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Abstract

 

Angiotensin I–converting enzyme (ACE) has two homolo-

gous active NH

 

2

 

- and COOH-terminal domains and dis-

plays activity toward a broad range of substrates. The tet-

rapeptide 

 

N

 

-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP)

has been shown to be hydrolyzed in vitro by ACE and to be

a preferential substrate for its NH

 

2

 

-terminal active site. This

peptide is a regulatory factor of hematopoiesis which re-

versibly prevents the recruitment of pluripotent hematopoi-

etic stem cells and normal early progenitors into S-phase.

We found that a single oral dose of 50 mg of the ACE inhib-

itor, captopril, when administered to eight healthy subjects

in a double-blind, crossover, placebo-controlled study, mas-

sively increased the plasma level of Ac-SDKP. ACE inhibi-

tion by captopril induced a 90–99% inhibition of in vitro

[

 

3

 

H]Ac-SDKP hydrolysis and a long-lasting 5.5-fold (range:

4–8.5-fold) increase in the plasma levels of Ac-SDKP.

These results demonstrate that Ac-SDKP is the first natu-

ral peptide hydrolyzed by the NH

 

2

 

-terminal domain of ACE

not only in vitro but also in vivo, confirming that both cata-

lytic sites of ACE are physiologically active. Our data sug-

gest that ACE may also be implicated in the process of he-

matopoietic stem cell regulation, by permanently degrading

this natural circulating inhibitor of cell entry into S-phase.

(

 

J. Clin. Invest.

 

 1996. 97:839–844.) Key words: oligopeptides
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 peptidyl-dipeptidase A 
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verting enzyme inhibitor 

 

•

 

 hematopoiesis

 

Introduction

 

Angiotensin I–converting enzyme (ACE)

 

1

 

 (kininase II, dipep-
tidyl carboxypeptidase I, EC 3.4.15.1), has two homologous ac-

tive NH

 

2

 

- and COOH-terminal domains and is involved in the
metabolism of two major vasoactive peptides. It converts the
inactive decapeptide angiotensin I (Ang I) into the active oc-
tapeptide angiotensin II (Ang II) and inactivates the vasode-
pressor peptide bradykinin, therefore playing a major role in
blood pressure regulation and fluid and electrolyte homeosta-
sis (1). The importance of the applications of oral ACE inhibi-
tors in clinical medicine is now self evident, with many thou-
sands of patients being treated with these drugs at the present
time for either hypertension, congestive heart failure, postmy-
ocardial infarction, or diabetic nephropathy. However, ACE
inhibitors are nonspecific blockers of the renin-angiotensin
system, since ACE displays activity toward a broad range of
substrates, at least in vitro (1, 2).

ACE is involved in vitro in the hydrolysis of 

 

N

 

-acetyl-seryl-
aspartyl-lysyl-proline (Ac-SDKP), a regulatory factor of he-
matopoiesis (3). By using selective mutants of the two homolo-
gous active domains of ACE expressed in Chinese hamster
ovary cells, Rousseau et al. (4) have shown that the NH

 

2

 

-termi-
nal active site of ACE is preferentially involved in vitro in the
catabolism of the hemoregulatory tetrapeptide Ac-SDKP. The
hydrolysis of Ac-SDKP is blocked by ACE inhibitors such as
captopril and lisinopril (3, 4). Ac-SDKP reversibly prevents
the recruitment of pluripotent hematopoietic stem cells and
normal early progenitors into S-phase of the cellular cycle by
maintaining them in Go-phase (5, 6). It appears to exert this
function indirectly by blocking the effect of an as yet unknown
stem cell stimulator of proliferation (7). During phase-specific
anticancer drug treatment, exogenous Ac-SDKP administra-
tion selectively maintains normal progenitors in the quiescent
state (8). Additionally, when administered after two-thirds
partial hepatectomy in mice, Ac-SDKP has been shown to re-
duce hepatocyte proliferation by up to 50%, as assessed by au-
toradiography and [

 

3

 

H]thymidine incorporation (9), indicating
that this peptide may also be involved in the homeostasis of
cellular growth of different cell types. Ac-SDKP, whose pre-
cursor could be thymosin 

 

b

 

4 (10), is known to be secreted by
bone marrow (11), is normally present in human plasma and in
circulating mononuclear cells (12), and is ubiquitously distrib-
uted in vivo (13). Interestingly, Ac-SDKP is localized in tissues
where ACE is present.

To establish whether Ac-SDKP is a natural substrate of
ACE in vivo, a single oral dose of the ACE inhibitor, capto-
pril, was given to healthy volunteers to investigate whether
ACE blockade inhibits Ac-SDKP hydrolysis in vivo and con-
sequently increases the plasma levels of this hemoregulatory
peptide.

