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E-64 isolated from a culture of Aspergillus japonicus is a specific inhibitor of cyste-
ine proteinases. E-64-c, a synthetic analog of E-64, was effective in model animals of muscu-
lar gysuo hy only when it was given intraperitoneally and by means of osmotic minipump.
It showed no effects due to its low absorbability from intestine when it was administered
orally. EST, the ethyl ester of E-64-c, was expected to be readily absorbed through intestinal
membrane, since it is more lipophilic than E-64-c.

Both EST and E-6£c have a high specificity to cysteine proteinase similar to E-64
but E-64-c¢ was 100 to 1000 times stronger than EST in invitro cathepsin inhibition.

However, EST was stronger than E-64-c in cathepsin inhibition when given orally.
The cathepsin B&L activities (whole activities of cathepsins B and L) in the skeletal muscle,
heart and liver of hamsters were strongly inhibited soon after oral administration of 100
mg/kg body weight of EST. The inhibition continued for at least 3 h and then disappeared
gradually. E-64-c was found in plasma of hamster treated with EST, but unchanged EST was
not found. These results suggested that EST was converted to E-64-c, a more active form,
during the permeation through intestinal membrane. The conversion of EST to E-64-c was
also indicated by the absorption experiment using in situ loop method. EST was thus shown
to be useful as an oral drug and expected to be effective in therapeutic trials using model ani-

mals.
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INTRODUCTION

The degradation of myofibrils in muscle atro-
phy has been considered to be attributable to
proteinases. Studies from several laboratories
have indicated that the activities of cysteine pro-
teinases including calcium activated neutral pro-
tease (CANP)? and cathepsins? were elevated
in Duchenne muscular dystrophy. It has been
presumed that CANP causes the fragmentation
of the myofibrils at the initial stage of muscle
degradation from the observations of a focal ac-
cumulation of calcium and Z-band loss in
muscular dystrophy,®# and then lysosomal ca-
thepsins complete the muscle protein degrada-
tion. Therefore, there has been a growing expec-
tation of the possible use of specific ihibitors in
treatment of Duchenne muscular dystrophy.

E-64 is a potent inhibitor of cystein pro-
teinases isolated from a culture of Aspergillus
Japonicus. ® It has a strong affinity only for cyste-

ine proteinases®® and reacts irreversibly with
the thiol group at the active site.”® Many ana-
logs were synthesized and evaluated to obtain su-
perior inhibitors for medical application.®7.9:10
E-64-c has been selected as a strong candidate
due to inhibitory activity against lysosomal ca-
thepsins and CANP.7:10

Hudecki ef al. reported that intraperitoneal
administration of E-64-c significantly improved
the righting ability of dystrophic chickens.!?
Jasmin and Proschek showed that E-64-c admin-
istered by means of an osmotic minipump signi-
ficantly impeded the progression of the necrotic
changes accompanied by a marked decrease in
myocardial calcium content in muscular dys-
trophic hamsters, UM-X7.1.12 However, no ef-
fects were apparent when it was given orally due
to its low absorbability from intestine.

Since an oral drug is desirable for long term
use in chronic diseases such as muscular dystro-

* Abbreviations; EST(Ep-453): Ethyl(+)-(25,35)-3-[(S)-3-methyl-1-(3-methylbutylcarbamoyl)butylcarba-

moyl]-2-oxiranecarboxylate

E-64-c (Ep-475): (+)-(25,35)-3-1(S)-3-methyl-1-(3-methylbutylcarbamoyl) butylcarbamoyl]l-2-oxiranecarboxylic

acid
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phy, we tried to improve E-64-c in terms of ab-
sorbability and found EST, the ethyl ester of
E-64-c, to be well absorbed from intestine and
rapidly hydrolyzed into E-64-c. In this report
the in vitro inhibitory spectrum, in vivo inhibi-
tory activity and absorbability will be described
and the usefulness of EST as an oral drug will be
also discussed.

MATERIALS AND METHODS

1. Materials — EST and E-64-c were synthe-
sized in our laboratory and the structures are
shown in Fig. 1. Purified cathepsins B and H
were kindly donated by Dr. N. Katunuma
(Tokushima university, Tokushima). Elastase,
amino acid arylamidase (microsomal aminopep-
tidase), chymotrypsin (type A,), glyceralde-
hyde-3-phosphate dehydrogenase and hexo-
kinase were purchased from Boehringer Mann-
heim GmbH (W. Germany). Trypsin, papain,
cathepsin D and collagenase (type VII) were ob-
tained from Sigma Chemical Co. (USA).

