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Pretreatment with zinc (Zn) is known to produce
tolerance to several of the toxic effects of heavy metals
and pro-oxidants with or without the induction of
metallothionein (MT) synthesis. We found previously
that injection of high-dose Zn caused acute pancreati-
tis in mice. An injection of Zn (50–75 mg/kg) resulted
in a significant increase in the plasma activities of exo-
crine enzymes, indicating acute pancreatitis, and no
greater increase in Zn concentration in the pancreatic
MT fraction with Zn doses. To clarify the role of MT
in the pancreatic toxicity of Zn, we examined the ef-
fects of pretreatment with nontoxic doses of Zn on the
induction of acute pancreatitis by Zn challenge. Pre-
treatment with Zn (10 mg/kg) 24 hr before Zn chal-
lenge attenuated Zn-induced acute pancreatitis. How-
ever, pretreatment with Zn only 2 hr before challenge
was ineffective. Pretreatment with Zn 24 hr before re-
sulted in more Zn in the MT fraction of pancreatic
cytosol and less Zn in the low-molecular-weight frac-
tion compared with pretreatment 2 hr before. These
data indicate that pancreatic MT may diminish the tox-
icity of Zn by sequestering excess Zn. Moreover, Zn-
induced acute pancreatitis also was attenuated by treat-
ment with aprotinin, a trypsin inhibitor. Our findings
suggest that the Zn ion — either free or bound to small
molecules — is involved in the development of acute
pancreatitis that includes intrapancreatic trypsinogen
activation.
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INTRODUCTION

It is well known that zinc (Zn) plays essential
roles in almost all aspects of metabolism. Its func-
tions include structural and catalytic roles in metallo-
enzymes and other metalloproteins, as well as regu-
latory roles in such diverse processes as synaptic
signaling and gene expression.1) As a result, Zn de-
ficiency induces disorders of the skin and neuro-
logical, immune, and reproductive systems. How-
ever, we demonstrated that an injection of high-dose
Zn (50–300 mg/kg) caused acute pancreatitis in
mice.2) In these animals, cell damage, including fi-
brosis and necrosis, occurred only in the pancreatic
exocrine cells, not the endocrine cells, after injec-
tion of Zn.3) Zn toxicity with pancreatic acinar ne-
crosis also occurs in the piglet, chick and dog.4–6)

Moreover, acute pancreatitis and a high pancreatic
Zn concentration followed massive ingestion of
coins in a schizophrenic patient.7) Although the Japa-
nese Ministry of Health, Labor and Welfare has set
a limit for the daily dosage of Zn in 2004, it can be
easy to ingest excess supplemental Zn. Therefore, it
is important to clarify the mechanism of pancreatic
toxicity of Zn.

The pancreas has been suggested to play a key
role in Zn homeostasis, because nearly as much Zn
is released in bile-pancreatic secretions as is absorbed
by the intestine under normal conditions.8,9) The con-
centration of metallothionein (MT) is higher in the
pancreas than in other tissues, such as the liver.10)

After treatment, most of the Zn provided binds to
pancreatic MT.11) MTs are small, cysteine-rich metal-
binding proteins. The MT-I and -II genes, whose tran-
scription is rapidly induced by Zn, are expressed in
major organs, including the liver and pancreas, and
MT may play a central role in Zn homeostasis.12)

Immunocytochemical study demonstrated pancreatic
MT in acinar cells but not islet cells in both control
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and Zn-treated mice.13) However, it is as yet unclear
how pancreatic Zn and MT are associated with the
development of acute pancreatitis after injection of
high-dose Zn. Pretreatment with Zn is known to pro-
duce tolerance to several of the toxic effects of Cd.14)

This tolerance has been attributed to an increase in
MT levels. However, Zhou et al. have reported the
occurrence of MT-independent Zn protection from
alcoholic liver injury.15) On the other hand, acute
pancreatitis generally is believed to be triggered by
activation of pancreatic trypsinogen. This activated
form of trypsin initiates the activation of other di-
gestive zymogens, leading to autodigestion of the
pancreas. The activation of intrapancreatic trypsi-
nogen is an early event of pancreatitis in experimen-
tal models of acute pancreatitis induced by an ethion-
ine-supplemented diet, taurocholate, and the chole-
cystokinin analog cerulein.16) Therefore, we investi-
gated the effects of pretreatment with Zn, which
enhances pancreatic MT synthesis, or a trypsin in-
hibitor on acute pancreatitis induced by Zn challenge.

