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Abstract

Studies in animal models suggest that oxygen radicals may be
important in the pathogenesis of acute pancreatitis. Because
glutathione is an essential component of the defense against
radical-mediated cellular injury, we investigated whether pan-
creatic glutathione content is influenced by inducing acute pan-
creatitis and whether augmenting the intracellular supply of
glutathione would alter the course of pancreatitis. Caerulein, a
decapeptide cholecystokinin analogue, induces acute necrotiz-
ing pancreatitis in mice when given in high doses (50 ,ag/kg per
h) over a period of 6 h. The pancreatic glutathione content
(total, GSH + GSSG) in mice treated with high-dose caerulein
fell to 17% of normal within 4 h of beginning caerulein and
recovered toward normal after discontinuing caerulein treat-
ment. Mice treated with glutathione monoethyl ester (20
mmol/kg 1 h before caerulein, 10 mmol/kg 3 and 7 h after
starting caerulein) were found to have blunted depletion of pan-
creatic glutathione, diminished histologic evidence ofpancreati-
tis (necrosis, inflammation, and vacuolization), and lower
serum amylase values compared with mice treated with caeru-
lein alone. These findings suggest that the profound depletion
ofpancreatic glutathione caused by hyperstimulation ofthe pan-
creas with caerulein is critically important in the pathogenesis
of acute caerulein-induced pancreatitis. (J. Clin. Invest. 1992.
89:109-116.) Key words: free radicals.*y-glutamyltranspepti-
dase * AT125 * amylase * mouse

Introduction

Acute pancreatitis is a destructive process of the pancreas that
can lead to severe illness and even death. Although a number of
seemingly diverse causes of acute pancreatitis are recognized
clinically, the events occurring at the molecular level leading to
self-destruction of this organ have not been fully defined in
humans or in experimental animal models (1). Because of this
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incomplete understanding, rational treatments aimed at pre-
venting pancreatitis or limiting the progression ofongoing dis-
ease are unavailable and the best current therapy relies solely
on nonspecific supportive measures (2).

To further define the cellular and molecular events leading
to tissue injury in acute pancreatitis, a number ofexperimental
models have been developed and exploited over the past de-
cade. Caerulein, a decapeptide cholecystokinin analogue,
causes acute pancreatitis in rats (3) and mice (4) when given in
supraphysiologic doses. Evidence of tissue injury occurs rap-
idly in this model: pancreatic vacuolization is found within 30
min (5), progressing to marked inflammation and tissue necro-
sis after 6 h ofcontinuous caerulein administration (4). Despite
the well-defined histologic and biochemical progression ofpan-
creatitis in this experimental model as well as others, the intra-

cellular events leading to cell injury and necrosis remain inade-

quately defined. Abnormal activation and intracellular release
of the normally inactive precursor forms of the pancreatic di-
gestive enzymes has been proposed as one process that may be

important in the pathogenesis of acute pancreatitis (5, 6). An-
other line of evidence derived from several models of experi-
mental pancreatitis suggests that oxygen radicals could also be
important in mediating pancreatic injury (7-9). A logical corol-
lary to the oxygen radical theory of pancreatitis is that the en-

dogenous antioxidant defense mechanisms of the pancreatic
acinar cell serve a critically important role in preventing the
onset or diminishing the progression ofpancreatitis. One essen-
tial element ofthe intracellular defense against reactive oxygen
species is glutathione, the most abundant nonprotein sulfhy-
dryl in the cell. By reacting directly with electrophilic com-
pounds and by serving as a reductant for the elimination of
hydrogen peroxide and lipid hydroperoxides, glutathione plays
a vital role in the defense against reactive electrophilic metabo-
lites and oxidant stress.

We investigated the status of pancreatic glutathione during
the development of acute pancreatitis by using the caerulein
model to determine what alterations, if any, in the glutathione
status might occur during the evolution of pancreatitis and
what effect augmenting endogenous glutathione levels might
have on the progression of pancreatitis in this experimental
model.

Methods

Materials. AT 125 was a gift from Upjohn (Kalamazoo, MI). Glutathi-
one monoethyl ester was synthesized as the free base by the method of
Campbell and Griffith (10). All other reagents were obtained from
Sigma Chemical Co. (St. Louis, MO).