2. Determination of in Vitro Inhibitory Activity
— Inhibitory activities of EST and E-64-c
against cathepsins B and H, papain and colla-
genase were determined by the methods of Bar-
rett et al. ® Inhibitory activities against elastase,
chymotrypsin, trypsin, cathepsin D, microsomal
amino peptidase, hexokinase and glyceralde-
hyde-3-phosphate dehydrogenase were assayed
according to the methods of Travis and John-
son,!® Travis and Morii,'*) Cechova,!?)
Mycek,!® Pfleiderer,'” Grossbard and Schin-
ke!'® and Duggleby,'? respectively.

A solution of EST in dimethylsulfoxide was
used in these assays. E-64-c was neutralized with
sodium bicarbonate to dissolve and diluted with
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distilled water containing dimethylsulfoxide
before use.

3. Assay of Enzyme Activity in Animal Tissues
— Male Syrian hamsters (7 weeks old) were
orally given 100 mg/kg body weight of EST or
E-64-c. The inhibitors were given to animals as a
suspension in 0.5% carboxymethylcellulose solu-
tion containing 0.1% Tween 80. Blood for
determination of drug concentration was collect-
ed into heparinized test tubes from the femoral
artery and vein at the time indicated. After elim-
ination of the remaining blood by perfusion of
saline, liver, heart and quadriceps femoris were
removed and separately homogenized in phos-
phate buffer-saline (pH 7.4) containing 0.1% of
Triton X-100 using Ultra Tarrax (Janke &
Kunkel GmbH, W. Germany). Each homoge-
nate was then measured of cathepsin B&L, cathe-
psin D and acid phosphatase activity.

Suc-L-Tyr-L-Met-naphthylamide?® was used
for the assay of whole activity of cathepsin B and
L (shown as cathepsin B&L activity hereafter).
Each assay tube (1 ml) contained 0.1 M acetate
buffer, pH 5.0, 2 mM cysteine, | mM ethylenedia-
mine tetraacetic acid, 7.5% dimethylsulfoxide,
0.3% Triton X-100 and homogenate. After 10
min preincubation at 37 °C, 0.025 ml of 80 mM
substrate in dimethylsulfoxide was introduced
to start the reation. Precisely 60 min later, re-
leased 2-naphthylamine was determined by the
method of Barrett.?!

Assay of cathepsin D activity was carried out
in 0.2 ml of reaction mixture containing 0.1 M
acetate buffer, pH 3.8, 0.3% Triton X-100, 0.84
mg of ["*C]methylhemoglobin (0.2 uCi/mg)?2?
and homogenate at 30 °C. After 30 min incuba-
tion, the reaction was stopped with 0.2 ml of

CH,
CH, —CH
: o~ CH3 CHs
- 7~
H CONH —C - CONHCH, =-CH, -CH
\ / - “NCH,
CT3C i
ROOC O 'H
EST:R=C,H; E-64-c:R=H

FIG. 1. Structures of Inhibitors
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10% trichloroacetic acid and the radioactivity of
the supernatant fluid was determined.

Acid phosphatase activity was assayed in 3 ml
of reaction mixture containing 6.0 mM sodium
p-nitrophenylphosphate, 33 mM acetate buffer,
pH 5.0, 0.3% Triton X-100 and homogenate.
After 10 min incubation at 37 °C, the reaction
was stopped with 1 ml of 1 N sodium hydroxide
and A 5 of the solution was determined.

4. Determination of Absorbability — The ab-
soption from the intestine of rats was examined
by an in situ loop method. Fasted male Wistar
rats weighing about 150 g were anesthetized
with urethane. The pylorus, the intestine at 5 cm
from pylorus and bile duct were ligated. Each
drug suspension (1 mg/0.1 ml 5% gum arabic so-
lution) was injected into the ligated intestine.
After a given period of time, the intestinal loop
and blood were removed for determination of
drug content.

5. Determination of EST and E-64-c by HPLC
—The plasma (0.5 mD was mixed with 0.5 ml
of 5% phosphoric acid solution and then extract-
ed with 7 ml of ethylacetate. Five ml of the
upper layer were evaporated and the residue was
dissolved in 1 ml of the solution for mobile
phase (methanol : water : phosphoric acid =
54.5 : 45.0 : 0.5) and applied to a Nucleosil C-18
column (4 X150 mm, packed with 5 um parti-
cles) which was run at 1.0 ml/min at 40 °C and
monitored at 210 nm using a high performance
liquid chromatography (HPLC).

