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Pretreatment with zinc (Zn) isknown to produce
toleranceto several of thetoxic 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-
tisin mice. An injection of Zn (50-75 mg/kg) resulted
inasignificant increasein the plasma activities of exo-
crine enzymes, indicating acute pancreatitis, and no
greater increasein Zn concentration in the pancreatic
MT fraction with Zn doses. To clarify theroleof MT
in the pancreatic toxicity of Zn, we examined the ef-
fectsof pretreatment with nontoxic dosesof 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
wasineffective. Pretreatment with Zn 24 hr beforere-
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
dataindicatethat pancreaticM T may diminish thetox-
icity of Zn by sequestering excess Zn. M oreover, Zn-
induced acute pancr eatitisalsowasattenuated by treat-
ment with aprotinin, atrypsin inhibitor. Our findings
suggest that theZnion — either freeor bound to small
molecules — is involved in the development of acute
pancreatitisthat includesintrapancreatic trypsinogen
activation.
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INTRODUCTION

It iswell known that zinc (Zn) plays essential
rolesin amost all aspects of metabolism. Its func-
tionsinclude structural and catalytic rolesin metallo-
enzymes and other metalloproteins, aswell as regu-
latory roles in such diverse processes as synaptic
signaling and gene expression.? As aresult, 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.? 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.® Zn toxicity with pancreatic acinar ne-
crosis also occurs in the piglet, chick and dog.+®
Moreover, acute pancreatitis and a high pancreatic
Zn concentration followed massive ingestion of
coinsin aschizophrenic patient.” Although the Japa-
nese Ministry of Health, Labor and Welfare has set
alimit for the daily dosage of Znin 2004, it can be
easy to ingest excess supplemental Zn. Therefore, it
isimportant to clarify the mechanism of pancreatic
toxicity of Zn.

The pancreas has been suggested to play a key
rolein Zn homeostasis, because nearly as much Zn
isreleased in bile-pancrestic secretions asis absorbed
by theintestine under normal conditions.®® The con-
centration of metallothionein (MT) is higher in the
pancreas than in other tissues, such as the liver.®
After treatment, most of the Zn provided binds to
pancreatic MT.®) M Tsare small, cysteine-rich metal-
binding proteins. The M T-1 and -11 genes, whose tran-
scription israpidly induced by Zn, are expressed in
major organs, including the liver and pancreas, and
MT may play a central role in Zn homeostasis.*?
Immunocytochemical study demonstrated pancreatic
MT in acinar cells but not islet cellsin both control
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and Zn-treated mice.™® 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 isknown to pro-
duce tolerance to several of the toxic effects of Cd.'¥
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.’ On the other hand, acute
pancreatitis generaly 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 isan early event of pancreatitisin experimen-
tal models of acute pancreatitisinduced by an ethion-
ine-supplemented diet, taurocholate, and the chole-
cystokinin analog cerulein.'® Therefore, we investi-
gated the effects of pretreatment with Zn, which
enhances pancreatic MT synthesis, or atrypsin in-
hibitor on acute pancreatitisinduced by Zn challenge.

MATERIALS AND METHODS

Chemicals —— Most chemicals were purchased
from Nakarai Tesgue, Inc. (Kyoto, Japan). Aprotinin,
amylase B and lipase col or testswere 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 twiceintravenously with aprotinin (10000 kal-
likrein-inhibiting unit (KIU)/dose), atrypsin inhibi-

tor, 1 hr beforeand 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).1”

Gdl Filtration —— Whol e pancreas (about 0.25 g)
was homogenized in 2.25 ml of 50 mM Tris-HCI
buffer (pH 8.0) and then centrifuged at 105000 g for
1hr at 4°C. The resulting supernatant fraction
(1.5 ml) was applied to a 1.5 x 48-cm Sephadex G-
75 column (Amersham Biosciences, Piscataway, NJ,
U.S.A)) equilibrated with Tris-HCI 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 lipasein
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 dataindicate that Zn caused injury
to pancreatic exocrine cells, resulting in acute pan-
credtitis. Figure 2 showsthe distribution of Znwithin
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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Fig. 1. Activities of PlasmaAmylase and Lipase after Injection of Zn

time (hr)

(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. ¢, p < 0.05; d, p < 0.01 versus O-hr group.
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Fig. 2. Representative Gel-Filtration Elution Profiles of Znin
Pancreatic Cytosol 16 hr after Injection of Zn at Various
doses

Pancrestic 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.