Induction ofpancreatitis. Female Swiss Webster mice weighing 12-
14 g were administered either saline or caerulein injections hourly (50
pg/kg s.c.) seven times. In the studies of dose response to caerulein, a
dose of 0.1 or 5.0 ,g/kg was administered on the same schedule. Water
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was provided ad lib. The animals were fasted for 12 h before beginning
caerulein and through the duration of the experiment.

Administration ofdrugs. Animals treated with glutathione mono-
ethyl ester were given 20 mmol/kg or saline vehicle i.p. 1 h before the
first caerulein dose and twice thereafter at a dose of 10 mmol/kg at 4-h
intervals. Animals treated with AT125 were given 30 mg/kg s.c. begin-
ning 5 h before the first caerulein dose and every 4 h thereafter for a
total of five injections.

Preparation oftissues. At various time points after the first caeru-
lein injection, animals were anesthetized with ether and pancreatic
tissue was removed for glutathione, DNA, ATP, and y-glutamyltrans-
peptidase (yGT)' measurements. Liver samples were obtained simulta-
neously for glutathione measurement and kidney samples were ob-
tained for yGT measurement. Tissue samples for glutathione measure-
ment were frozen immediately in liquid nitrogen and stored at -700C.
Mixed arteriovenous blood was obtained after decapitation of the ani-
mals; the blood was centrifuged at 10,000 g for 10 min, and the super-
natant serum was stored at -70'C until assayed for amylase activity.

Glutathione measurement. Frozen tissue samples were weighed rap-
idly and homogenized in 20 volumes 5% (wt/vol) sulfosalicylic acid.
Allowing pancreas samples to thaw results in rapid and irreversible loss
of glutathione. After centrifugation at 13,000 g for 3 min, the total
glutathione content (reduced and oxidized, GSH + GSSG) and oxi-
dized glutathione content were determined in the supernatant by
HPLC analysis of the glutathione-orthophthalaldehyde adduct (11).
Briefly, to determine total glutathione, a mixture of 100 tul supernatant,
50 Ml 0.1 M Tris, pH 8.5, 50 ,l 0.8 M NaOH, and 50 Ml 0.05 M DTT
was kept on ice for a period of 30 min to allow disulfide reduction. The
mixture was diluted by addition of 0.75 ml water and a 0.2-ml aliquot
was derivatized by mixing with 0.2 ml orthophthalaldehyde, 5 mg/ml
in 0.4 M potassium borate, pH 9.4. After 1 min, the solution was
diluted further by addition of 2 ml 0.1 M sodium phosphate, pH 7.0,
and a 120-Ml aliquot was analyzed by HPLC. Oxidized glutathione was
measured after first eliminating the reduced glutathione by treating the
neutralized SSA supernatant with 0.5 mM (final concentration) N-eth-
ylmaleimide for 5 min followed by disulfide reduction with DTT as
described above. The samples were eluted over a C18 reverse-phase
column isocratically with 0.15 M sodium acetate, pH 7.00, containing
7.5% (vol/vol) methanol. The derivative was detected fluorometrically
by measuring emission at 420 nm with excitation at 340 nm. Quantita-
tion was performed by comparing derivative peak area to known stan-
dards.

Biochemical determinations. Pancreatic DNA content was deter-
mined with a fluorescent reagent (reagent 33258; Hoechst) ( 12). Pancre-
atic ATP content was determined using the firefly luciferase-luciferin
assay (Los Alamos Diagnostics, Inc., Los Alamos, NM) and a Pico-Lite
luminometer (Packard Instrument Co., Inc., Downers Grove, IL). Tis-
sue yGT activity was determined as described by Swinnen (13). Serum
was analyzed for amylase activity using the Phadebas test (Pharmacia
Diagnostics, Inc., Fairfield, NJ).

Histologic grading. A pancreatic fragment from each animal was

fixed in 10% buffered Formalin, embedded in paraffin, and sections
stained with hematoxylin and eosin. Each sample was graded blindly
for the extent of necrosis, vacuolization, and inflammation as de-
scribed previously (4, 14).

Statistical analysis. Statistical significance was determined using
analysis of variance and the Newman-Keuls test of multiple groups.