 

Address correspondence to Michel Azizi, M.D., Centre d’Investiga-
tions Cliniques, Hôpital Broussais, 96 rue Didot, 75674 Paris Cedex
14, France. Phone: 33-1-43-95-90-64; FAX: 33-1-45-41-02-34.

 

Received for publication 6 September 1995 and accepted in revised

form 23 October 1995.

 

1. 

 

Abbreviations used in this paper:

 

 ACE, angiotensin I–converting
enzyme; Ac-SDKP, 

 

N

 

-acetyl-seryl-aspartyl-lysyl-proline; Ang, angio-
tensin; AUC

 

0–8h

 

, area under the curve from 0 to 8 h; 

 

I/D

 

 polymor-
phism, insertion/deletion polymorphism.
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Methods

 

Study design.

 

A single-dose, double-blind, two-way crossover study
design was used. The two periods were separated by a washout inter-
val of 1 wk. Treatment assignment was performed according to a ran-
dom allocation schedule and each subject received a single oral dose
of captopril 50 mg or a matching placebo on two separate occasions.

 

Subjects.

 

Eight Caucasian, healthy, normotensive (supine blood
pressure 

 

, 

 

140/90 mmHg) male volunteers 20–35 yr old were re-
cruited for the study. Volunteers gave their written and informed
consent to participate in the study. The protocol was approved by the
Comité Consultatif de Protection des Personnes se prêtant à des Re-
cherches Biomédicales, Paris-Cochin.

 

Study protocol.

 

For each phase, subjects were instructed to arrive
at the Broussais Clinical Investigation Center at 7 a.m. on the study
day. At 9 a.m., after a 1-h rest in a semirecumbent position to allow
equilibration of hormones, volunteers received a single oral dose of
the appropriate treatment (placebo or captopril 50 mg) with 50 ml
water. They remained in the same position until 6 h after dose (3 p.m.).
Blood was sampled before and 0.5, 1, 1.5, 2, 4, 6, and 8 h after dose for
plasma ACE activity, Ac-SDKP, and active renin determinations.
Blood samples for analyzing in vitro Ac-SDKP hydrolysis were
drawn before and 0.5, 1, 2, 4, and 8 h after dose. Plasma Ang I and
Ang II were determined before and 1, 2, and 8 h after drug intake.

 

Laboratory methods.

 

Captopril (10

 

2

 

8 

 

M) was immediately added
to the blood samples for the measurement of plasma Ac-SDKP.
These samples were then instantaneously centrifuged at 2,500 rpm at
4

 

8

 

C and stored at 

 

2

 

20

 

8

 

C until assay. Blood samples for the analysis of
in vitro Ac-SDKP hydrolysis were immediately centrifuged at 2,500
rpm at 4

 

8

 

C and stored at 

 

2

 

80

 

8

 

C until assay. For plasma angiotensin
radioimmunoassays, blood samples (10 ml) were rapidly collected
(within 10 s) into prechilled EDTA-K

 

3 

 

vacutainers and 0.5 ml of an
inhibitor mixture of 62.5 mM EDTA, 100 

 

m

 

M of the renin inhibitor
remikiren, and 100 

 

m

 

M enalaprilat was immediately added to prevent
in vitro generation and degradation of angiotensins (14). Blood sam-
ples were immediately centrifuged at 3,500 rpm at 4

 

8

 

C and stored at

 

2

 

80

 

8

 

C until assay.
For plasma Ac-SDKP measurements, the supernatant of centri-

fuged methanol-treated plasma (3/1 ml) was collected, evaporated to
dryness, and reconstituted in 0.1 M phosphate buffer (pH 7.4) con-
taining 0.1% BSA, 0.001% sodium azide, 2.3% NaCl, and 0.2% EDTA.
Plasma Ac-SDKP was determined by a competitive enzyme immu-
noassay (12) which has been used previously for pharmacokinetic
studies in humans (15) and has a limit of quantification of 1 pmol/ml.
Captopril at doses of up to 10

 

2

 

6 

 

M does not interfere with this assay.
To evaluate the kinetics of Ac-SDKP hydrolysis, 15 

 

m

 

l of a solu-
tion of the radiolabeled peptide [

 

3

 

H]Ac-SDKP (3 

 

m

 

Ci, 100 nM), spe-
cifically tritiated on the lysyl residue, was added to 450 

 

m

 

l of plasma.
After 1 h of incubation at 37

 

8

 

C, 30-

 

m

 

l samples were drawn, a 10-

 

m

 

l so-
lution (2 mg/ml) of carriers (Ac-SDKP [Ipsen-Biotech, Paris, France];
Lys-Pro and Lys [ICSN-CNRS, Gif-sur-Yvette, France]) was immedi-
ately added, and the mixture was frozen on dry ice. The radioactivity
specifically associated with [

 

3

 

H]Ac-SDKP and its degradation prod-
ucts was then evaluated (3).