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,
trypsininhibitor, 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 thetotal dose
of Zn (pretreatment + challenge) was the same. Pre-
treatment with Zn 24 hr before challenge resulted in
a higher concentration of Znin 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
Znion and Zn bound to the LM fraction — partici-
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Table 1. Effect of Pretreatment with Nontoxic doses of Zn and Trypsin Inhibitor on
Acute Pancrestitis by Zn Challenge

Pretreatment Zn challenge Plasma amylase
(75 mg/kg) (1U/ml)
none none 9.08+ 0.70
none + 61.64 + 10.20%
Zn 2 hr before challenge + 40.98 + 20.52
Zn 24 hr before challenge + 12.04 + 4.19°)
aprotinin + 11.01+ 0.88Y

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), atrypsin 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 (ug/g)

Cytosol
Pretreatment Zn chalenge Whole pancreas HM fraction MT fraction LM fraction
(hr before challenge)
none none 38.04+ 145 18.93 + 0.61 1320+ 1.39 0.40 + 0.40
none + 78.29 + 18.66% 17.40 + 3.98 3472+ 9.78% 8.95 + 4.65%
2 + 78.73 + 22.32 1410+ 1.91 41.00 + 21.13 10.40 + 7.13
24 + 17393+ 7.920 19.60 + 5.12 9480+ 7.720 3.50 + 1.44)

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.

pates in acute pancreatitis initiated by trypsinogen
activation.

DISCUSSION

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

It iswell known that pretreatment with Zn pro-
duces tolerance to the toxic effects of heavy metals
and pro-oxidants.***> 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 trestment with aramp-
ing dosage of Zn.'® Pretreatment with Zn to induce
pancreatic MT synthesis also attenuated the acute
pancreatitis induced by cerulein and taurochol ate.*
In addition, De Lidleet al.*¥ 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-11l caused pancreatic acinar cell necro-
sisin transgenic mice® Therefore, MT isan impor-
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tant component in maintaining the function and Zn
homeostasis of the pancreas.

Conversaly, we suggest that Zninthe LM frac-
tion—i.e, Znion or Zn bound to small molecules
in the pancreas — participates in acute pancreatitis.
Thisis 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 wasinadequate for inducing pancreatic M T syn-
thesis — did not attenuate Zn-induced acute pan-
creatitis and decrease the concentration of Znin 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.2) Cerulein induces acute pancreatitis with
depletion of glutathione and an increase in lipid
peroxidation.’® Together, these data suggest that
oxidative stressisimplicated in the development of
both Zn- and cerulein-induced acute pancredtitis.

We showed herethat pretreatment with aprotinin,
atrypsininhibitor, suppressed Zn-induced increases
in plasmaamylase activity. Thisfinding suggeststhat
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.?? 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.?®

Our present study suggests that pancreatic MT
may diminish the toxicity of Zn by sequestering ex-
cess Zn. Conversely, Znion or Zn in the pancreatic
LM fraction may be involved in the acute pancreati-
tisthat 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.2+29

Acknowledgements This study was supported by
Health Scientific Research Grant (2001) from Kobe
Gakuin University.

REFERENCES

1) Cousins, R. J. (1996) Zinc. In Present Knowledge
in Nutrition, vol. 7 (Filer, L. J. and Ziegler, E. E.,
Eds.), International Life Sciences Institute Nutrition
Foundation, Washington, D.C., pp. 293-306.

2) Onosaka, S., Tetsuchikawahara, N., Min, K. and
Kudo, K. (1998) Acute pancreatitis by Zn injection
in mice. Jpn. J. Toxicol. Environ. Health, 44, 305
309.

