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Abstract

 

Since recent studies suggest an imbalance between cathep-

sin B and its tissue protease inhibitors (PI) in the pathogen-

esis of acute and chronic diseases, we tested the hypothesis

that release of activated cysteine proteases (P) such as

cathepsins B, H, and L might play a role in the pathogenesis

of gastric hemorrhagic mucosal lesions (HML) induced by

ethanol (E) or ammonia (A). Anesthetized rats received 1 ml

of 50% E or 1% A solution intragastrically for 1 min during

in situ gastric luminal perfusion. Rapid activation and re-

lease of cathepsins B, L, and H into the luminal perfusate

preceded the formation of HML quantified by planimetry.

Mucosal presence and activity of cysteine PI and cathepsin

B have also been investigated in the pathogenesis of chemi-

cally induced HML. We extracted and partially isolated

acid and thermostable inhibitors of cathepsin B in the gas-

tric mucosa, and found rapid inactivation of PI and activa-

tion of cathepsin B in the early phase of E- or A-induced

HML. Negative correlations were found between P and PI

activities by E or A solutions. Both the activation of cathep-

sins B, L, and H and the development of E-induced HML

were prevented by pretreatment with the sulfhydryl alkyla-

tor 

 

N

 

-ethylmaleimide. These results suggest that cysteine P

may be activated in the rat stomach after E or A exposure,

and cysteine P may have a role in the pathogenesis of E- or

A-induced gastric HML. Endogenous PI may also partici-

pate in the mechanisms of gastric mucosal lesions and gas-

troprotection. (

 

J. Clin. Invest.

 

 1996. 98:1047–1054.) Key

words: thiol proteases and inhibitors 
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Introduction

 

Mammalian cysteine (thiol) proteases play important roles in
intracellular and cytoskeletal protein turnover (1, 2), degrada-
tion of epidermal growth factor receptors (3), activation of
other proteases such as the serine protease thrombin (4) and
metalloprotease collagenase (5). These proteolytic enzymes
have been implicated in the pathogenesis of emphysema (6),
rheumatoid arthritis (7), glomerulonephritis (8), tumor growth
and metastatic invasion (9, 10), and other diseases (11).

The exact role of pepsin, other aspartic proteases and vari-
ous metallo- or serine-proteolytic enzymes remain unknown
or controversial in the development of gastric mucosal injury
and ulceration (12, 13). Our preliminary results demonstrated
an activation and release of thiol protease cathepsin B after
ethanol exposure in the rat stomach with continuous gastric
perfusion (14). Both the increase in enzyme activity and devel-
opment of hemorrhagic mucosal lesions (HML)

 

1

 

 were dose
and time dependently prevented by sulfhydryl (SH) alkylators
such as iodoacetate, iodoacetamide, 

 

N

 

-ethylmaleimide (NEM)
or its newly synthesized derivatives. Furthermore, positive cor-
relations were found between the in vivo gastroprotection and
in vitro blockade of protein SH groups, or between gastropro-
tection and inhibition of cysteine proteases (15, 16).

Ammonia (NH

 

3

 

), a product of 

 

Helicobacter pylori

 

 (HP), is
one of the recently recognized mediators of gastric mucosal in-
jury. It is more damaging (on molar basis) to the rat gastric
mucosa than ethanol or HCl solutions (17). Ammonia is syn-
thesized by urease of HP in the superficial layer of human gas-
tric mucosa and participates in the pathogenesis of gastritis
and in the maintenance of duodenal ulceration (18).

Since the molecular pathogenesis of chemically induced
HML is unknown, the main goals of this study were: (

 

a

 

) to in-
vestigate the presence and activity of cathepsin B and its en-
dogenous inhibitors in the rat gastric mucosa, and (

 

b

 

) to deter-
mine the simultaneous changes in the activity of protease
inhibitors and cathepsin B after administration of gastrotoxic
ethanol or ammonia-water. We also tested the hypothesis that
in addition to cathepsin B other thiol cathepsins (e.g., H and L)
might be present in the rat stomach and play a role in the patho-
genesis of mucosal damage induced by ethanol or ammonia.

 

Methods

 

Materials.