Plasma active renin was measured by immunoradiometric assay
(16) using the monoclonal antibodies 3E8 and

 

 125

 

I-4G1

 

 

 

in a commer-
cially available kit (ERIA, Diagnostics Pasteur, Marnes-la-Coquette,
France).

Plasma ACE activity was quantified by a spectrophotometric
method (using Hip-His-Leu as substrate) according to Cushman and
Cheung (17). To minimize dissociation of captopril from plasma
ACE, blood samples were immediately centrifuged at 4

 

8

 

C and stored
at 

 

2

 

80

 

8

 

C, and plasma ACE activity was determined within 48 h (18).

 

Detection of the insertion-deletion (I/D) polymorphism of the

ACE gene by enzymatic amplification.

 

ACE

 

 

 

gene 

 

I/D

 

 polymorphism
was detected by PCR using oligonucleotide primers flanking the
ALU insertion (19). Three subjects were homozygous for the D allele
(

 

DD

 

) and five were heterozygous (

 

I/D

 

).

 

Statistical methods.

 

Areas under the curve from 0 to 8 h (AUC

 

0–8h

 

)
were calculated according to the trapezoidal rule for plasma Ac-
SDKP. The time to peak effect and the maximum value at peak for
each of the pre-cited variables were graphically determined for each
subject.

All parameters were analyzed by two-sample 

 

t

 

 tests taking into
account period, carry-over, and treatment effects according to the
method for repeated measures in a two-period crossover design pro-
posed by Armitage (20). The relationship between two continuous
variables was studied with Spearman’s rank correlation test. Natural
logarithmic transformation was applied where appropriate. Compari-
sons between the baseline level of all parameters and the 8-h post–
captopril dose level were made by a Wilcoxon paired test. Calcu-
lations were done with the STATVIEW II and SUPERANOVA
statistical software programs (Apple Macintosh Abacus Concepts
Inc., Berkeley, CA). Data are expressed as mean

 

6

 

1 SD in text and
mean

 

6

 

1 SEM in the graphs. The times to peak effect are expressed
as median (range). A probability value 

 

, 

 

0.05 was considered as sig-
nificant.

 

Results

 

The stability of all parameters over the 8 h of investigation was
consistently obtained after placebo intake (Fig. 1) and no pe-
riod or carry-over effect was present. Therefore, only treat-
ment effect is reported.

 

Effects of captopril on plasma Ac-SDKP (Fig. 1).

 

Plasma
Ac-SDKP levels steeply increased from 3.3

 

6

 

0.7 to 16.0

 

6

 

5.7
pmol/ml 4 h after captopril administration, decreasing slowly
thereafter. The time to maximum concentration of plasma Ac-
SDKP was observed after a median (range) time interval of 4 h
(2–6 h) which corresponds with a maximum value for plasma
Ac-SDKP of 18.1

 

6

 

6.1 pmol/ml. At peak, the mean difference
(95% confidence interval) between captopril and placebo for
plasma Ac-SDKP levels was 14.2 (9.7–18.7) pmol/ml. 8 h after
dose, plasma Ac-SDKP levels remained significantly higher
(11.9

 

6

 

1.7 pmol/ml) than their pretreatment values (3.3

 

6

 

0.7
pmol/ml, 

 

P 

 

, 

 

0.001). The AUC

 

0–8h

 

 of plasma Ac-SDKP levels
after captopril administration was highly and significantly dif-
ferent from that of placebo (100

 

6

 

18 vs. 27

 

6

 

7 pmol

 

?

 

h

 

?

 

ml

 

2

 

1

 

,

 

P 

 

, 

 

0.001). The increase in plasma Ac-SDKP after captopril
administration was consistently observed for all eight subjects.

Mean plasma Ac-SDKP levels (average of all values during
the placebo phase for each subject) were not significantly cor-
related with either mean plasma ACE activity measured by
Cushman’s assay or mean plasma Ang II/Ang I ratio (not
shown). The ACE 

 

I/D

 

 polymorphism did not influence basal
plasma Ac-SDKP levels (

 

DD

 

, range: 2.4–3.6 pmol/ml and

 

 ID

 

,
range: 2.4–4.4 pmol/ml).

 

Effect of captopril on in vitro [

 

3

 

H]Ac-SDKP hydrolysis.

 

Dur-
ing the placebo phase and before captopril administration,
human plasma hydrolyzed the radiolabeled peptide [

 

3

 

H]Ac-
SDKP in vitro, and the residual radioactivity specifically asso-
ciated with [

 

3

 

H]Ac-SDKP was 55

 

6

 

6%.
Captopril (50 mg) almost completely inhibited [

 

3

 

H]Ac-SDKP
hydrolysis: 1 h (range: 0.5–2 h) after dose, the maximum resid-
ual radioactivity associated with [

 

3

 

H]Ac-SDKP was 99

 

6

 

1%
after 1 h of in vitro incubation. A significant inhibition of
[

 

3

 

H]Ac-SDKP hydrolysis persisted throughout the investiga-
tion, as shown by the presence of 90

 

6

 

5% of residual radioac-
tivity associated with [

 

3

 

H]Ac-SDKP 8 h after captopril intake.

