycin is
limited by its lung toxicity. Meta-analysis suggests that 10
to 50% of patients treated with bleomycin develop suffi-
cient lung injury to necessitate cessation of treatment.””
Of these, 1 to 3% die of lung injury."® Here, we show that
N-KO mice are markedly resistant to the toxicity of bleo-
mycin and that the accumulation of the ACE N-terminal
peptide substrate AcSDKP ameliorates bleomycin-in-
duced lung fibrosis. These data suggest a means to
increase tolerance to bleomycin and perhaps a new ap-
proach for treating other fibrosing lung diseases.

Materials and Methods
Mice

We generated mice expressing site-inactivated ACE by
homologous recombination. N-KO mice express a full-
length ACE protein in which the N-terminal catalytic site
was inactivated by mutating the two zinc-binding histi-
dines (3*®*H and 2°°H) to lysines. In the C-KO strain, °*°H
and °9”H, which are responsible for the zinc binding and
catalytic activity of the C-terminal enzymatic site, were
mutated to lysines. The generation of these two strains of
mice was described in detail previously.''®° Because

both N-KO and C-KO mice are a genetic mix of 129 and
C57BL/6 strains, particular attention was given to the
renin locus in these mice. Mice of the 129 strain harbor
two renin genes (Ren-1¢ and Ren-2), whereas C57BL/6
have only one gene (Ren-71¢). Several reports indicate
major phenotypic differences associated with this varia-
tion.2%21 Therefore, we selected our experimental mice to
harbor only one renin gene (Ren-1¢), a model more sim-
ilar to humans. This was achieved by three backcrosses
to the C57BL/6 background. The genotyping of the renin
locus was performed by genomic DNA PCR using the
primers RenR1 (5'-AGGCACACACCCACATGCAAG-3’)
and RenF1 (5'-AGTTGAAGTGCAGCCTCCTTG-3'). The
PCR products are 127 bp when two renin genes are
present (129 strain) and 109 bp when only one gene is
present (C57BL/6 strain). We maintain our mouse colony
by breeding heterozygous parents. This strategy allows
us to use littermates or age-matched wild-type controls in
each experiment. Animal procedures were approved by
the Emory University Institutional Animal Care and Use
Committee and by Cedars-Sinai Medical Center Institu-
tional Animal Care and Use Committee (Institutional An-
imal Care and Use Committee 2355).

Drug Administration

Bleomycin was administered under anesthesia by intra-
tracheal instillation as described previously.?? A small
skin incision was made to expose the trachea. A 25-
gauge needle was inserted directly into the trachea with-
out reaching the bifurcation, and the animals were main-
tained on the surgical board at a 30° angle to ensure
correct diffusion of the drug or saline to both lungs. For
each experiment, a fresh aliquot of lyophilized bleomycin
was dissolved in saline and administered into the tra-
chea. The concentration of the solution was adjusted to
inject 2 ul/g The skin was then sutured, and the animal
was monitored until complete recovery. A dose of 1 mg/
kg was used in C-KO, N-KO, and their matched control
animals. This dose induced consistent lung injury with
less than 5% mortality. A smaller dose of 0.5 mg/kg of
bleomycin was used to injure pure C57BL/6 inbred mice,
which are more susceptible than our transgenic animals
with a mixed genetic background. For the survival exper-
iment, a higher dose of 5 mg/kg bleomycin was used.

To inhibit the release of AcCSDKP from its precursor,
thymosin B4, we used the prolyl-oligopeptidase inhibitor
S-17092.2% This drug was a generous gift from Servier
(Suresnes, France). It was administrated daily by intra-
peritoneal injection at a dose of 10 mg/kg from a freshly
prepared solution. S-17092 administration began the day
before bleomycin instillation and continued until the ani-
mals were sacrificed.

To determine the importance of the increased AcSDKP
concentration in N-KO mice, this tetrapeptide was infused in
C57BL/6 wild-type mice (stock no. 664, The Jackson Lab-
oratory, Bar Harbor, ME) at the dose of 1.5 mg/kg/day by
osmotic minipumps (Alzet model 2004). The minipumps
were implanted subcutaneously between the scapulas
following the manufacturer’'s instructions. The pumps



were implanted 4 days before the bleomycin administra-
tion to give enough time to reach a plateau of AcSDKP
concentration.