 

Cathepsin B (EC 3.4.22.1) (from bovine spleen, 22 U/mg
protein, 8.3 U/mg solid) 

 

a

 

-

 

N

 

-benzyloxycarbonyl-

 

l

 

-arginyl-

 

l

 

-arginine-4-
methoxy-

 

b

 

-naphthylamide (Z-A/A-Arg-Arg-MNA), 

 

a

 

-

 

N

 

-benzoyl-

 

dl

 

-
arginine 2-naphthylamide (Arg-MNA), 

 

a

 

-

 

N

 

-benzyloxycarbonyl-phe-
nylalanine-arginine-4-methoxy-

 

b

 

-naphthylamide (Z-Phe-Arg-MNA)
substrates, and 4-methoxy-2 naphthylamide-HCl (HCl-MNA) were
purchased from Enzyme Systems Products (Livermore, CA). BSA,

 

l

 

-cysteine free base, polyoxyethylene 23 lauryl ether (Brij 35), NEM,
EDTA disodium, DMSO, perchloric acid, sodium chloroacetate, so-
dium phosphate dibasic, potassium phosphate monobasic, and 10%
neutral buffered formalin, were obtained from Sigma Chemical Co.
(St. Louis, MO). Glacial acetic acid, sodium acetate and ammonium
hydroxide were from Fisher Scientific Co. (Springfield, NJ). Pento-
barbital sodium (Nembutal

 

R

 

) was from Abbot Laboratories (North
Chicago, IL). Absolute ethanol from Florida Distillers (Lake Alfred,
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FL) was used. All other reagents and solvents were of the highest pu-
rity commercially available.

 

Gastric luminal perfusion, in situ.

 

In fasted, anesthetized (0.45
mg/100 gram pentobarbital sodium, intraperitoneally) female Sprague-
Dawley rats (160–210 gram) (Taconic Farms, Germantown, NY),
middle laparotomy was performed, the forestomach opened, and the
stomach carefully rinsed with saline. A soft plastic tube with three to
six openings was inserted into the stomach and fixed. The duodenum
was also opened 2 cm below the pylorus and another tube placed into
the stomach and tightened with a silk-ligature around the proximal
duodenum containing the cannula. The stomach was perfused in situ
(Travenol peripump; Travenol Laboratories, Inc., Morton Grove, IL
60093) with warm (37

 

8

 

C) saline using 1.5 ml/min flow rate. The gas-
tric contents (enzyme samples for cathepsins B, B

 

1

 

L, and H) were
collected in Eppendorf tubes at 1-min intervals 5 min before (period
of stabilization) and 15 min after the 1 ml of 1% (vol/vol) ammonia-
water or 50% (vol/vol) ethanol which were given by gavage for 1 min
in the temporarily occluded and emptied stomach. Namely, the gas-
tric content was carefully aspirated before and after the chemical ex-
posures. In other groups of rats NEM (0.1 or 1.0 mg/100 grams) was
given intragastrically (i.g.) by gavage 30 min before 1.0 ml of 50% eth-
anol. The release of cathepsins B, B

 

1

 

L, and H into the gastric perfusate
as well as the extent of HML were measured. At the end of perfusion the
animals were killed by cervical dislocation, the stomachs fixed in 10%
formalin, and the extent of HML was quantified by computerized ste-
reomicroscopic planimetry. The area of HML was expressed as per-
centage of glandular mucosa.

 

Release of cathepsin B in conscious rats.

 

To supplement the gas-
tric perfusion experiments performed in anesthetized animals, groups
of fasted rats were given, by rubber stomach tube, 1 ml of either sa-
line or 75% ethanol and killed 1, 3, or 6 min later. To facilitate the
collection of released enzymes, 1 ml of saline was injected into the
stomach after the distal esophagus and pylorus were clamped. Subse-
quently, the stomach was removed, opened, and the gastric content
collected for the measurement of cathepsin B activity. The stomach
was fixed in 10% formalin and the area of HML was measured by
computerized planimetry coupled with stereomicroscopy.

 

Preparation of gastric mucosal extracts for protease inhibitors and

cathepsin B.