 

Effects of captopril on plasma ACE activity (Cushman’s as-

say) and on the renin-angiotensin system.

 

In vitro plasma ACE
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activity measured by Cushman’s assay decreased rapidly to-
ward a nadir (13

 

6

 

7% of its baseline value) 1 h (range: 0.5–1.5 h)
after captopril intake and began to increase from the second
hour after dose onwards, reaching 75

 

6

 

6% of its baseline value
8 h after dose (Figs. 1 and 2). Plasma Ang II fell to very low

levels 1 h after dose (0.6

 

6

 

1.2 pg/ml), this fall being associated
with a parallel increase in plasma active renin which reached
its maximum value (115

 

6

 

77 pg/ml) after a median time inter-
val of 4 h (range: 2–8 h) after dose (Fig. 1). Whereas, 8 h after
dose, plasma Ang II levels returned to their pretreatment val-
ues (3.8

 

6

 

2.2 vs. 4.4

 

6

 

1.6 pg/ml at baseline, NS), plasma active
renin levels remained significantly higher than their baseline
values (48

 

6

 

38 vs. 20

 

6

 

8 pg/ml, respectively, 

 

P 

 

, 

 

0.05), despite
their gradual decrease from the fourth hour after dose on-
wards (Fig. 1). The plasma Ang I profile after captopril intake
was parallel to that of plasma active renin (not shown). The
plasma Ang II/Ang I ratio, an index of in vivo ACE activity
(21), decreased from 0.83

 

6

 

0.14 to 0.01

 

6

 

0.03 1 h after captopril
intake and remained at a low value of 0.24

 

6

 

0.10 8 h after dose.

 

Comparison of the in vitro and in vivo effects of captopril

on Ac-SDKP and the renin-angiotensin system.

 

The relative
changes of the residual radioactivity associated with [

 

3

 

H]Ac-
SDKP after 1 h of incubation, which represent in vitro plasma
ACE activity using [

 

3

 

H]AcSDKP as substrate (expressed as a
percentage), can be compared with the relative changes in
plasma ACE activity measured either by Cushman’s assay (us-
ing Hip-His-Leu as substrate) or by the relative changes in
plasma Ang II/Ang I ratio, which in fact represent in vivo en-
dothelial and plasma ACE activity. The time course of ACE
activity inhibition measured by these three methods is shown
in Fig 2.

1 h after captopril administration (i.e., at peak), ACE activ-
ity was reduced 98

 

6

 

3, 92

 

6

 

5, and 87

 

6

 

8% from its baseline
level when using the relative changes in plasma Ang II/Ang I
ratio, [

 

3

 

H]AcSDKP hydrolysis, and Hip-His-Leu hydrolysis,
respectively (Fig. 2). From 1 h after dose onwards, the time
course evolution of both the relative changes in plasma Ang II/
Ang I ratio and the residual radioactivity associated with
[

 

3

 

H]AcSDKP were superimposed, leading to residual ACE in-
hibitions of 76

 

6

 

13 and 74

 

6

 

4%, respectively, 8 h after captopril
administration (Fig. 2). The time course evolution of the rela-
tive changes in plasma ACE activity using Hip-His-Leu as sub-
strate was clearly dissociated from the two precedent curves.

Figure 1. (From top to bottom): Plots of the time course evolution of 
plasma Ac-SDKP levels, in vitro ACE activity (Cushman’s assay), 
plasma active renin, and Ang II levels after captopril 50 mg (filled cir-

cles) and placebo (open circles) intake in eight healthy subjects 
(mean6SEM).

Figure 2. Comparison of the time course evolution of ACE inhibition 
measured in vitro by two methods using Hip-His-Leu (open triangles) 
and [3H]Ac-SDKP (filled circles) as substrates of ACE and estimated 
in vivo using the Ang II/Ang I ratio (open boxes) (mean6SEM).
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8 h after drug intake, only an apparent 2566% residual inhibi-
tion was detected when using Hip-His-Leu as substrate (Fig. 2).

Discussion

This study shows that acute in vivo ACE inhibition induced by
a single oral 50-mg dose of captopril and quantified by its usual
parameters (plasma ACE activity assessed by Cushman’s as-
say, plasma Ang II, and plasma Ang II/Ang I ratio) resulted in
a 5.5-fold (range: 4–8.5-fold) increase in the natural stem cell
regulator Ac-SDKP plasma level when compared with pla-
cebo. Captopril was selected because (a) among the ACE in-
hibitors studied in vitro, it has the lowest IC50 (1029 M) for inhi-
bition of Ac-SDKP hydrolysis by ACE (3, 4); (b) it binds
preferentially to the NH2-terminal domain rather than to the
COOH-terminal domain of ACE in vitro (22), being therefore
a potent inhibitor of the NH2-terminal domain, which is in-
volved in the catabolism of Ac-SDKP (4); and (c) it is not a
prodrug, it is rapidly absorbed by the intestinal tract, and its
pharmacokinetics is well known.