To prevent the degradation of AcSDKP by ACE in
wild-type mice, groups of mice were also treated with the
ACE inhibitor lisinopril at the dose of 16 mg/kg/day. The
drug was also administered by osmotic minipumps.

Histology

Mice were sacrificed 4, 7, and 14 days after bleomycin
administration. Under deep anesthesia, the rib cage was
opened to expose the lung. A PES0 tube was secured in
the trachea, and 10% buffered formalin was injected
under a constant pressure of 22 cm H,O. The trachea
was then ligatured. The whole lung was carefully col-
lected in one block with the heart and immersed in for-
malin overnight. The tissue was then dehydrated and
paraffin-embedded using standard techniques. Five-mi-
cron coronal sections were obtained from the central
part of the lung and were stained with either Masson’s
trichrome or H&E. For each animal, both right and left
lobes of the lung were examined by a pathologist blinded
to the genotype of the mice. Fibrosis was scored after
Masson’s trichrome staining, following the numerical
quantification described by Ashcroft et al.?* Using a 10X
objective, an average of 20 fields per slide covering both
lobes of the lung were assessed for severity of interstitial
fibrosis independently of inflammation. Each field was
allotted a score between 0 (normal lung) and 8 (total
fibrosis). The mean of the scores for all fields was taken
as the fibrotic score of the section.

Inflammation was scored as described by Sur et al.?®
An average of 18 fields per slide were examined and
allotted a score between 0 and 4. A score of O indicated
the absence of inflammation seen after H&E staining. A
score of 1 was assigned when mild inflammation was
present, 2 indicated moderate inflammation, 3 indicated
marked inflammation, and 4 was given when the inflam-
mation was severe. The mean of the scores for all fields
was used as the inflammatory grade.

Hydroxyproline Measurements

Fourteen days after bleomycin was administered, mice
were deeply anesthetized by intraperitoneal administra-
tion of a ketamine/xylazine solution. The entire lung was
carefully isolated, avoiding the extraparenchymal tissue,
and lyophilized overnight. The tissue was hydrolyzed with
1 ml of 6 N HCI at 110°C for 16 hours. Then 20 ul of the
homogenate was added to 400 ul of chloramine T solu-
tion (1.4% chloramine T, 10% isopropanol, 4% citric acid,
0.96% glacial acetic acid, 5.8% sodium acetate, and
2.7% sodium hydroxide) and incubated at room temper-
ature for 20 minutes. Next 400 ul of Ehrlich’s solution was
added, and the samples were further incubated for 15
minutes at 65°C. Absorbance was measured at 550 nm.
The concentration of hydroxyproline was then calculated
by comparison with a standard curve of hydroxyproline
generated for each experiment. Results are expressed as
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the average of duplicate measurements, in ug of hy-
droxyproline per mg of dry lung.

AcSDKP Measurement

The tetrapeptide AcSDKP concentration was measured
using an enzyme immunoassay kit from ALPCO (Salem,
NH). AcSDKP was measured in blood and urine samples.
Blood was collected from the vena cava in cold heparin-
ized tubes and, after centrifugation, the plasma was pre-
cipitated with methanol. After another centrifugation, the
supernatant was evaporated to dryness. The residue was
reconstituted with enzyme immunoassay buffer before
AcSDKP measurements. Spot urine samples were col-
lected and diluted 10 times with enzyme immunoassay.
The AcSDKP concentration was then measured following
the manufacturer’s instructions.

Survival Analysis

Five mg of bleomycin per kg b.wt. was injected into the
tracheas of 15 wild-type and 15 N-KO mice as described
above. The time of death was recorded and plotted on a
survival diagram.

Statistics

All results are expressed as mean = SEM, with P < 0.05
considered statistically significant. Two-tailed Student’s
t-test and two-way analysis of variance analysis were
used to analyze significance between groups. The Mann-
Whitney test was used to analyze the histological grades
in Figure 1.242° Statistical analysis of survival data was
done using Prism software to perform a Kaplan-Meier
analysis.