Results

Effect ofcaerulein treatment on pancreatic glutathione content.
During the induction ofacute pancreatitis in mice by caerulein
administration, the total pancreatic glutathione content (re-
duced + oxidized) dropped precipitously. In mice adminis-

1. Abbreviation used in this paper: yGT, y-glutamyltranspeptidase.

tered caerulein, 50 Ag/kg per h over 6 h, the glutathione content
dropped by 43% within the 1st h and after 4 h, a nadir of 17% of
normal was reached (Fig. 1). Glutathione content remained at
this nadir while caerulein administration continued and began
to rise after its discontinuation. After a 4-d convalescence pe-
riod, the pancreatic glutathione content of these animals had
recovered to normal. When glutathione content was deter-
mined relative to pancreatic DNA content rather than tissue
weight, the same phenomenon was observed, with the glutathi-
one content reaching a nadir of27% ofnormal at 4 h. The liver
glutathione ofthese animals remained constant over the course
oftreatment in a range of4 to 5 ,mol/g liver (data not shown).

Lower doses of caerulein also caused a loss of pancreatic
glutathione. When a dose of 0.1 g/kg was given on the same
schedule as the higher dose, pancreatic glutathione content fell
to 68% of normal at 4 h (Fig. 1). Similarly, when mice were

given the midrange dose of 5 ug/kg, glutathione content fell to
30% at 4 h. As with the highest dose, the glutathione content

returned towards normal afterdiscontinuing caerulein adminis-
tration at these lower doses.

The intracellular redox equilibrium of glutathione usually
favors the reduced form within tissues and this was found to be
true in the pancreas as well. During the progression of pancre-
atitis in mice treated with 50Mg/kg caerulein, the fraction in the
oxidized form was found to be 2.8-4.5% of the total glutathi-
one content.

Effect ofglutathione monoethyl ester during caerulein treat-
ment. Glutathione monoethyl ester given before and during
treatment with caerulein blunted the effect ofcaerulein on pan-
creatic glutathione content. Although caerulein still induced a

significant drop in pancreatic glutathione in these animals, the
nadir of 1.09 Mmol/g was significantly higher than the nadir of
0.43 umol/g in animals treated with caerulein alone in this
experiment (Fig. 2). Histologic evidence ofpancreatic injury in
caerulein-treated mice was as described previously (4) with ex-

tensive inflammation, necrosis, and vacuolization evident
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Figure 1. Pancreatic glutathione content (total, GSH + GSSG) in
mice treated with caerulein, 0.1 Mug/kg (v), 5 Mg/kg (-), or 50 MRg/kg
(n) s.c. hourly seven times beginning at 0 h. Each point represents the
mean of values from at least three animals; error bars represent SEM.
Where error bars are not evident, they are concealed by the data point
symbol. All values at 4 and 8 h are significantly less than at 0 h (P
< 0.05). At 4 h, the pancreatic glutathione content of mice treated
with 50 Mg/kg is significantly less than mice treated with 0.1 Mg/kg
(P < 0.05).
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Figure 2. Pancreatic glutathione content in mice treated with caeru-
lein, 50 ug/kg with and without concomitant treatment with glutathi-
one monoethyl ester, 20 mmol/kg i.p. 1 h before beginning caerulein
and 10 mmol/kg 3 and 7 h after beginning caerulein. The pancreatic
glutathione content in ester-treated animals was significantly greater
than animals treated with caerulein alone at 0, 4, and 8 h after begin-
ning caerulein (P < 0.05). n 2 3 animals at each time point; error
bars, SEM.

8-12 h after the initial caerulein injection (Table I, Figs. 3 and
4). In contrast, mice treated with glutathione monoethyl ester
before and during caerulein treatment were found to have no
evidence ofpancreatic necrosis or inflammation at 8 h (Table I,

Table I. Pancreatic Histologic Changes in Mice Treated with
Caerulein and Glutathione Monoethyl Ester

Histologic changes

Time Vacuoles Necrosis Inflammation Other

h

0 0 0 0
l

-GSHEE* 1 0 0

+GSHEEt 0 0 0
4

-GSHEE 1 1 + §
+GSHEE 1 0 0

8

-GSHEE 1 1-2 2 §
+GSHEE 1 0 0 §

12

-GSHEE 2 2 2 §
+GSHEE 1-2 1 1 §

The histologic grading of necrosis and vacuolization was based on the
approximate fraction of cells involved: 0, absent; ±, < 5%; 1, 5-15%;
2, 15-35%; 3, 35-50%; grading of inflammation was based on a scale
ranging from ± as minimal to 4 as maximal alterations; at least three
animals in each group.
* Animals treated with caerulein, 50 g- kg-' h-', seven times with
injections beginning at time 0.
* Animals treated with caerulein + glutathione monoethyl ester, 20
mmol/kg 1 h before beginning caerulein and 10 mmol/kg 3 and 7 h
after beginning caerulein.
§ Extensive edema and lobular disarray.