Both the plasma levels of Ac-SDKP attained after capto-
pril intake and the AUC0–8h of its time course evolution were
of a similar magnitude to those results obtained during a 12-h
continuous infusion of 62.5 mg/kg of the synthetic peptide Ac-
SDKP (15). Lower dosages of exogenous Ac-SDKP (from 2.5
and 12.5 mg/kg) have been shown to be active doses in pre-
venting the myelotoxic effects of anticancer chemotherapy
(cytarabin and ifosfamide) in cancer patients (23). The in-
crease in plasma Ac-SDKP was due to a prolonged and pro-
found inhibition of its hydrolysis after captopril intake.
Whereas 45% hydrolysis of the radiolabeled peptide was mea-
sured in vitro before drug intake and during the placebo phase,
90–99% of the intact [3H]Ac-SDKP persisted after captopril
intake for the entire procedure. Since captopril inhibits both
plasma and endothelial ACE, it is therefore highly conceivable
that it increased plasma Ac-SDKP by inhibiting its in vivo hy-
drolysis. That both the plasma and endothelial enzyme are
probably involved in the catabolism of Ac-SDKP is suggested
by the comparison of the very short half-life (4.5 min) of the
peptide when infused exogenously (15) to that obtained after
its incubation with plasma in vitro (50 min) (3, 4). Taking into
account the very short in vivo half-life of the tetrapeptide, the
combination of the prevention of Ac-SDKP hydrolysis by cap-
topril in vitro with the persistence of high plasma levels for
more than 8 h after its intake suggests that Ac-SDKP is either
not degraded by peptidases other than ACE or that it is rap-
idly removed in vivo. In agreement with the in vitro study (3),
our results confirm that ACE is the principal enzyme impli-
cated in Ac-SDKP catabolism in vivo and that it is also likely
to determine the rate-limiting step of Ac-SDKP hydrolysis.

Another interesting result emerging from this study con-
cerns Ac-SDKP metabolism. This peptide probably undergoes
an intense permanent process of production and degradation.
Plasma Ac-SDKP levels during the placebo period were re-
markably stable at z 2–4 pmol/ml as a consequence of a bal-
ance between the production and the degradation rates of the
peptide, with no detectable influence of the ACE gene I/D

polymorphism on its plasma levels. When complete inhibition
of Ac-SDKP degradation by captopril was obtained (99% in-
hibition at peak), plasma levels of the peptide increased to-
ward a maximum value of 18.166.1 pmol/ml, indicating that a
permanent production process exists and that ACE is a physi-

ological regulator of Ac-SDKP clearance. Maintaining physio-
logically low plasma levels of Ac-SDKP of z 2–4 pmol/ml ne-
cessitates a permanent degradation, which seems mainly
dependent on ACE activity.

This study also demonstrates that the natural hemoregula-
tory tetrapeptide Ac-SDKP is a newly discovered physiologi-
cal substrate for ACE in vivo and the first natural peptide hy-
drolyzed by the ACE’s NH2-terminal domain not only in vitro
but also in vivo. Rousseau et al. (4) have shown that if Ac-
SDKP can be bound by both the COOH- and NH2-terminal
domains of ACE with similar affinity (Km), only the NH2-ter-
minal domain is likely to physiologically hydrolyze this pep-
tide, since its catalytic efficiency (Kcat/Km) is 50 times greater
than that of the COOH-terminal domain. Since luteinizing
hormone–releasing hormone, the other known substrate for
the NH2-terminal domain in vitro (1), is 43-fold less efficiently
cleaved than Ac-SDKP (24), this hemoregulatory peptide is
the first natural NH2-terminal domain–specific substrate actu-
ally discovered for ACE. In addition, the increased plasma Ac-
SDKP level after ACE inhibition demonstrates that the ACE
NH2-terminal domain is functional in vivo. Ang I, which is
cleaved by both domains in vitro (25), is probably converted in
plasma and at tissue level by the NH2-terminal domain in con-
junction with the COOH-terminal domain. Physiologically,
ACE is therefore a bifunctional zinc metallopeptidase and
both active sites of ACE are inhibited in vivo by the ACE in-
hibitor, captopril.

The apparent association rates between captopril and both
active sites of ACE were similar. This is suggested by the iden-
tical 1-h delay necessary to reach peak ACE inhibition as-
sessed either by the in vitro hydrolysis of Hip-His-Leu (a pref-
erential substrate for the COOH-terminal domain) (25) or
that of Ac-SDKP (a preferential substrate for the NH2-termi-
nal domain) and by the Ang II/Ang I ratio in vivo.