Results

Our typical protocol is to place saline containing 1 mg/kg
b.wt. bleomycin directly into the trachea. The mice were
studied 14 days later. As expected, wild-type animals
developed significant lung injury consisting of focal pul-
monary inflammation accompanying fibrosis, as indi-
cated by staining with either Masson'’s trichrome (Figure
1A) or H&E (Figure 1B). These features were greatly
reduced in N-KO mice, indicating a marked reduction of
the bleomycin-induced lung injury. The histological fea-
tures of bleomycin-induced lung injury are well de-
scribed.?® Tissue sections of wild-type and N-KO mice
were graded independently for the degree of inflamma-
tion and the extent of fibrosis by a pathologist who was
unaware of the mouse genotypes (Figure 1C). Wild-type
mice showed areas of interstitial pneumonitis with infiltra-
tion of the interstitium by mononuclear cells. There was
also alveolar cell hyperplasia. Focal fibrosis was present
and was more severe in subpleural areas. These findings
were either not present or markedly reduced in the lungs
of N-KO mice. Thus, histological analysis indicated that
the inactivation of the N-terminal catalytic site of ACE
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Figure 1. Evaluation of bleomycin-induced lung fibrosis. A and B: Bleomycin-induced lung injury in wild-type (WT) and N-KO mice 14 days after drug
administration. Whole lung sections were stained with Masson’s trichrome (A) or H&E (B). These representative sections show focal inflammation and fibrosis
in lungs from wild-type mice. In contrast, lungs from N-KO mice show a near-normal appearance. The line represents 5 mm. The lower panels are pictures of
lesions taken at a higher magnification (the line is 20 wm). C: Lung histology was graded by a pathologist who was blinded to mouse genotype. Fibrosis was graded
using a scale described by Ashcroft et al,** varying from 0 (normal lung) to 8 (total fibrosis). Inflammation was graded using the 0 (normal lung) to 4 (maximum
inflammation) scale described by Sur et al.*> The inactivation of the N-terminal catalytic site of ACE significantly reduced the lung injury scores for both fibrosis

and inflammation (# = 10 per group; *P < 0.00D).

significantly reduced lung injury scores for both inflam-
mation and fibrosis.

To objectively quantify lung injury, we measured the
amount of hydroxyproline in the whole lung of N-KO,
wild-type, and, when they became available, C-KO mice.
Because both the N-KO and C-KO strains were on a
mixed 129-C57BL/6 genetic background, we used sep-
arate littermate wild-type animals from each strain as
controls. When treated with saline, the collagen contents
of wild-type, N-KO, and C-KO lungs were not significantly
different (Figure 2, A and B). Two weeks after intratra-
cheal bleomycin administration, the lung hydroxyproline
content of wild-type and C-KO mice increased signifi-
cantly (Figure 2B). In contrast, the pulmonary collagen
levels did not change in N-KO mice (Figure 2A). Specif-
ically, the hydroxyproline content of C-KO mice in-
creased from 7.16 = 0.17 ug of hydroxyproline per mg
dry lung weight when the mice were treated with saline to
10.46 + 0.56 ug/mg when the mice received bleomycin
(P < 0.001). This was not significantly different from the
collagen content of wild-type mice treated with bleomycin
(11.37 = 0.54 pg/mg). In contrast, the hydroxyproline
content of N-KO lungs was not significantly changed by
bleomycin administration; it was 6.53 = 0.16 pg of hy-
droxyproline per mg dry lung weight when the mice were

treated with saline and 6.98 = 0.34 ug/mg 14 days after
the mice received the intratracheal injection of bleomy-
cin. This was significantly less than the 10.59 + 0.95 ug
of hydroxyproline per mg dry lung weight measured in
control mice treated with bleomycin (P < 0.001 by anal-
ysis of variance). Thus, hydroxyproline measurements
corroborate the histological observations presented in
Figure 1. These data show that C-KO mice mimic the
behavior of wild-type mice. In contrast, N-KO mice dem-
onstrate substantial resistance to bleomycin-induced
lung fibrosis.

Weight loss is a typical parameter secondary to bleo-
mycin administration and is often associated with the
severity of pulmonary injury.?” Intratracheal instillation of
bleomycin induced a weight loss of 7.2 = 2.0% in wild-
type animals and only 0.8 = 1.0% in N-KO mice (P <
0.01) (Figure 3). In contrast, there was no significant
difference in weight loss between C-KO mice and wild-
type controls.