MATERIALS AND METHODS

Chemicals —–—  Most chemicals were purchased
from Nakarai Tesque, Inc. (Kyoto, Japan). Aprotinin,
amylase B and lipase color tests were purchased from
Wako Pure Chemicals (Osaka, Japan).
Animals —–—  Male mice (ddY strain) 6 weeks old
and weighing approximately 30 g each were pur-
chased from Nihon SLC (Shizuoka, Japan). Mice
were maintained on a 12 : 12-hr light : dark cycle
and given food and water ad libidum (Type MF, Ori-
ental Yeast, Osaka, Japan). All animal experiments
were completed under the control of the Animal
Research Committee, in accordance with the Guide-
lines on Animal Experiments of Kobe Gakuin Uni-
versity and the Japanese Government Animal Pro-
tection and Management Law (No. 105).
Injection of Zn at Various doses —–—  Mice re-
ceived a single subcutaneous injection of zinc sul-
fate (dose range, 10 to 100 mg Zn/kg). At the indi-
cated times, mice (4 animals per group) were
euthanized, and heparinized blood was collected
from the posterior vena cava to assay for amylase
and lipase activities.
Pretreatment with Aprotinin or Zn —–—  Mice
were pretreated with 10 mg Zn/kg at 2 or 24 hr be-
fore Zn challenge (75 mg/kg). Other mice were in-
jected twice intravenously with aprotinin (10000 kal-
likrein-inhibiting unit (KIU)/dose), a trypsin inhibi-

tor, 1 hr before and 1 hr after Zn challenge. At 16 hr
after challenge, mice were euthanized, and heparin-
ized blood was collected. After digestion of whole
pancreas with nitric acid, Zn concentration was ana-
lyzed by using flame atomic absorption spectropho-
tometry (AAS; Z-5000 Polarized Zeeman Atomic
Absorption Spectrophotometer, Hitachi, Tokyo, Ja-
pan).17)

Gel Filtration —–—  Whole pancreas (about 0.25 g)
was homogenized in 2.25 ml of 50 mM Tris–HCl
buffer (pH 8.0) and then centrifuged at 105000 g for
1 hr at 4°C. The resulting supernatant fraction
(1.5 ml) was applied to a 1.5 × 48-cm Sephadex G-
75 column (Amersham Biosciences, Piscataway, NJ,
U.S.A.) equilibrated with Tris–HCl buffer (50 mM,
pH 8.0) at 4°C; the column was eluted with the same
buffer. The concentration of Zn in each fraction
(3 ml) was measured using AAS.
Assay for Activity of Amylase and Lipase in
Plasma —–—  The activities of amylase and lipase in
plasma were measured using amylase B and lipase
color tests (Wako Pure Chemicals), respectively.
Statistical Analysis —–—  Results are expressed as
mean ± 1 standard deviation. Data were analyzed
for significance by using Student’s t-test and a two-
tailed analysis of variance. Differences were con-
sidered significant at p < 0.05.

RESULTS

Chemical form of Pancreatic Zn after Injection
of Zn

Figure 1 shows plasma activities of exocrine
enzymes after an injection of high-dose Zn. Injec-
tion of Zn at doses higher than 50 mg/kg markedly
increased both plasma amylase and lipase activities
(Fig. 1A). These activities peaked after 16 to 24 hr
(Fig. 1B). These data indicate that Zn caused injury
to pancreatic exocrine cells, resulting in acute pan-
creatitis. Figure 2 shows the distribution of Zn within
pancreatic cytosol, as shown by representative gel-
filtration elution profiles. The concentration of Zn
in the high-molecular-weight (HM) fraction did not
increase with Zn doses. An injection of high-dose
Zn (50–75 mg/kg), which induced acute pancreati-
tis, resulted in no greater increase in Zn concentra-
tion in the MT fraction and an increase in the con-
centration of Zn in the low-molecular-weight (LM)
fraction.
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Effects of Pretreatment with Aprotinin or Zn on
Acute Pancreatitis