After peak inhibition, time course evolution of the in vitro
ACE inhibition measured by both substrates diverged, as
shown by a 76% residual inhibition of ACE when using Ac-
SDKP as substrate compared with a 25% residual inhibition
when using Hip-His-Leu as substrate, 8 h after drug intake.
One explanation of this divergence is that captopril may disso-
ciate more rapidly from the COOH- than from the NH2-termi-
nal domain, since this ACE inhibitor binds to the NH2-termi-
nal domain with a much better affinity at both low and high
chloride concentration (22). Another explanation for the dis-
crepancy between Cushman’s and the Ac-SDKP method re-
sides in a methodological issue. Ac-SDKP, like Ang I, and con-
trary to Hip-His-Leu, is a physiological substrate for ACE in
vivo, having a low Km (41 mM), close to that of Ang I (16 mM),
in comparison with that of Hip-His-Leu (1,540 mM) (4, 25).
The ACE inhibition measured in vitro depends both on the
substrate’s Km and concentration and on the inhibitor’s Ki and
concentration. The divergence between the two curves may
thus only reflect the fact that Ac-SDKP is a much better sub-
strate than Hip-His-Leu for measuring ACE activity. Interest-
ingly, the profile of ACE inhibition as assessed by the hydroly-
sis of Ac-SDKP in vitro was very close to that of both
endothelial and plasma ACE inhibition as assessed by the time
course evolution of the in vivo Ang II/Ang I ratio, thus more
closely reflecting the in vivo ACE inhibition than Cushman’s
method. The measurement of Ac-SDKP in plasma and of its
hydrolysis in vitro may thus provide a valuable tool in screen-
ing specific inhibitors of the NH2-terminal domain of ACE and
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in monitoring ACE inhibition during chronic treatment in
place of using either Cushman’s assay, which certainly under-
estimates the magnitude of the inhibition, or the Ang II/Ang I
ratio, which requires time-consuming radioimmunoassays.

Historically, Ang I and bradykinin were the two substrates
which permitted the discovery of ACE and the subsequent de-
velopment of ACE inhibitors based on physiopathological
concepts implicating both peptides. The discovery that the en-
dogenous levels of circulating Ac-SDKP are so dependent on
ACE activity orientates research on this enzyme toward a pos-
sible new physiological role related to the permanent catabo-
lism of this natural inhibitor of hematopoietic cell entry into
S-phase. Depending on the importance of this peptide in nor-
mal and pathological conditions, ACE inhibition may still have
unknown or underinvestigated effects. Considering that this
peptide accumulates in plasma during chronic ACE inhibition,
an area which remains to be investigated, a potential deleteri-
ous effect of the accumulation of Ac-SDKP in plasma during
chronic ACE inhibition could be anemia. Anemia has been re-
ported in some particular situations such as renal failure or af-
ter renal transplantation (26, 27), an adverse event which has
not been observed with the new Ang II type 1 receptor antago-
nist, losartan (28). On the contrary, a potential beneficial role
for the accumulation of this peptide after ACE inhibition
could be considered in at least two situations. The antiprolifer-
ative effects of ACE inhibitors have been attributed to the fall
in Ang II, considered as a trophic factor (29). The increase in
the plasma level of Ac-SDKP during ACE inhibitor therapy
could also play a role in this phenomenon. Considering that
Ac-SDKP activity is not restricted to the hematopoietic sys-
tem, as suggested by its inhibitory effects on the entry of hepa-
tocytes into S-phase, a role for Ac-SDKP in inhibiting patho-
logical hyperplastic processes such as neointima proliferation
after desendothelialization should be interesting to evaluate.

Bearing in mind the hematopoietic effects of Ac-SDKP,
the administration of an ACE inhibitor preferentially specific
for the NH2-terminal active site to patients undergoing cancer
chemotherapy, alone or in combination with exogenous Ac-
SDKP, could greatly enhance the endogenous level of the pep-
tide and increase its ability to block the effects of cytotoxic
drug-induced stimulators of hematopoietic stem cell prolifera-
tion (7). Although unexplained, a potential role for ACE in-
hibitors is actually suggested by the observation that captopril
inhibits radiation-induced pulmonary fibrosis in rats (30), most
likely through a direct inhibition of fibroblast proliferation
(31), and protects the jejunal mucosa in mice from acute radia-
tion damage (32).

Acknowledgments

The authors wish to thank the nursing staff of the Clinical Investiga-
tion Center at the Broussais Hospital (D. Ménard, J. Meunier, O. Pi-
card, and M. Godeau). The authors acknowledge Dr. E. Deschamps
de Paillette (Ipsen-Biotech) for help in planning the protocol and L.
Sartori for editorial help.