AcSDKP is hydrolyzed exclusively by the N-terminal
domain of ACE. Thus, not surprisingly, the AcSDKP con-
centration was increased in the plasma of N-KO mice
compared with the plasma of either wild-type or C-KO
mice (N-KO, 2.63 = 0.99 nmol/l; C-KO, 0.30 + 0.06
nmol/l; WT, 0.36 + 0.04 nmol/l; n = 4 per group; P < 0.05
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Figure 2. Lung hydroxyproline content. Inactivation of the N-terminal site of
ACE prevents collagen deposition in the lung after bleomycin injection. Lung
hydroxyproline content was measured in wild-type (WT) and N-KO mice (A)
or C-KO mice (B) two weeks after intratracheal injection of either saline or
bleomycin. Because N-KO and C-KO mice are on a mixed 129-C57BL/6
genetic background, appropriate littermate wild-type mice were used for
each strain. N-KO and wild-type littermates were also treated with a combi-
nation of bleomycin and S-17092, a prolyl-oligopeptidase inhibitor, to reduce
the production of AcSDKP. Data points for individual mice are shown, as
well as the group means * SEM. The number of animals per group is
indicated in parentheses. *P < 0.01; **P < 0.01 when a group is compared
with the saline-treated group of the same genotype (ie, N-KO mice treated
with bleomycin/S-17092 versus N-KO mice treated with saline alone). The
inactivation of the N-terminal catalytic site of ACE in N-KO mice prevents
bleomycin-induced lung collagen deposition. Inhibition of prolyl-oli-
gopeptidase with S-17092 increases bleomycin-induced lung collagen in
N-KO mice.

comparing N-KO with either wild-type or C-KO). Because
the concentration of AcCSDKP in the urine directly reflects
peptide levels in the plasma, we used urine measure-
ments to estimate AcSDKP metabolism in our mice.?®2°
In addition, measurement of AcSDKP in the urine is tech-
nically easier, and urine collection does not require the
sacrifice of the animals. AcSDKP concentrations were
significantly increased in the urine of the N-KO mice
compared with those in wild-type animals, 176.2 * 8.8
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Bleomycin-Induced Weight Loss
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Figure 3. Bleomycin-induced weight loss. Inactivation of the N-terminal site
of ACE prevents weight loss after bleomycin injection. Mice were weighed
just before intratracheal bleomycin infusion and two weeks later, at sacrifice.
The difference in weight is reported as a percentage of the initial weight.
N-KO mice lost significantly less weight than either wild-type or C-KO mice.
The number of animals per group is indicated in parentheses. Values are
means * SEM *P < 0.01.

versus 45.1 = 5.8 nmol/l, respectively (P < 0.001) (Figure
4). In comparison, AcSDKP concentration in C-KO urine
was only slightly reduced to 24.9 = 5.2 nmol/l compared
with that in wild-type urine (P = 0.25 by analysis of
variance). The tetrapeptide AcSDKP is released from
its precursor thymosin-B4 by the serine peptidase
prolyl oligopeptidase.?® To determine the importance

AcSDKP Measurements in Urine
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Figure 4. Measurements of AcSDKP in spot urine samples collected from
wild-type (WT), N-KO, and C-KO mice. The AcSDKP concentration was
measured in the urine of N-KO, C-KO, and wild-type mice treated with saline
and in wild-type and N-KO mice treated with the prolyl-oligopeptidase
inhibitor S-17092. Data points for individual mice are shown, as well as the
group means = SEM. *P < 0.001. The number of animals per group is in
parentheses.
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Effect of AcSDKP Increase in Wild-Type Mice
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Figure 5. Effect of AcSDKP increases in wild-type mice. Administration of
AcSDKP or an ACE inhibitor prevents bleomycin-induced lung fibrosis in
C57BL/6 wild-type mice. Whole lung hydroxyproline content was measured
in C57BL/6 wild-type animals and two weeks after intratracheal instillation of
bleomycin. Some mice also received AcSDKP, the ACE inhibitor lisinopril, or
a combination of AcSDKP and lisinopril by osmotic minipump. Individual
mouse measurements are shown, as well as the group means * SEM. The
number of animals per group is indicated in parentheses. AcSDKP and/or the
ACE inhibitor significantly reduced lung collagen content. *P < 0.001.

of AcSDKP in the mechanism of resistance to bleomycin
injury, we inhibited the generation of this peptide with
S-17092, a prolyl oligopeptidase inhibitor. In our study,
S-17092 was administered by daily intraperitoneal injec-
tion starting 1 day before the intratracheal instillation of
bleomycin until the sacrifice of the mice. This protocol
successfully decreased AcSDKP urine concentration in
N-KO mice to 79.5 = 3.9 nmol/l, which was not different
from the 68.1 = 12.7 nmol/l measured in similarly treated
wild-type control animals (Figure 4). Under these condi-
tions, N-KO mice were susceptible to bleomycin-induced
fibrosis, as indicated by the increased pulmonary hy-
droxyproline concentration (Figure 2A). The lung hy-
droxyproline content of N-KO mice treated with bleomy-
cin and S-17092 was 11.12 = 0.87 png/mg. This amount
was not statistically different from the hydroxyproline con-
centration of 10.71 = 0.65 ug/mg measured in lungs from
wild-type mice treated in an identical fashion.