Table 1 shows the effects of pretreatment with
aprotinin or a nontoxic dose of Zn (10 mg/kg) on
acute pancreatitis induced by challenge with high-
dose Zn (75 mg/kg). Pretreatment with aprotinin,
trypsin inhibitor, significantly (p < 0.05) suppressed
an increase in plasma amylase activity by Zn chal-
lenge. Pretreatment with Zn 24 hr before challenge
also attenuated Zn-induced acute pancreatitis. Treat-
ment with Zn 2 hr before challenge did not have an
attenuating effect. Table 2 is a compilation of the
gel-filtration data on pretreatment with Zn. Pretreat-
ment 24 hr before challenge resulted in a marked
increase in pancreatic Zn concentration compared
with 2 hr before challenge, even though the total dose
of Zn (pretreatment + challenge) was the same. Pre-
treatment with Zn 24 hr before challenge resulted in
a higher concentration of Zn in the MT fraction of
pancreatic cytosol and a lower concentration in the
LM fraction compared with pretreatment 2 hr be-
fore. These data indicate that pancreatic MT may
diminish the toxicity of Zn by sequestering excess
Zn. Conversely, Zn in the non-MT fractions — ex-
cluding Zn bound to the HM fraction but including
Zn ion and Zn bound to the LM fraction — partici-

Fig. 1. Activities of Plasma Amylase and Lipase after Injection of Zn
(A) Plasma activities of endocrine enzymes after injection of Zn at various doses. (B) Time course of plasma activities of endocrine enzymes after

injection of Zn at 75 mg/kg. Each mouse received a single subcutaneous injection of Zn (10 to 100 mg Zn/kg). After the times indicated, plasma was
obtained and assayed for the activities of both endocrine enzymes. Data points represent the mean ± 1 standard deviation for 4 animals. a, p < 0.05;
b, p < 0.01 versus 0 mg Zn/kg group. c, p < 0.05; d, p < 0.01 versus 0-hr group.

Fig. 2. Representative Gel-Filtration Elution Profiles of Zn in
Pancreatic Cytosol 16 hr after Injection of Zn at Various
doses

Pancreatic cytosols were prepared from mice treated with the doses
shown in Fig. 1A and applied to a Sephadex G-75 column as described
in MATERIALS AND METHODS. The concentration of Zn in each
fraction was determined by atomic absorption spectroscopy. HM fraction,
high-molecular-weight fraction; MT fraction, metallothionein-containing
fraction; LM fraction, low-molecular-weight fraction.
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pates in acute pancreatitis initiated by trypsinogen
activation.

DISCUSSION

The pancreas is an important tissue in Zn ho-
meostasis and contains higher concentrations of MT
than does the liver.11) Zn is an essential metal with
numerous biological functions. Our previous work
found that injection of high-dose Zn causes acute
pancreatitis,2) but the mechanism is unclear as yet.
In the present study, we demonstrated clearly that
pretreatment with a nontoxic dose of Zn significantly
attenuated acute pancreatitis induced by high-dose
Zn. This induction of tolerance to Zn pancreatic tox-
icity by pretreatment with Zn appears to involve the
induction of pancreatic MT synthesis.

It is well known that pretreatment with Zn pro-
duces tolerance to the toxic effects of heavy metals
and pro-oxidants.14,15) The mechanism of tolerance
to the toxicities of metals such as Cd has been at-

tributed to increases in the concentration of MT, a
stress-inducible protein with a high affinity for met-
als. Pretreatment with Zn markedly increased the
concentrations of both Zn and Zn bound to MT in
the pancreas and attenuated acute pancreatitis. This
suggests that MT may suppress the toxicity of Zn
by sequestering excess Zn, leading to safe accumu-
lation of Zn in the pancreas. Our findings agree with
those of other investigators. For example, Kelly et
al. demonstrated that the incidence of pancreatic
acinar cell degeneration was greater in MT-null com-
pared with control mice after treatment with a ramp-
ing dosage of Zn.18) Pretreatment with Zn to induce
pancreatic MT synthesis also attenuated the acute
pancreatitis induced by cerulein and taurocholate.19)

In addition, De Lisle et al.13) have shown that MT is
a normal component of pancreatic secretions and
suggest that MT carries Zn out of the pancreas and
is responsible for mediating the pancreas-to-intes-
tine portion of this portal system. Ectopic expres-
sion of MT-III caused pancreatic acinar cell necro-
sis in transgenic mice.20) Therefore, MT is an impor-

Table 1. Effect of Pretreatment with Nontoxic doses of Zn and Trypsin Inhibitor on
Acute Pancreatitis by Zn Challenge

Pretreatment Zn challenge Plasma amylase

(75 mg/kg) (IU/ml)

none none 9.08 ± 0.70

none + 61.64 ± 10.20a)

Zn 2 hr before challenge + 40.98 ± 20.52

Zn 24 hr before challenge + 12.04 ± 4.19b)

aprotinin + 11.01 ± 0.88b)

Mice were pretreated with 10 mg Zn/kg at 2 or 24 hr before challenge with 75 mg
Zn/kg. Aprotinin (10000 KIU/dose, twice), a trypsin inhibitor, was given to mice 1 hr before
and 1 hr after Zn challenge. At 16 hr after challenge, plasma was obtained and assayed
for amylase activity. Data points represent the mean ± 1 standard deviation for 4 animals.
a) p < 0.01 versus untreated control group. b) p < 0.01 versus nonpretreated group.