The intestinal loop which was taken from a
rat was homogenized in 5 ml of 5% phosphoric
acid solution and 30 ml of ethylacetate. After
centrifugation, 10 ml of organic layer was ob-
tained. The concentrations of EST and E-64-c
were determined by the use of HPLC as de-
scribed above for plasma.

RESULTS AND DISCUSSION

The effects of EST and E-64-c on various
purified enzymes were investigated. Although
both compounds inhibited cysteine proteinases
such as cathepsins B and H and papain, as shown
in Fig. 2, E-64-c was 100 to 1000 times stronger
than EST.

E-64-c and EST showed no inhibitory activi-
ties even at the concentration of 1 mM, against
non-cysteine proteinases such as trypsin, chy-
motryspin, elastase, aminopeptidase (microso-
mal), collagenase (bacterial) and cathepsin D

M. Tamai, et al.
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FIG. 2. Inhibitory Activities of EST and E-64-c
against Cysteine Proteinases in Vitro
The remaining activity of cathepsin B (@, O ),
cathepsin H (A, A) or papain (R, 1) was
measured as described in the “Materials and
Methods” after preincubation for 5 min with EST
(filled symbols) or E-64-c (open symbols) in the
same condition used for measurement of the ac-
tvity.
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FIG. 3. Change in Cathepsin B&L Activity in
Igamster after Oral Administration of EST or
-64-c
Syrian hamsters were orally given 100 mg/kg
body weight of EST (—) or E-64-c (-----). At
the time indicated, hamsters (n=4) were killed.
The activity of cathepsin B&L in heart (O ),
muscle (@) or liver (A ) was measured as de-
scribed in the “Materials and Methods.”
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and non-proteolytic thiolenzymes, such as
glyceraldehyde-3-phosphate dehydrogenase and
hexokinase. These results indicate that both
E-64-c and EST are strictly specific cysteine pro-
teinase inhibitors in analogy with E-64.

The effects of the orally administered EST
and E-64-c on the cathespsin B&L activities
(whole activity of cathepsins B and L) in skeletal
muscle, heart and liver were examined using
normal hamsters. Figure 3 shows the time
courses of change in cathepsin B&L activity
after an oral treatment with 100 mg/kg body
weight of each compound. Most of the cathepsin
B&L activity was inhibited within 0.5 h after the
administration of EST in every tissue. The inhi-
bition continued for at least 3 h and then disap-
peared gradually within 24 h. It seems likely that
the recovery of enzyme activity is due to the
regeneration but not to the reversible restoration
of the activity, since E-64-c irreversibly reacts
with cathepsin B.6” The inhibition was the high-
est in liver and the lowest in heart, showing the
distribution amount of E-64-c into the corre-
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FIG. 4. Change in Cathepsin D Activity in Hamster
after Oral Administration of EST or E-64-c
Syrian hamsters were orally given 100 mg/ kg
body weight of EST (—) or E-64-c (-----). At
the time indicated, hamsters (n=4) were killed.
The activity of cathepsin D in heart (O ), muscle
(@) or liver () was measured as described in
the “Materials and Methods.”
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sponding tissue cells. When administered orally,
E-64-c was far less effective than EST in inhibi-
tion. Both EST and E-64-c¢ had no effect on ca-
thepsin D and acid phosphatase activity as
shown in Figs. 4 and 5. These results suggest that
these inhibitors affected only systeine pro-
teinases in vivo as well as in vitro.

Figures 6 shows the time dependent profile of
E-64-c concentration in plasma of the same ham-
sters described above. E-64-¢ was found in the
plasma of hamster treated with EST, but un-
changed EST was not detected (<0.1 ug/ml).
E-64-c appeared within 0.5 h after the adminis-
tration and completely disappeared within 6 h.
The concentration of E-64-c in plasma of ham-
sters treated with E-64-c was far less than that of
the group treated with EST. This difference may
be attributed to the difference in the absorbabili-
ty of these compounds from the intestine.