The above data suggest that protection against bleo-
mycin-induced lung injury is substantially dependent on
the increased levels of AcSDKP present in N-KO mice. If
this hypothesis is true, then the delivery of exogenous
AcSDKP should have a protective effect, even in wild-
type mice. To test this, AcSDKP was administered to
wild-type mice at a rate of 1.5 mg/kg/day by osmotic
minipump. Four days after minipump placement, intratra-
cheal bleomycin was administered, and 2 weeks later,
lungs were collected. As seen in Figure 5, treatment of
mice with AcSDKP substantially reduced lung hydroxy-
proline content compared with that of mice treated with a

AcSDKP Measurements in Urine
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Figure 6. Measurements of AcSDKP in spot urine samples collected from
C57BL/6 wild-type mice implanted with osmotic minipumps. Wild-type
C57BL/6 mice were implanted with an osmotic minipump to deliver either
saline, AcSDKP, the ACE inhibitor lisinopril, or a combination of AcSDKP and
lisinopril. The AcSDKP concentration was measured in a spot urine sample.
The value measured for each animal is shown, as well as the group means =
SEM. The number of animals per group is indicated in parentheses. *P < 0.01.

saline-filled minipump: 7.70 = 0.31 pg/mg compared
with 12.47 + 0.39 ug/mg, respectively (P < 10~%). Inter-
estingly, the administration of lisinopril also significantly
reduced the lung collagen content of bleomycin-treated
mice such that the hydroxyproline levels (7.68 = 0.39
pg/mg) were not significantly different from those of mice
treated with AcSDKP. In fact, the amount of lung hy-
droxyproline in mice treated with either AcCSDKP or lisin-
opril was very close to the measured lung hydroxyproline
levels in control mice not treated with bleomycin (6.63 *
0.39 ng/mg). Therefore, it is not surprising that the com-
bination of AcSDKP and lisinopril did not further reduce
the collagen content of the lung (Figure 5). In each group,
we measured the concentration of ACSDKP in the urine to
confirm our ability to modulate peptide concentration in
vivo (Figure 6). In the mice treated with AcSDKP urinary
AcSDKP increased by approximately threefold so that
now the concentration of this peptide was very similar to
that measured in N-KO mice (Figures 4 and 6).

Until now, our studies examined the effect of bleomy-
cin 14 days after drug administration. To establish the
time course for bleomycin-mediated injury, the lungs of
wild-type, N-KO, and C-KO mice were histologically ex-
amined 0, 4, 7, and 14 days after bleomycin administra-
tion. In the absence of the drug or when mice were
administered saline instead of bleomycin, there were no
differences between the three groups (Figure 7). How-
ever, 4 days after bleomycin administration, both wild-
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day post bleomycin injection

saline D4 D7

type and C-KO mice showed similar injury, composed of
focal pneumonitis that was more prominent in subpleural
areas. There were areas of acute alveolitis with alveolar
damage and hyaline membranes. By day 7, there was
remodeling of the lung in wild-type and C-KO mice with
focal alveolar collapse and the formation of cystic air-
spaces. At this time, early collagen stripes were seen with
the Masson’s trichrome stain. The consolidation of the
lung parenchyma was even more intense 14 days after
bleomycin instillation. However, a very different histolog-
ical picture was observed in N-KO mice (Figure 7). Four
days after bleomycin instillation, N-KO mice had far less
pneumonitis than that seen in wild-type or C-KO mice.
Fibrosis was nearly completely absent 7 days after bleo-
mycin injection. By 14 days, the histological appearance
of the lungs was near normal.