Table 2. Effects of Pretreatment with a Nontoxic dose of Zn on Intracellular Distribution of Zn after Zn Challenge

Concentration of Zn (µg/g)

Cytosol

Pretreatment Zn challenge Whole pancreas HM fraction MT fraction LM fraction

(hr before challenge)

none none 38.04 ± 1.45 18.93 ± 0.61 13.20 ± 1.39 0.40 ± 0.40

none + 78.29 ± 18.66a) 17.40 ± 3.98 34.72 ± 9.78a) 8.95 ± 4.65a)

2 + 78.73 ± 22.32 14.10 ± 1.91 41.00 ± 21.13 10.40 ± 7.13

24 + 173.93 ± 7.92b) 19.60 ± 5.12 94.80 ± 7.72b) 3.50 ± 1.44b)

Pancreatic cytosols were prepared from mice as shown in Table 1 and applied to a Sephadex G-75 column as described in MATERIALS
AND METHODS. The concentration of Zn in each fraction was determined by AAS. Data points represent the mean ± 1 standard deviation for
4 animals. HM fraction, high-molecular-weight fraction; MT fraction, metallothionein-containing fraction; LM fraction, low-molecular-weight
fraction. a) p < 0.01 versus untreated control. b) p < 0.01 versus nonpretreated Zn-challenged group.
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tant component in maintaining the function and Zn
homeostasis of the pancreas.

Conversely, we suggest that Zn in the LM frac-
tion — i.e., Zn ion or Zn bound to small molecules
in the pancreas — participates in acute pancreatitis.
This is because we found that injection of high-dose
Zn (50–75 mg/kg), which induced acute pancreati-
tis, did not further increase the Zn concentration in
the MT fraction, but there was an increase in the Zn
concentration of the LM fraction. Moreover, pretreat-
ment with Zn 2 hr before challenge — an interval
that was inadequate for inducing pancreatic MT syn-
thesis — did not attenuate Zn-induced acute pan-
creatitis and decrease the concentration of Zn in the
LM fraction. Dineley et al. suggested that high in-
tracellular free Zn promotes cell death by inhibiting
cellular energy production and consequences of cel-
lular Zn overload may include increased production
of cellular reactive oxygen species, loss of mitochon-
drial membrane potential, and reduced cellular ATP
levels.21) Cerulein induces acute pancreatitis with
depletion of glutathione and an increase in lipid
peroxidation.19) Together, these data suggest that
oxidative stress is implicated in the development of
both Zn- and cerulein-induced acute pancreatitis.

We showed here that pretreatment with aprotinin,
a trypsin inhibitor, suppressed Zn-induced increases
in plasma amylase activity. This finding suggests that
the acute pancreatitis induced by Zn and cerulein
are initiated by intrapancreatic activation of trypsi-
nogen. Under physiological conditions, most of the
potentially harmful digestive enzymes produced by
pancreatic acinar cells are synthesized and secreted
as inactive zymogens that become activated only
after they reach the duodenum. Saluja et al. proposed
that intrapancreatic activation of trypsinogen, and
presumably other zymogens, occurs within acinar
cells, and that it is mediated by the lysosomal hy-
drolase cathepsin B.22) This theory is supported by
the evidence that genetic deletion of cathepsin B
partly protects mice from pancreatitis and reduces
intrapancreatic activation of trypsinogen, which oc-
curs during pancreatitis.23)

Our present study suggests that pancreatic MT
may diminish the toxicity of Zn by sequestering ex-
cess Zn. Conversely, Zn ion or Zn in the pancreatic
LM fraction may be involved in the acute pancreati-
tis that is triggered by activation of intrapancreatic
trypsinogen. However, additional aspects of this
mechanism remain unclear. Recent works suggest
that oxidative stress may be involved in the devel-
opment of the acute pancreatitis that follows intra-

pancreatic activation of trypsinogen.24–26)
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