 

Fasted rats were given 1 ml of 75% (vol/vol) ethanol or
1% (vol/vol) ammonia-water i.g., and killed by cervical dislocation 1,
3, 6, 12, or 15 min later. The stomachs were removed and opened
along the greater curvature and divided into two equal parts for
quantification of HML by planimetry and for preparation and mea-
surements of mucosal cathepsin B and thiol protease inhibitors from
glandular mucosa. The preparation of enzyme and inhibitor samples
was carried out by modified methods as described previously (19, 20).
The oxyntic gland area of stomach mucosa was carefully scraped with
a blunt knife, weighed, and put in ice-cold phosphate buffer (1:10 wt/
vol) (0.1 M, pH 6.0). Tissue samples were homogenized twice for 30 s
with an ultra turrax tissue disrupter (Tissumizer; Tekmar Co., Cincin-
nati, OH) at 50,000 rpm and placed in ice bath (0–4

 

8

 

C) before centri-
fuging (6,000 

 

g

 

, 15 min) in cold biochemical procedure room. A 15–50

 

m

 

l aliquot of supernatant was used as enzyme sample in our standard
cathepsin B assay.

Another aliquot (0.5–1.0 ml) of aqueous supernatant was treated
with 6% (wt/vol) of perchloric acid (1:1, vol/vol) and the mixture
carefully heated in 60

 

8

 

C shaking water bath for 3 min and centrifuged
(6,000 

 

g

 

, 15 min). The clear supernatant was treated with 6.0 M potas-
sium carbonate solution (up to pH 6.0), then cooled in refrigerator
(4

 

8

 

C) for minimum 30 min and centrifuged (6,000 

 

g

 

, 15 min) for re-
moval of potassium perchlorate pellet. This supernatant solution con-
tained all acid- and thermo-stable protease inhibitors including cathep-
sin B antiproteases.

 

Assays of cathepsin B, L, and H.

 

Cathepsins were activated by 

 

l

 

-cys-
teine base (2.0 mM) and EDTA (1.0 mM) to hydrolyze 4-methoxy-2-
naphthylamide (MNA) from their specific synthetic substrate which
is detectable by direct fluorimetry. The assays were carried out ac-
cording to the method of Barrett with slight modifications (21).

 

Assay of cathepsin B.

 

10–50 

 

m

 

l of mucosal enzyme sample (di-
luted in 0.1% (wt/vol) Brij 35) or 300 

 

m

 

l gastric content was incubated
with 5 nmol Z-A/A-Arg-Arg-MNA dissolved in DMSO (10 mM),
and diluted in 0.1% Brij 35 in 0.1 M potassium-sodium phosphate
buffer (pH 6.0) at 37

 

8

 

C in a shaking water bath (Blue M Electric Co.,
Blue Island, IL) for 10 min in a total volume of 1.0 ml in presence of 2

 

m

 

mol 

 

l

 

-cysteine and 1 

 

m

 

mol Na

 

2

 

EDTA. Parallel substrate control as-
say was performed with buffer containing 100 

 

m

 

mol chloroacetate in-
stead of 

 

l

 

-cysteine. The reaction was terminated with 1.0 ml of 50
mM Na chloroacetate dissolved in 0.1 M acetate buffer (pH 4.3). The
intensity of free MNA-induced fluorescence was measured by fluo-
rescence spectrophotometer (204-A Perkin-Elmer; Hitachi Instru-
ments, Inc., Tokyo, Japan) (ex: 338 nm, em: 418 nm, P.M. gain: 3, sen-
sitivity: 1) against distilled water. Specific activity in mucosal samples
(

 

m

 

U/mg protein) or relative enzyme activity (

 

m

 

U/ml) in the gastric
content was calculated from freshly prepared MNA standard curve. 1
mU cathepsin B activity was defined as the amount of enzyme that
hydrolyzed 1 nmol substrate/min at 37

 

8

 

C (releasing also 1 nmol
MNA).

 

Assay of cathepsin L.

 

Cathepsin L was assayed with cathepsin B
using Z- Phe-Arg-MNA (21, 22) substrate with the same method and
under the same conditions as those used to measure the Z-A/A-Arg-
Arg-MNA–hydrolyzing activity of cathepsin B. Since this substrate is
hydrolyzed by both cathepsins B and L, this hydrolytic activity was
expressed as activity of cathepsin B 

 

1

 

 L.

 

Assay of cathepsin H.

 

Cathepsin H was assayed with Arg-MNA
(23) as substrate in 0.1 M potassium-sodium phosphate buffer (pH
6.6) by the same method and under the same conditions as those used
to measure activity of cathepsin B.

The fluorescence of MNA liberated from each substrate was de-
termined as described in the cathepsin B assay.

 

Measurement of inhibitory activity.