Intratracheal injection of our standard dose of bleomy-
cin (1 mg/kg b.wt.) resulted in virtually no deaths of either
wild-type or N-KO mice. However, a higher dose of bleo-
mycin (5 mg/kg b.wt.) killed nearly all wild-type mice, with
only 1 of 15 wild-type mice surviving 12 days after drug
administration (Figure 8). When challenged with the same
dose of bleomycin, N-KO mice showed reduced mortal-
ity, with 11 of 15 mice surviving 12 days. Ultimately, 4 of
15 N-KO mice survived (P < 0.01 by Kaplan-Meyer
analysis).

Survival to High Dose of Bleomycin
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Figure 8. Survival after a high dose of bleomycin. Kaplan-Mayer-type

survival analysis of wild-type mice (WT) and N-KO mice treated with 5

mg/kg of bleomycin. N-KO mice have a significantly better survival than
wild-type littermate mice (7 = 15 for each group; P < 0.01).

D14

Figure 7. Time-course of bleomycin-induced
lung injury. H&E-stained sections of lungs from
wild-type (WT), N-KO, and C-KO mice are
shown after either saline injection or 4, 7, and 14
days after bleomycin injection. In the absence
of bleomycin, no pathology was observed and
the histology of the three groups of mice was
similar. However, starting four days after in-
tratracheal bleomycin, the wild-type and C-KO
mice showed acute pneumonitis with alveolar
damage, which progressed to focal consolida-
tion and focal fibrosis typical of bleomycin-
induced lung injury. In contrast, lungs from
N-KO mice showed much less inflammation,
fibrosis, and injury at all time points. The line
represents 25 pm.

Discussion

In wild-type mice, intratracheal injection of bleomycin is a
common model of pulmonary fibrosis, in which an early
inflammatory response is followed by fibroblast activation
and collagen deposition.”” Previous studies have exam-
ined the modulation of the renin-angiotensin system as
one approach to diminish the fibrotic process. The effi-
cacy of such strategies is unclear and even somewhat
contradictory. For instance, some studies reported ben-
eficial effects of angiotensin AT, receptor blockers to
alleviate bleomycin-induced lung injury, whereas other
studies failed to confirm these observations.™3° On the
other hand, ACE inhibitors protect mice treated with bleo-
mycin from lung injury and pulmonary hypertension.?
These observations support the hypothesis that another
peptide, besides angiotensin Il, may play an important
role; our studies suggest that AcSDKP may be such a
peptide.

AcSDKP was first characterized as a specific substrate
of ACE in 1995."" Since then, several studies have dem-
onstrated that this peptide may have antifibrotic proper-
ties. For example, the administration of AcSDKP in rats
prevents, and even reverses, collagen deposition in a
model of myocardial infarction.®' In addition, AcSDKP
suppresses the proliferation of renal fibroblasts in dia-
betic db/db mice.*? In both humans and mice, pharma-
cological inhibition of ACE increases plasma AcSDKP
concentrations by fivefold.®® The same five- to sevenfold
increase in AcSDKP concentration is observed in ACE-
null and N-KO mice.™ In contrast to angiotensin | or
bradykinin, AcSDKP is a substrate of only the N-terminal
ACE catalytic site.’” Therefore, our hypothesis was that
the inactivation of the N-terminal site of ACE may reduce
bleomycin-induced lung injury by increasing AcSDKP
concentrations.

To test this, we used a mouse model, referred to here
as N-KO, that was created by homologous recombina-
tion.'* These mice were previously termed ACE 7/7 in our
original description. They express a full-length ACE pro-
tein with the N-domain selectively inactivated by point
mutations impairing its zinc-binding ability. We also used
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mice called C-KO in which the C-terminal catalytic site
was inactivated following a similar strategy.' In both
lines of mice, ACE protein expression is under the normal
native promoter, and, therefore, there is a normal tissue
and cellular distribution of the protein.™* s

It is worth emphasizing that the nonmutated catalytic
sites of ACE in both N-KO and C-KO mice are fully active.
Therefore, these mice are capable of converting angio-
tensin | to angiotensin Il and, at steady state, have normal
blood pressure, normal kidney function, and normal he-
matocrit, parameters that are distinctly abnormal in ACE-
null mice.>® Thus, in contrast with virtually all other animal
models, any differences noted between N-KO, C-KO,
and wild-type mice are almost certainly independent of
the significant blood pressure reduction seen when phar-
macological inhibitors of either ACE or the angiotensin
AT1 receptor are used.