This work was supported by joint grants from INSERM, CEA,
CNRS, Association Claude-Bernard, and Ipsen-Biotech. A. Rous-
seau is a recipient of a grant from la Ligue contre le Cancer.

References

1. Erdös, E. G. 1990. Angiotensin I converting enzyme and the changes in
our concepts through the years. Hypertension (Dallas). 16:363–370.

2. Skidgel, R. A., and E. G. Erdös. 1987. The broad substrate specificity of
human angiotensin I converting enzyme. Clin. Exp. Hypertens. 9:243–259.

3. Rieger, K.-J., N. Saez-Servent, M.-P. Papet, J. Wdzieczak-Bakala, J.-L.
Morgat, J. Thierry, W. Voelter, and M. Lenfant. 1993. Involvement of human
plasma angiotensin I-converting enzyme in the degradation of the haemoregu-
latory peptide N-acetyl seryl aspartyl lysyl proline. Biochem. J. 296:1–6.

4. Rousseau, A., A. Michaud, M.-T. Chauvet, M. Lenfant, and P. Corvol.
1995. The hemoregulatory peptide N-Acetyl-Ser-Asp-Lys-Pro is a natural and
specific substrate of the N-terminal active site of human angiotensin-converting
enzyme. J. Biol. Chem. 270:3656–3661.

5. Lenfant, M., J. Wdzieczak-Bakala, E. Guittet, J. C. Prome, D. Sotty, and
E. Frindel. 1989. Inhibitor of hematopoietic pluripotent stem cell proliferation:
purification and determination of its structure. Proc. Natl. Acad. Sci. USA. 86:
779–782.

6. Bonnet, D., F. M. Lemoine, S. Ponvert-Delucq, C. Baillou, A. Najman,
and M. Guignon. 1993. Direct and reversible inhibitory effect of the tetrapep-
tide acetyl-N-Ser-Asp-Lys-Pro (Serapenide) on the growth of human CD34+
subpopulations in response to growth factors. Blood. 82:3307–3314.

7. Robinson, S., M. Lenfant, J. Wdziecazk-Bakala, J. Melville, and A.
Riches. 1992. The mechanism of action of the tetrapeptide Acetyl-N-Ser-Asp-
Lys-Pro (AcSDKP) in the control of haematopoietic stem cell proliferation.
Cell Proliferation. 25:623–632.

8. Bogden, A. E., P. Carde, E. Deschamps de Paillette, J.-P. Moreau, M.
Tubiana, and E. Frindel. 1991. Amelioration of chemotherapy-induced toxicity
by cotreatment with AcSDKP, a tetrapeptide inhibitor of hematopoietic stem
cell proliferation. Ann. NY Acad. Sci. 628:126–139.

9. Lombard, M. N., D. Sotty, J. Wdzieczak-Bakala, and M. Lenfant. 1990. In
vivo effect of the tetrapeptide, N-acetyl-Ser-Asp-Lys-Pro on the G1-S transi-
tion of rat hepatocytes. Cell Tissue Kinet. 23:99–103.

10. Grillon, C., K. Reiger, J. Bakala, D. Schott, D. Morgat, E. Hannappel,
W. Voelter, and M. Lenfant. 1990. Involvement of thymosin b4 and endopro-
teinase asp-N in the biosynthesis of the tetrapeptide Ac-Ser-Asp-Lys-Pro, a
regulator of the haematopoietic system. FEBS Lett. 274:30–34.

11. Wdziecazk-Bakala, J., M. P. Fache, M. Lenfant, E. Frindel, and F. Sain-
teny. 1990. AcSDKP, an inhibitor of CFU-S proliferation is synthesized in mice
under steady-state conditions and secreted by bone marrow in long term cul-
ture. Leukemia (Baltimore). 4:235–237.

12. Pradelles, P., Y. Frobert, C. Créminon, E. Liozon, A. Massé, and E.
Frindel. 1990. Negative regulator of pluripotent hematopoietic stem cell prolif-
eration in human white blood cells and plasma as analysed by enzyme immu-
noassay. Biochem. Biophys. Res. Commun. 170:986–993.

13. Pradelles, P., Y. Frobert, C. Créminon, H. Ivonine, and E. Frindel. 1991.
Distribution of a negative regulator of haematopoietic stem cell proliferation
(AcSDKP) and thymosin b4 in mouse tissues. FEBS Lett. 289:171–175.

14. Nussberger, J., D. B. Brunner, B. Waeber, and H. R. Brunner. 1988. In
vitro renin inhibition to prevent generation of angiotensins during determina-
tion of angiotensin I and II. Life Sci. 42:1683–1688.

15. Ezan, E., P. Carde, J. Le Kerneau, T. Ardouin, F. Thomas, F. Isnard, E.
Deschamps de Paillette, and J. M. Grognet. 1994. Pharmacokinetics in healthy
volunteers and patients of NAc-SDKP (Seraspenide), a negative regulator of
hematopoiesis. Drug Metab. Dispos. 22:843–848.