Fig. 5) and less than the untreated group at 12 h (Table I).
Glutathione monoethyl ester appeared to be less protective
against the appearance of vacuoles, edema, and lobular dis-
array (Table I).

Biochemical evidence of pancreatitis was determined by
measuring serum amylase activity. In parallel with improve-
ment in the histologic findings, treatment with glutathione
monoethyl ester significantly diminished the degree of serum
amylase elevation caused by caerulein treatment (Table II).

Potential causes ofpancreaticglutathione loss. Further stud-
ies were undertaken to address several possible causes of the
caerulein-induced pancreatic glutathione loss. The membrane-
bound enzyme y-GT (EC 2.3.2.1) is thought to be essential for
glutathione precursor uptake in nonhepatic tissues by degrad-
ing extracellular glutathione and transporting the constituent
amino acids across the cell membrane into the cell (15, 16).
Activation of yGT in the intracellular space could theoretically
lead to inappropriate intracellular glutathione degradation; al-
ternatively, diminished extracellular activity of this enzyme
could result in decreased glutathione precursor uptake. The
possibility that yGT was responsible for inappropriate intracel-
lular glutathione degradation leading to the caerulein-induced
loss was investigated by pretreating the animals with an inhibi-
tor ofthe enzyme, AT 125, which resulted in a 70% reduction in
pancreatic yGT activity. During caerulein administration to
these animals, the loss of pancreatic glutathione actually ap-
peared to be accelerated rather than prevented, as evidenced by
a lower glutathione content at 1 h when compared with ani-
mals treated with caerulein alone (Fig. 6).

ATP is an essential substrate in the glutathione biosynthetic
pathway. To evaluate its availability for intracellular glutathi-
one synthesis, pancreatic ATP content was determined in cae-
rulein-treated mice. As shown in Fig. 7, the ATP content
dropped by 50% of normal after 4 and 12 h of caerulein; how-
ever, no diminution was found at 1 h, a time at which glutathi-
one content had already dropped by 43%. Pancreatic ATP con-
tent returned to normal 4 d after caerulein treatment.

Discussion

The evidence that reactive oxygen species could have a signifi-
cant role in the pathogenesis ofacute pancreatitis is increasing.
The initial studies of Cameron's group ( 17) led to reports by a
number ofother investigators demonstrating, either directly or
indirectly, that species such as superoxide and hydrogen perox-
ide might be key elements leading to progressive tissue injury in
acute experimental pancreatitis. The early studies in a perfused
dog pancreas model with various insults to induce acute pancre-
atitis demonstrated reduced tissue edema and decreased amy-
lase release when the perfusate also contained superoxide dis-
mutase (SOD) and catalase (8, 18) or allopurinol (8, 19, 20).
Subsequently, similar observations were made using in vivo
models ofpancreatitis. Guice et al. (7) demonstrated decreased
pancreatic edema and improved pancreatic histology when
SOD and catalase were given to caerulein-treated rats; further
investigation showed that catalase alone was also beneficial and
that extravasation of catalase was essential for its protective
effect (21). Similarly, Wisner et al. found that allopurinol (9) or
SOD alone (without catalase) (22) decreased the amylase rise,
decreased pancreatic edema, and improved pancreatic histol-
ogy in caerulein-treated rats.
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Figure 3. Pancreatic histology at time
zero (no glutathione monoethyl ester).
(A) Low-power (x 125) view demonstrat-
ing normal pancreas with intact acini and
paler-staining islets. Note the uniform
rosette-like configuration and compact
nature of the acini. (B) Higher magnifica-
tion (X500) demonstrating tightly packed
acini with the nuclei of acinar cells
arranged at the periphery ofthe acini. The
paler-staining central zone is the secretory
area ofthe acinar cell. Note the rare vac-
uole (arrow).

The beneficial effects ofSOD, catalase, and allopurinol de-
scribed in these studies constitute indirect evidence that oxygen
radicals may be involved in the pathogenetic mechanisms of
acute pancreatitis. More direct evidence of radical-mediated
processes occurring during pancreatitis has also been reported.
Nonaka et al. (23) found increased indices of pancreatic lipid
peroxidation in mice fed a choline-deficient, ethionine-supple-
mented diet. In the caerulein model of acute pancreatitis, re-
cent studies have described elevations in several indices of oxi-
dant stress, such as malondialdehyde (24, 25), conjugated
dienes (24), and chemiluminescence (26).