The excellent absorbability of EST and its
conversion to E-64-c was confirmed by the ab-
sorption experiment using an in situ loop
method. As shown in Fig. 7, about 40% of EST
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FIG. 5. Change in Acid Phosphatase Activity in
Hamster after Oral Administration of EST or
E-64-¢

Syrian hamsters were given orally 100 mg/kg
body weight of EST (—) or E-64-c (----- ). At
the time indicated, hamsters (n=4) were killed.
The activity of acid phosphatase in heart (O ),
muscle (@) or liver (A ) was measured as de-
scribed in the “Materials and Methods.”
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FIG. 6. Time Dependent Profiles of Changes in the
Concentration of E-64-c in Plasma of Hamsters
Treated with EST or E-64-c

The concentrations of E-64-c in plasma of ham-
sters (n=4) treated with EST (O——Q) or
E-64-¢c (O------ O ) were determined as described
in the “Materials and Methods.”
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FIG. 7. Time Dependent Profiles of Changes in the
Absorption from Intestine of Rats Treated with
EST and E-64-c

EST (O——0O) or E-64-c (@----- ®) was
injected into the intestinal loop of rats (n=3) as
described in the “Materials and Methods.” The
absorption was calculated from the remaining
amount of the drug in the intestinal loop.

M. Tamai, et al.

given was adsorbed from rat intestinal loop
within 60 min after injection, while only about
5% was absotbed in case of E-64-c. In plasma of
the rats treated with EST, E-64-c was found but
the original EST was not found as it was in the
plasma of hamsters. E-64-c was not observed in
the plasma of rats treated with E-64-c. In addi-
tion, the study using '*C labeled compound
showed that EST was converted to E-64-c
during the permeation through intestinal
membrane.??

As a general rule, the absorbability of a com-
pound that dissociates into the ionic form in in-
testine is not good. E-64-c is presumed to be in
an ionic state in neutral intestinal fluid since it is
strongly acidic owing to the carboxyl group in
its structure. Therefore, it seems likely that the
prevention of dissociation into the ionic form by
esterification of the carboxyl group should result
in an improvement in absorbability.

The cathepsin inhibitions with orally admin-
istered EST in the tissue of hamster were more
potent than that expected from the in vitro ac-
tivity. This was anticipated from the excellent
absorbability from intestine, followed by the
conversion to E-64-c with a stronger inhibitory
activity. These results indicate that EST is useful
as an oral drug.

There are many reports concerning the
marked elevation in proteinase activity, such as
cathepsins and CANP, accompanying the pro-
gressive loss in muscle protein associated with
the development of some diseases including
muscular dystrophy.!:2:24.25) The inhibition of
EST against CANP, which was presumed to
cause the fragmentation of myofibrils at the ini-
tial stage of muscle degradation, was not deter-
mined because the selective assay system for the
activated CANP in vivo was not established.
Suzuki, however, has reported that E-64-c irr-
versibly inactivated CANP only in the presence
of calcium.!® EST was naturally expected to
inhibit not only cathepsins but the action of
CANP invivo from the fact that orally adminis-
tered EST was converted to E-64-c soon after
the permeation through intestinal membrane.
Therefore, EST was expected to delay the prog-
ress of muscle breakdown when it was given
orally.

We have done some therapeutic investigation
with dystrophic hamsters by feeding food con-
taining EST and found it helpful. This work will
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be described elsewhere.

Acknowledgement

This work was partially

supported by a Grant for Research on Develop-
ment of the New Drug E-64 from the Ministry
of Health and Welfare of Japan.

REFERENCES

D

2)

3)

4)

5)

6)

7)

8)

)

10)

11)

N. C.Kar and C. M. Pearson: A calcium-activated neu-
tral protease in normal and dystrophic human muscle,
Clinica. Chimica. Acta, 13,293 —297 (1976).

R. J. Pennington and J. E. Robinson: Cathepsin activity
in normal and dystroiphic human muscle, Enzymol.
Biol. Clin., 9,175—182(1968).

M. J. Cullen, S. T. Appleyard and L. Bindoff: Morpho-
logic aspects of muscle breakdown and lysosomal acti-
vation, Ann. N. Y. Acad. Sci., 317,440 —464 (1979).
J. B. Bodensteiner and A. G. Engel: Intracellular calci-
um accumulation in Duchenne dystrophy and other
myopathies: A study of 567000 muscle fibers in 114 bi-
opsies, Neurology, 28,439 —446 (1978).

K. Hanada, M. Tamai, M. Yamagishi, S. Ohmura, J.
Sawada and 1. Tanaka: Isolation and characterization
of E-64, a new thiol protease inhibitor, Agric. Biol.
Chem., 42(3),523—528 (1978).

A. J. Barrett, A. A. Kembhavi, M. A. Brown, H.
Kirschke, C. G. Knight, M. Tamai and K. Hanada: L-
trans- Epoxysuccinylleucylamido(4-guanidino)-bu-
tane(E-64)and its analogues as inhibitors of cysteine
proteinases including cathepsin B, H and L, Biochem.
J., 201,189—198 (1982).