16. Ménard, J., T. T. Guyene, P. Corvol, B. Pau, D. Simon, and R. Ron-
cucci. 1985. Direct radioimmunoassay of active renin in human plasma. J. Hy-

pertens. 3(Suppl. 3):275–278.
17. Cushman, D. W., and M. S. Cheung. 1971. Spectrophotometric assay

and properties of the angiotensin-converting enzyme of rabbit lung. Biochem.

Pharmacol. 20:1637–1648.
18. Imbs, J. L., D. Bakish, M. Schmidt, and J. Schwartz. 1981. Low tempera-

ture sustains inhibition of angiotensin converting enzyme activity in serum from
patients taking captopril. N. Engl. J. Med. 305:229.

19. Rigat, B., C. Hubert, P. Corvol, and F. Soubrier. 1992. PCR detection of
the insertion/deletion polymorphism of the human angiotensin converting en-
zyme gene (DCP1) (dipeptidyl carboxypeptidase 1). Nucleic Acids Res. 20:1433.

20. Armitage, P., and G. Berry. 1987. The simple cross-over design. In Sta-
tistical Methods in Medical Research. Blackwell Scientific Publications, Ox-
ford. 222–226.

21. Juillerat, L., J. Nussberger, J. Ménard, V. Mooser, Y. Christen, B. Wae-
ber, P. Graf, and H. R. Brunner. 1990. Determinants of angiotensin II genera-
tion during converting enzyme inhibition. Hypertension (Dallas). 16:564–572.

22. Wei, L., E. Clauser, F. Alhenc-Gelas, and P. Corvol. 1992. The two ho-
mologous domains of human angiotensin I-converting enzyme interact differ-
ently with competitive inhibitors. J. Biol. Chem. 267:13398–13405.

23. Carde, P., C. Chastang, E. Goncalves, N. Mathieu-Tubiana, E.
Vuillemin, V. Delwail, O. Corbion, A. Vekhoff, F. Isnard, J.-M. Ferrero, et al.
1992. Séraspénide (acétyl SDKP): étude en phase I-II d’un inhibiteur de l’hé-
matopoièse la protégeant de la toxicité de monochimiothérapies aracytine et if-
osfamide. CR Acad. Sci. Paris. 315:545–550.

24. Jaspard, E., L. Wei, and F. Alhenc-Gelas. 1993. Differences in the prop-
erties and enzymatic specificities of the two active sites of angiotensin I-con-
verting enzyme (kininase II). Studies with bradykinin and other natural pep-
tides. J. Biol. Chem. 268:9496–9503.

25. Wei, L., F. Alhenc-Gelas, P. Corvol, and E. Clauser. 1991. The two ho-
mologous domains of human angiotensin I-converting enzyme are both catalyt-



844 Azizi et al.

ically active. J. Biol. Chem. 266:9002–9008.
26. Hirakata, H., K. Onoyama, K. Iseki, H. Kumagai, S. Fujimi, and T.

Omae. 1984. Worsening of anemia induced by long-term use of captopril in he-
modialysis patients. Am. J. Nephrol. 4:355–360.

27. Vlahakos, D. V., V. J. Canzanello, M. P. Madaio, and N. E. Madias.
1991. Enalapril-associated anemia in renal transplant recipients treated for hy-
pertension. Am. J. Kidney Dis. 17:199–205.

28. Shand, B. I., N. L. Gilchrist, M. G. Nicholls, and R. R. Bailey. 1995. Ef-
fects of losartan on haematology and haemorheology in elderly patients with
essential hypertension: a pilot study. J. Hum. Hypertens. 9:233–236.

29. Powell, J. S., J. P. Clozel, R. K. M. Muller, H. Kuhn, F. Hefti, M. Ho-
sang, and H. R. Baumgartner. 1989. Inhibitors of angiotensin-converting en-

zyme prevent myointimal injury after vascular injury. Science (Wash. DC). 245:
186–188.

30. Ward, W. F., A. Molteni, C. H. Ts’ao, and J. M. Hinz. 1990. Captopril
reduces collagen and mast cell accumulation in irradiated rat lung. Int. J. Ra-

diat. Oncol. Biol. Phys. 19:1405–1409.
31. Nguyen, L., W. F. Ward, C. H. Ts’ao, and A. Molteni. 1994. Captopril

inhibits proliferation of human lung fibroblasts in culture: a potential antifi-
brotic mechanism. Proc. Soc. Exp. Biol. Med. 205:80–84.

32. Yoon, S. C., J. M. Park, H. S. Jang, K. S. Shinn, and Y. W. Bahk. 1994.
Radioprotective effect of captopril on the mouse jejunal mucosa. Int. J. Radiat.

Oncol. Biol. Phys. 30:873–878.