 

Aliquot of inhibitor sample
(100 

 

m

 

l) was measured in the standard enzyme assay against 2 

 

m

 

g
cathepsin B which was dissolved in 0.1% Brij 35 and activated with

 

l

 

-cysteine in Barrett’s buffer (pH 6.0). After formation of cathepsin
B–inhibitor complex during 5 min preincubation at room tempera-
ture, the remaining enzyme activity was investigated in the presence
of 5 nmol Z-A/A-Arg-Arg-MNA as substrate of cathepsin B (as pre-
viously reported). The activity of inhibitor samples was expressed as
inhibitory units (IU/mg protein). One IU 

 

5

 

 inhibition of 1 

 

m

 

g cathep-
sin B activity in the assay procedure.

 

Protein determination.

 

Protein concentration of mucosal extract
samples was determined by Bradford’s Coomassie blue method spec-
trophotometrically (595 nm) with a spectrophotometer (2400-2; Gil-
ford Instrument Laboratories, Inc., Oberlin, OH) with standards of
BSA (24). The protein concentration of inhibitor samples was mea-
sured in the original aqueous tissue homogenates (before acid treat-
ment).

 

Fluorescent histochemical localization of cathepsin B.

 

To investi-
gate the localization of cathepsin B in the gastric mucosa, rats were
killed and the stomach was rapidly removed, opened along the
greater curvature, and rinsed. Sections of the glandular stomach were
frozen and subsequently cut in cryostat. The sections (5 

 

m

 

m) were
placed on glass microscope slides and incubated in various concentra-
tions of the same fluorescent substrate used in the biochemical exper-
iments. Additional sections were preincubated in iodoacetate to in-
hibit cathepsin B and obtain information about the specificity of
fluorescence. The cover-slipped slides were then examined by fluo-
rescence microscopy (Nikon Optiphot with mercury lamp and BV fil-
ter [ex: 400 nm, em: 480 nm; Nikon Inc., Melville, NY]).

 

Data analysis.

 

Each biochemical experiment was performed at
least three times, the results from four to six rats were pooled and
means

 

6

 

SEM values were calculated. The results of HML were ex-
pressed as percentage of glandular mucosa. Student’s 

 

t

 

 or Mann-
Whitney 

 

U

 

 tests were used for statistical analysis (significance: 

 

P

 

 

 

,

 

0.05). Linear regression and correlation were also calculated between
activities of inhibitors and cathepsin B prepared from the same tissue
samples.
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Results

 

Cysteine proteases and cysteine protease inhibitors in control rat

stomach.

 

The basal activity of cathepsin B in the glandular mu-
cosa of control rat stomach was 100–155 

 

m

 

U/mg protein mea-
sured by specific synthetic fluorogen substrate. Marked protease
inhibitor activity (0.8–1.2 IU/mg protein) against activated exog-
enous cathepsin B was also demonstrated in the heat- and
acid-treated samples of mucosal homogenates of control rats.

In addition, 2–9 

 

m

 

U/ml relative activity of all three cysteine
proteases (cathepsins B, B

 

1

 

L, and H) was found in the gastric
content of anesthetized rats with gastric perfusion before the
administration of chemicals (Fig. 1).

 

Activation and release of cathepsins B, B

 

1

 

L, and H into

gastric perfusate after ethanol or ammonia water administra-

tion.

 

The activity (

 

m

 

U/ml) of cathepsin B, B

 

1

 

L, and H in the
gastric juice rapidly increased from 6.8

 

6

 

1.2, 8.4

 

6

 

0.9, 5.1

 

6

 

1.1
to 26.1

 

6

 

8.0, 54.1

 

6

 

12.0, 33.4

 

6

 

8.1 after 1 ml of 50% ethanol ex-
posure (

 

P

 

 

 

,

 

 0.001), respectively (Fig. 1). Similarly, 1 ml of 1%
ammonia water also caused activation and leakage of cysteine
proteases into the gastric lumen; the highest activities (

 

m

 

U/ml)
of cathepsins B, B

 

1

 

L and, H were 43.5

 

6

 

7.5, 131.0

 

6

 

18.0, and
117.1

 

6

 

16.0 (

 

P

 

 

 

,

 

 0.001), respectively. These proteolytic activi-
ties were two to four times higher in gastric contents after am-
monia than after ethanol exposure (Fig. 1). The activity of all
three cathepsins gradually decreased in the first 5 min to the
level of basal values. In the activity of cathepsin B

 

1

 

L, most of
the high values were due to cathepsin L.