This evidence for oxygen radical involvement in acute pan-
creatitis led us to examine elements of the endogenous cellular
defense against these species. We now demonstrate that induc-
ing pancreatitis in mice by caerulein administration causes a
rapid drop in pancreatic glutathione content, a drop that pre-
cedes biochemical and histologic evidence of injury. This tem-

poral relationship might suggest that glutathione loss is an early
event leading to or potentiating pancreatic injury rather than a
secondary phenomenon. Interestingly, moderate pancreatic
glutathione depletion was also caused by caerulein when given
at the physiologically stimulatory dose of 0.1 g/kg, a dose
previously shown not to induce pancreatic injury as assessed
biochemically or histologically (27). This finding further sug-
gests that caerulein induces a loss of glutathione by a direct
effect rather than as a consequence of injury. Despite the intra-
cellular events leading to glutathione loss, the ability ofthe cell
to maintain glutathione in a predominantly reduced state ap-
pears to remain intact.

The potentially critical role ofpancreatic glutathione deple-
tion in the processes leading to pancreatic injury was examined
by augmenting the intracellular glutathione content with intra-
peritoneal administration of glutathione monoethyl ester.

Whereas extracellular glutathione is unable to traverse the cell
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Figure 4. Pancreatic histology 8 h after
beginning caerulein, 50 ag/kg per h s.C.
seven times. (A) Low-power view (x 125)
demonstrates disruption ofacinar archi-
tecture, focal acinar cell necrosis (arrows),
inflammatory cells, and edema in the in-
terstitial space. (B) Higher power view
(X500) demonstrates disrupted acini with
focal necrosis ofthe acinar cells as seen
here in the pale-staining zones (arrows).
The remaining acinar cells have lost their
uniform orientation ofthe nuclei at the
periphery, and the secretory zone is not

prominent. Inflammatory cells are pres-
ent (top left) seen best as small isolated
nuclei in the interstitium.

membrane intact (15, 16, 28), the glycine-carboxyl ethyl ester
ofglutathione has been found to enter readily into the cytosolic
space of a number oftissues, whereupon it undergoes hydroly-
sis to yield free glutathione (29). The precise mechanisms in-
volved in transmembrane transport and subsequent ester cleav-
age are unknown. Nonetheless, this compound has proved to
be an effective glutathione prodrug in a variety ofexperimental
models. The pancreas appears to take up and hydrolyze gluta-
thione monoethyl ester (28, 30) and in this study supraphysio-
logic levels ofpancreatic glutathione were achieved 1 h after the
first dose (Fig. 2).

The protection against histologic and biochemical evidence
of pancreatitis afforded by concomitant glutathione mono-
ethyl ester treatment supports a major role for glutathione in
protecting against this mechanism of injury. It is unlikely that
glutathione depletion alone is adequate for the production of

pancreatitis, because pancreatitis has not been reported in stud-
ies of glutathione depletion, including one recent study of pro-
longed glutathione depletion in mice (28). Just as glutathione
augmentation is found to be protective against caerulein-in-
duced injury, glutathione depletion most likely exerts a permis-
sive effect: when the intracellular glutathione content is de-
pleted to a certain threshold, the yet-undefined mechanisms
involved in caerulein-induced injury might then proceed un-

checked. Although these mechanisms of injury are yet to be
fully defined, the studies suggesting that generation of oxygen
radicals is an important component of the events leading to

pancreatitis is consistent with the present hypothesis that gluta-
thione depletion exerts a permissive effect, which could be the

generation of hydrogen peroxide and lipid hydroperoxides.
The events leading to the caerulein-induced glutathione de-

pletion are not established. Any net loss of glutathione would
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Figure 5. Pancreatic histology 8 h after
beginning caerulein as in Fig. 4 but with
concomitant administration of glutathi-
one monoethyl ester, 20 mmol/kg 1 h be-
fore beginning caerulein and 10 mmol/kg
3 and 7 h after beginning caerulein. (A)
Low-power view (x 125) demonstrates the
normal-rosette-like architecture and com-
pact nature of the acini. (B) Higher power
view (X500) demonstrates normal acinar
architecture with peripheral nuclei and
central secretory zones, but some increase
in cytoplasmic vacuolization is present
(arrows).

result from either inadequate synthesis or increased catabo-
lism, the latter known to occur rapidly even in normal pancreas
(15, 16, 28). If caerulein induced a complete block in glutathi-
one synthesis, the glutathione requirement from turnover
should be met by the provision of glutathione monoethyl ester
(28). In these studies this was not the case, because pancreatic
glutathione levels fell in ester-treated animals, despite starting
with supraphysiologic levels.