Our results demonstrate that the inactivation of the
N-terminal site of ACE protects N-KO mice against bleo-
mycin-induced lung injury and fibrosis. These mice de-
velop substantially less pulmonary inflammation and col-
lagen deposition, compared with either C-KO or wild-type
mice. Furthermore, these mice show enhanced survival
when exposed to a dose of bleomycin lethal to wild-type
mice. As discussed above, N-KO mice produce angio-
tensin Il from the C terminus of ACE. This is the physio-
logically dominant site of angiotensin Il production by
wild-type mice, and thus it is not surprising that the
plasma concentration of angiotensin Il in N-KO mice is
identical to that in wild-type mice.’® Thus, these data
strongly suggest that changes in angiotensin Il do not
explain the phenotype of the N-KO mice.

To determine the importance of AcSDKP in the protec-
tion of N-KO mice to bleomycin, we treated these mice
with S-17092. S-17092 is a highly specific inhibitor of the
prolyl oligopeptidase.* Cavasin et al®*® reported that this
inhibitor did not modify the concentration of other pep-
tides, including angiotensin I, substance P, and Arg®-
vasopressin in rat heart, kidney, and brain. Therefore,
S-17092 was used to selectively reduce the AcSDKP
concentration by inhibiting prolyl-oligopeptidase.?®3°
With such treatment, the AcSDKP concentration is low-
ered in N-KO mice and is indistinguishable from that of
wild-type animals. Now, N-KO mice are equivalent to
wild-type animals in their susceptibility to bleomycin-in-
duced lung fibrosis.

To further demonstrate the central role of AcSDKP in
protecting N-KO mice against bleomycin, we raised the
AcSDKP concentration in wild-type C57BL/6 mice. This
experiment showed that increasing the concentration of
AcSDKP protects wild-type mice from the fibrosis in-
duced by bleomycin.

One caveat of our studies is that we did not succeed in
measuring the AcSDKP peptide concentrations in lung
tissue, despite repeated attempts. Our peptide assays
showed a high background that obscured proper inter-
pretation of the results. Previous work by Carretero and
colleagues®® showed that the relative concentrations of
AcSDKP in plasma and urine reflected its concentration
in heart, brain, and kidney.®® The lung has the highest
tissue level of ACE expression of any organ.™*'® In N-KO

mice, all ACE protein, including that in lung, lacks N-
terminal catalytic activity and therefore the ability to de-
grade AcSDKP. Thus, it seems very likely that N-KO mice
will show elevated lung levels of AcSDKP, consistent with
the elevated levels found in blood and urine. However,
this assumption remains to be formally proven.

In conclusion, our work indicates a crucial contribution
of the N-terminal catalytic domain of ACE to the develop-
ment of bleomycin-induced pulmonary fibrosis. The inac-
tivation of the C-terminal catalytic domain of ACE shows
no such effect and C-KO animals are as susceptible to
bleomycin-induced lung injury as wild-type mice. These
observations, along with our previous measures of angio-
tensin Il concentrations in these mice, suggest that an-
other substrate of ACE, specific to the N-domain, may be
involved. The hypothesis that AcSDKP prevents the de-
velopment of fibrosis in response to bleomycin is strongly
supported by the observations that i) the tetrapeptide
concentration is specifically increased in N-KO mice
compared with that in wild-type and C-KO mice, ii) the
decrease of AcSDKP in N-KO mice using the prolyl-
oligopeptidase inhibitor S-17092 renders mice suscepti-
ble to lung fibrosis, and iii) infusion of AcSDKP protects
wild-type mice from bleomycin injury.

Published work by Zhuo et al*® demonstrated a cell-
specific binding site for AcCSDKP.3¢ One may hypothesize
that the effects of AcCSDKP are directly due to intracellular
events triggered by specific binding of the peptide. Al-
though the intracellular actions of AcSDKP are not well
characterized, some studies have suggested an effect on
the transforming growth factor-g signaling pathway.®”
Whether this or other cellular pathways are implicated
remains to be determined. However, the identification of
ACE and AcSDKP as having a major effect on bleomycin-
induced lung fibrosis suggests new approaches to re-
duce the progression of pulmonary fibrosis in response to
bleomycin and perhaps to a variety of other pathological
processes. Thus, it will be important to see whether the
manipulation of AcSDKP and/or ACE will modulate the
progression of idiopathic pulmonary fibrosis and other
fibrosing diseases, because until now medicine has had
little to offer patients with these diseases.
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