By the end of gastric perfusion (15 min after the chemicals),
severe HML were detected in the glandular stomach of all rats.
Subsequent time-course studies revealed a gradual development
of mucosal lesions which were practically absent in rats killed 1
min after the gastrotoxic chemicals, but by 6 min the extent of
HML produced by ethanol or ammonia reached 6.8% (

 

P

 

 

 

,

 

 0.01)
or 4.3% (

 

P

 

 

 

,

 

 0.05) of total glandular mucosa, respectively (Fig. 2).

Figure 1. Release of cathepsins B, B1L, and H into the gastric lumen after 1 ml 50% ethanol (left) or 1% ammonia-water (right) i.g. administra-
tion in rats. All data presented are mean values of eight assays. 100–300 ml of gastric content (enzyme sample) was diluted and activated in PBS 
containing 2 mM cysteine and 1 mM Na2EDTA at pH 6.0 (cathepsin B or B1L) and pH 6.6 (cathepsin H) and incubated with 5 mM synthetic 
MNA substrates in 1-ml volume at 378C for 10 min. Parallel samples were used as substrate controls diluted in inhibitor buffer solution, contain-
ing 100 mmol chloroacetate instead of l-cysteine.

Figure 2. HML in the rat stomach after ethanol or ammonia-water ad-
ministration. Data are expressed as mean6SEM (n 5 6 in each group). 
Fasted rats were given 1 ml 75% ethanol or 1% ammonia-water i.g. 
Area of HML (percentage of glandular stomach) was quantified by ste-
reomicroscopic planimetry using half of the stomach. Cathepsin B–con-
taining enzyme sample was extracted from aqueous homogenate of glan-
dular mucosa (pH 6.0, PBS). Endogenous cathepsin B inhibitor(s) were 
prepared from mucosal homogenate by acid (6% perchloric acid) and 
heat treatment (608C, 3 min) from the other half of the glandular stomach. 
Statistical analysis: Mann-Whitney U test, * 5 P , 0.05; ** 5 P , 0.01.
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Release of cathepsin B into gastric lumen of conscious rats.

 

Results presented in Table I indicate a time-dependent release
of cathepsin B into the gastric lumen of groups of nonanesthe-
tized rats killed at 1, 3, or 6 min after i.g. administration of 1 ml
of 75% ethanol. This release of enzyme was accompanied by a
gradual progression of HML (Table I).

 

Presence and modification of endogenous thiol protease inhib-

itors and cathepsin B in the stomach after gastrotoxic chemicals.

 

In vivo experiments revealed that during the early develop-
ment of alcohol-induced HML, the activity of cysteine pro-
tease inhibitors (IU/mg protein) rapidly decreased from
1.1760.19 and reached the lowest value of 0.5860.17 (P ,

0.01) at 6 min after 1 ml of 75% ethanol (Fig. 3). The activity of
endogenous cysteine protease inhibitors after 1% ammonia
water administration was also markedly decreased from
0.8260.08 to 0.5360.06 (P , 0.01) (Fig. 3). The inactivation of
cysteine protease inhibitors in the rat gastric mucosa after ei-
ther of the gastrotoxic chemicals reached statistical signifi-
cance at 3 min.

In contrast, the specific activity (mU/mg protein) of cathep-
sin B in the glandular mucosa increased after 75% ethanol or
1% ammonia-water exposure from 155.1619.0 or 102.8612 to
225.0626.0 or 197.1623, respectively (P , 0.05). The highest
cathepsin B activities were detected 3 min after chemicals, and
then the values gradually decreased to levels lower than those
in control rats (Fig. 4).

Correlations of these results revealed that the decrease in
endogenous protease inhibitors was proportional to the en-
hanced activity of cathepsin B in the gastric mucosa after ex-
posure to ethanol (r 5 20.691; P , 0.029) or ammonia-water
(r 5 20.58; P , 0.01) (Fig. 5).

Effect of NEM on ethanol-induced release of cathepsins B,

B1L, and H in gastric perfusate and HML. The time-depen-
dent release of cathepsins B, B1L, and H into the gastric per-
fusate after the administration of 1 ml of 50% ethanol was de-
creased in rats pretreated with 0.1 or 1 mg/100 gram of SH
alkylator NEM i.g. (Fig. 6). In these animals, the area of HML
was also dose dependently decreased (Fig. 7). Additional dose
response studies with newly synthesized and less toxic NEM
derivatives, (i.e., N-methyl, N-acetoxymethyl, N-chloromethyl,
and N-benzyl maleimides) revealed potent gastroprotection
against ethanol. This protection correlated with the inhibition
of SH protease papain (15).