S. Hashida, T. Towatari, E. Kominami and N. Katunu-
ma: Inhibitions by E-64 derivatives of rat liver cathep-
sin B and cathepsin L in vitro and in vivo, J. Biochem.,
88,1805 —1811 (1980).

M. Tamai, K. Hanada, T. Adachi, K. Oguma, K. Kashi-
wagi, S. Omura and M. Ohzeki: Papain inhibitions by
optically active E-64 analogs, J. Biochem., 90,
255—257 (1981).

K. Hanada, M. Tamai, S. Morimoto, T. Adachi, K.
Oguma, S. Ohmura and M. Ohzeki: A specific thiol-
protease inhibitor, E-64 and its derivatives, Peptide
Chemistry, 1979,31—36.

K. Suzuki: Reaction of calcium-activated neutral pro-
tease (CANP) with an exposysuccinyl derivative
(E64c) and iodoacetic acid, J. Biochem., 93,
1305—1312 (1983).

M. S. Hudecki, C. M. Pollina and R. R. Heffner: Limit-
ed benefit to geneticaly dystrophic chickens from a

12)

13)

14)

15)

16)

17

18)

19)

20)

2D

22)

23)

24)

25)

677

synthetic proteinase inhibitor: Ep-475, J. Neurol. Sci-
ences, 60,55—66 (1983).

G. Jasmin and L. Proschek: Calcium and myocardial
cell injury. An appraisal in the cardiomyopathic ham-
ster, Can. J. Physiol., 62,891 —898 (1984).

J. Travis and D. Johnson: Human «,-proteinase inhibi-
tor, “ Methods Enzymol., "vol. 80, ed. by L. Lorand, Ac-
ademic Press, New York, 1981, pp. 754—765.

J. Travis and M. Morii: Human e;-antichymotrypsin,
“Methods Enzymol.,” vol. 80, ed. by L. Lorand, Aca-
demic Press, New York, 1981, pp. 765—771.

D. Cechova: Trypsin inhibitor from cow colostrum,
“Methods Enzymol.,” vol. 45, ed. by L. Lorand, Aca-
demic Press, New York, 1976, pp. 806 —813.

M. J. Mycek: Cathepsins, “Methods Enzymol.,” vol.
19, ed. by G. E. Perlmann and L. Loland, Academic
Press, New York, 1970, pp. 285—315.

G. Pfleiderer: Particle-bound aminopeptidase from
pig kidney, “Methods Enzymol.,” vol. 19, ed. by G. E.
Perlmann and L. Lorand, Academic Press, New York,
1970, pp. 514—521.

L. Grossbard and R. T. Schimke: Multiple hexokinases
of rat tissues, J. Biol. Chem., 241(15), 3546 —3560
(1966).

R. G. Duggleby and D. T. Dennis: Nicotinamide ade-
nine dinucleotide-specific glyceraldehyde 3 -phosphate
dehydrogenase from Pisum sativum, J. Biol. Chem.,

249(1), 167 —174 (1974).

N. Katunuma, T. Towatari, M. Tamai and K. Hanada:
Use of new synthetic substrate for assays of cathepsin L
and cathepsin B, J. Biochem., 93,1129 —1135 (1983).

A. J. Barrett: A new assay for cathepsin Bl and other
thiol proteinases, Anal. Biochem., 47, 280—293
(1972).

N. Jentoft and D. G. Dearborn: Labeling of proteins by
reductive methylation using sodium cyanoborohy-
dride, J. Biol. Chem., 254,4359—4365 (1979).

K. Fukushima, H. Yoshida, W. Osabe, F. Shinozaki, N.
Kudo, M. Arai and T. Suwa: Metabolic fate of EST. (1)
Absorption and Excretion of “C-EST, Oyo-Yakuri, in
press.

A. lodice, J. Chin, S. Perker and M. Weinstock: Ca-
thepsins A, B, C, D and aurtolysis during development
of brest muscle of normal and dystrophic chickens,
Arch. Biochem. Biophys., 152,166—174 (1972).

N. Katunuma, E. Kominami, T. Noda and K. Isogai:
Lysosomal thiol proteinases and muscular dystrophy,
Muscular Dystrophy: Biomedical Aspects, ed. by S.
Ebashi and E. Ozawa, Japan Sci. Coc. Press, Tokyo,
1982, pp. 247 —256.

NII-Electronic Library Service