In addition to three precursor amino acids, glutathione syn-
thesis also requires an adequate supply of ATP. The depletion
of pancreatic ATP during caerulein treatment, although not
profound, could exert an inhibitory effect on the overall rate of
glutathione synthesis as the intracellular ATP content is near
the Km of the two enzymes in the glutathione-synthetic path-
way (31). Nonetheless, implicating ATP depletion as a cause of
the glutathione loss is difficult, as the ATP levels remain nor-
mal 1 h after the first caerulein injection, a time at which the

glutathione content has dropped by 43%. Thus, the observed
ATP depletion later in the course of caerulein treatment most

likely represents a secondary effect that may contribute to di-
minished GSH synthesis after depletion but does not cause

depletion per se.
Rapid consumption or catabolism of glutathione are alter-

native explanations for the caerulein-induced pancreatic gluta-
thione depletion. Irreversible consumption of glutathione can

occur in an environment of ongoing lipid peroxidation (32).
Reactive carbonyl lipid peroxidation products such as 4-hy-
droxynonenal react with glutathione to form stable conjugates;
one proposed mechanism of peroxidative tissue injury is, in-

deed, the reaction of such species with essential intracellular
components when the supply of glutathione has been depleted
(32). If the caerulein-induced loss of pancreatic glutathione is

occurring by this mechanism, it would suggest that the cause of
oxidant stress is not glutathione depletion, but that glutathione
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Table II. Effect ofGlutathione Monoethyl Ester Administration
on Serum Amylase Activity During the Development of
Caerulein-induced Pancreatitis

Hours after beginning caerulein

Treatment 0 1 4 8 12

Saline 56±4 63±2 84±2 130±5 177±13
GSHEE 72±4 64±6 78±4 109±2

Amylase values are expressed as gg/ml serum. Values are means±SD
of at least three animals at each time point. The amylase values of
GSHEE-treated animals were significantly different from control ani-
mals at each time point (P < 0.05).

depletion is a result of the ongoing generation of reactive spe-
cies. This is consistent with other models of lipid peroxidation
where short-term glutathione depletion alone, without a source
of oxidant stress, is not associated with peroxidative tissue in-

jury.
The possibility that increased glutathione catabolism ex-

plains the caerulein-induced loss ofglutathione cannot be elimi-
nated. Little is known of normal intracellular breakdown of
glutathione, if it occurs at all. The enzyme yGT is a facile
glutathione peptidase and is, in its usual orientation, exposed
to the extracellular milieu of epithelial cells and thus unable to
degrade the high intracellular glutathione content that most
tissues maintain. The possibility that the usual orientation of
this enzyme is altered by caerulein administration to allow in-
tracellular glutathione breakdown was tested by inhibiting the
activity of this enzyme. A 70% inhibition of pancreatic yGT
activity did not blunt the fall in glutathione, suggesting that this
enzyme is not responsible for the caerulein-induced loss ofglu-
tathione. In fact, inhibition of yGT appeared to potentiate glu-
tathione loss, a finding consistent with the idea that yGT is
important in transporting glutathione precursor amino acids
across the cell membrane into the cytosolic compartment ( 15).
Catabolism of intracellular glutathione by other mechanisms
cannot be ruled out. Although glutathione is usually consid-
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Figure 6. Pancreatic glutathione content in mice treated with caeru-
lein, 50 jig/kg per h s.c. seven times, with and without concomitant
treatment with AT125. Each point represents the mean of at least
three animals. Error bars, SEM. GSH values at 1 and 12 h are signif-
icantly less in AT125-treated mice compared with controls at the
same time point (P < 0.05).
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Figure 7. Pancreatic ATP content in mice treated with caerulein, 50

rag/kg per h s.c. seven times. Each point represents the mean of at
least three animals. Error bars, 1 SD in each direction. ATP content
at 4 and 8 h is significantly lower than initial ATP content (P < 0.05).

ered resistant to the actions of normal intracellular peptidases,
an inappropriate intracellular release of pancreatic digestive
enzymes could play a yet unrecognized role in glutathione loss.
This possibility will be the subject of further studies.
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