Table I. The Effect of Ethanol on the Release of Cathepsin B 
Into the Gastric Lumen in Conscious Rats

Groups Autopsy Cathepsin B Mucosal lesions

time after ethanol mU/ml % of glandular stomach

1. 0 (controls) 1.4±0.3 0

2. 1 min 2.7±0.6* 1.9±0.8

3. 3 min 3.2±0.7* 3.8±0.9

4. 6 min 3.9±0.8* 5.2±0.9

*P , 0.05. Groups of rats (n 5 6) were given by gavage 1 ml saline (con-

trols) or 75% ethanol and killed 1, 3, or 6 min later. The distal esopha-

gus and pylorus were clamped, the stomach rapidly removed and gastric

juice was collected for measurement of cathepsin B activity. The area of

hemorrhagic mucosal lesions was measured by stereomicroscopic com-

puterized planimetry.

Figure 3. Endogenous cysteine protease inhibitory activities in the rat gastric mucosa after 1 ml 75% ethanol (left) or 1% ammonia-water (right) 
i.g. administration. 100 ml of inhibitor sample was carefully mixed and incubated with 2 mg cathepsin B at room temperature for 5 min. The re-
maining catalytic activity of this mixture was investigated in our standard cathepsin B assay, as described in the text.
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Histochemical localization of cathepsin B. Our fluorescent
histochemical studies with cross sections of the glandular stom-
ach revealed an uneven distribution of cathepsin B in the gas-
tric wall. Sections incubated in low concentration of the fluo-
rescent substrate revealed enzyme activity in the epithelial
cells in the upper fourth of the mucosa (Fig. 8). Sections ex-
posed to the same amount of substrate but for longer time, or
short incubation in higher concentrations of the substrate dem-
onstrated fluorescence in the lower part of the mucosa and

muscle wall as well (Fig. 8). In contrast, frozen sections prein-
cubated in iodoacetate revealed no fluorescence at all (Fig. 8).

Discussion

The present findings indicate that at least three types of thiol
proteases, namely cathepsin B, L, and H as well as heat- and
acid-stable cysteine protease inhibitors exist in the rat stom-

Figure 4. Cathepsin B activities in the rat gastric mucosa after 1 ml 75% ethanol (left) or 1% ammonia-water (right) administration.

Figure 5. Correlations between cathepsin B and cysteine protease inhibitory activities in the rat gastric mucosa after 75% ethanol (A) or 1% am-
monia-water (B) administration.
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ach. The activity of protease inhibitors rapidly decreased and
the activity of cathepsin B increased in the rat glandular mu-
cosa following i.g. administration of ethanol or ammonia-water
solution. Similarly, these chemicals induced a rapid activation
and release of cathepsin B, H, and L into gastric content in rats
with in situ intragastric perfusion of anesthetized rats. Intra-
gastric administration of ethanol also induced a rapid and
time-dependent release of cathepsin B in conscious rats. The
release of enzymes was decreased after pretreatment of rats
with the SH alkylator NEM which also prevented the develop-
ment of ethanol-induced HML. These studies thus demon-
strate not only the successful detection of cysteine proteases
and endogenous protease inhibitors in the stomach, but also
indicate their modifications after exposure to gastrotoxic
chemicals.

The basal proteolytic activities of these cathepsins were in
the range of 2–10 mU/ml released mainly from the gastric sur-
face epithelial cells. Our histochemical studies revealed a pref-
erential localization of cathepsin B in the upper part of the mu-
cosal epithelium which is usually first exposed to damaging
agents. Rapid and substantial increase in the activity of cathep-
sins was detected in rats with gastric perfusion after i.g. admin-
istration of gastrotoxic chemicals such as ethanol (four to sev-
enfold) or ammonia-water solution (10–12-fold), as shown in
Fig. 1. This activation of proteolytic enzymes might participate
in the early formation of chemically induced mucosal lesions in
the rat stomach, especially since pharmacologic inhibition of

these enzymes was accompanied by prevention of chemically
induced HML (14–16). We thus postulate that the gastric sur-
face epithelium first exposed to damaging chemicals may re-
lease cysteine proteases which propagate the tissue injury by
damaging the intracellular matrix, cells, and activating procol-
lagenase, similar to the role of these enzymes in metastatic tu-
mor spread (9). A critical stage in the development of HML is
the involvement of vascular injury, i.e., when the propagation
of damage reaches the subepithelial capillaries, endothelial
damage, vascular stasis, and extravasation of red blood cells
usually results in hemorrhagic necrosis (25–27).

One of the newly recognized mediators of gastric mucosal
damage is ammonia which impairs mitochondrial and cellular
respiration and energy metabolism, and decreases gastric mu-
cosal cell viability leading to mucosal damage (18). H. pylori–
related gastric mucosal injury is associated with production of
ammonia, which is a product of urea hydrolysis catalyzed by
urease. In this study the ammonia-water solution induced not
only extensive HML in the rat stomach, but also rapid release
and activation of cathepsins B, L, and H. These results strongly
suggest that lysosomal and cytosolic cysteine cathepsins may play
a role in the development of ethanol- and ammonia-induced
gastric mucosal injury. The concentration of ammonia used in
our experiments is similar or slightly higher than in patients
whose stomach is infected with H. pylori (28, 29). Namely, our
additional studies revealed that even lower concentrations of
NH3 (e.g., 0.1%) caused mucosal injury but to obtain rapidly
developing HML comparable to those produced by ethanol,
we had to use 1% ammonia-water.

We also investigated the presence and modification of both
endogenous cysteine protease inhibitors and cathepsin B in rat
glandular mucosa with or without ethanol or ammonia-water
exposures. We found that both chemicals induced HML in the
rat glandular mucosa within minutes after i.g. administration.
The results with cathepsin B and its endogenous protease in-
hibitors revealed that after chemical exposure the activity of
cysteine protease inhibitors decreased, and the specific activity
of cathepsin B rapidly and significantly increased in the rat
gastric mucosa. The enhancement of cathepsin B activity
reached its highest level at 3 min after chemical exposures.

The negative correlations between the protease inhibitory
activity and cathepsin B activity in the gastric mucosa after i.g.
administration of chemicals revealed that an imbalance be-

Figure 6. Effects of N-ethylmaleimide pretreatment on the release of cathepsin B (left), cathepsin B1L (center), and cathepsin H (right) after 1 
ml of 50% ethanol administration in rats.

Figure 7. Effect of N-ethylmaleimide pretreatment on HML induced 
by 50% ethanol.
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tween activation and inhibition of cathepsin B might be in-
volved in the formation of acute HML in the rat stomach. The
primary effect might be the inactivation of endogenous pro-
tease inhibitors which may contribute to the rapid activation of
thiol protease cathepsin B, and subsequent cell and tissue in-
jury in the stomach. These enzymes released by parenchymal
cells may rapidly degrade structural or enzymic proteins. Most
proteases are associated with endogenous inhibitors and their
inactivation (e.g., by free radicals, chemicals) results in activa-
tion of proteases (2, 19, 20).

Mammalian cysteine proteases released from lysosomes or
activated in cytosol (e.g., calpain) exert prominent cell, tissue,
or organ destructive properties, and are important in the
pathogenesis of acute or chronic diseases and pathologic
events (1–11,18). Until recently, four immunochemically dis-
tinguishable aspartic (acidic) proteases such as pepsinogen I,
II, and cathepsins D and E have been found in the mammalian
gastric mucosa (13). Unlike the controversial results concern-
ing pepsin in the development of gastroduodenal ulceration,
dose- and time-dependent gastroprotection was detected with
cysteine protease inhibitors (i.e., SH-alkylators iodoacetate,
NEM, new maleimide, or butyrophenone derivatives) against
ethanol-induced HML in the rat stomach (15). In pursuing the
biochemical–pharmacological characterization of cysteine pro-
teases and endogenous protease inhibitors in the rat stomach,
we found that in the stomach up to 56 or 24% of proteases was
SH-sensitive at pH 5.6 or 7.4, respectively (15). We conclude
that one of the possible directly or indirectly acting endoge-
nous mediators of gastric mucosal injury is the cysteine pro-
tease–endogenous protease inhibitor system, in addition to en-
dothelins, eicosanoids, monoamines, platelet-activating factors,
ammonia, bile acids, and HCl (30). Cysteine proteases, whose
activities were extremely high in the early period of ammonia-

or ethanol-induced mucosal lesions might be related to cellular
or extracellular protein catabolism, cell and tissue damage, and
gastroprotection.
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