3) Minami, T., Shimane, M., Tanaka, H., Namikawa,
K. and Ichida, S. (2001) Pancreatic exocrine dam-
age induced by subcutaneousinjection of alow dos-
age of zinc. Biol. Trace Elem. Res., 84, 169-179.

4) Gabrielson, K. L., Remillard, R. L. and Huso, D. L.
(1996) Zinc toxicity with pancreatic acinar necrosis
in piglets receiving total parenteral nutrition. Vet.
Pathal., 33, 692—696.

5) Lu, J. X., Combs, G. F,, Jr. and Fleet, J. C. (1990)
Time-course studies of pancreatic exocrine damage
induced by excess dietary zinc inthe chick. J. Nutr.,
120, 389-397.

6) Mikszewski, J. S., Saunders, H. M. and Hess, R. S.
(2003) Zinc-associated acute pancreatitis in a dog.
J. Small Anim. Pract., 44, 177-180.

7) Bennett, D. R., Baird, C. J., Chan, K. M., Crookes,
P. ., Bremner, C. G., Gottlieb, M. M. and Naritoku,
W.'Y. (1997) Zinc toxicity following massive coin
ingestion. Am. J. Forensic Med. Pathoal., 18, 148—
153.

8) McClain, C. J. (1990) The pancreas and zinc ho-
meostasis. J. Lab. Clin. Med., 116, 275-276.

9) Walsh, C. T., Sandstead, H. H., Prasad, A. S,,
Newberne, P. M. and Fraker, P. J. (1994) Zinc: health
effectsand research prioritiesfor the 1990s. Environ.
Health Perspect., 102, 5-46.

10) Onosaka, S., Min, K. S,, Fujita, Y., Tanaka, K.,
Iguchi, S. and Okada, Y. (1988) High concentration
of pancreatic metallothionein in normal mice. Toxi-
cology, 50, 27-35.

11) Onosaka, S., Tanaka, K. and Cherian, M. G. (1984)
Effects of cadmium and zinc on tissue levels of
metallothionein. Environ. Health Perspect., 54, 67—
72.

12) Bremner, I. (1991) Nutritional and physiologic sig-
nificance of metallothionein. Methods Enzymol.,
205, 25-35.



384

Vol. 51 (2005)

13) DeLide, R. C,, Sarras, M. P, Jr., Hidalgo, J. and
Andrews, G. K. (1996) Metallothionein isacompo-
nent of exocrine pancreas secretion: implicationsfor
zinc homeostasis. Am. J. Physiol., 271, C1103—
C1110.

14) Goering, P. L. and Klaassen, C. D. (1984) Zinc-in-
duced tolerance to cadmium hepatotoxicity. Toxicol.
Appl. Pharmacol., 74, 299-307.

15) Zhou, Z., Sun, X., Lambert, J. C., Saari, J. T. and
Kang, Y. J. (2002) Metall othionein-independent zinc
protection from acoholic liver injury. Am. J. Pathol.,
160, 2267-2274.

16) Foitzik, T., Lewandrowski, K. B., Fernandez-del
Cadtillo, C., Rattner, D. W. and Warshaw, A. L.
(1994) Evidence for extraluminal trypsinogen acti-
vation in three different models of acute pancreati-
tis. Surgery, 115, 698—702.

17) Min, K. S,, Kim, H., Fujii, M., Tetsuchikawahara,
N. and Onosaka, S. (2002) Glucocorticoids suppress
the inflammation-mediated tolerance to acute tox-
icity of cadmiuminmice. Toxicol. Appl. Pharmacal .,
178, 1-7.

18) Kdly, E. J., Quaife, C. J., Frodick, G. J. and Pamiter,
R. D. (1996) Metalothionein | and I protect against
zinc deficiency and zinc toxicity in mice. J. Nutr.,
126, 1782-1790.

19) Wang, Z. H., Iguchi, H., Ohshio, G., Imamura, T.,
Okada, N., Tanaka, T. and Imamura, M. (1996)
Increased pancrestic metallothionein and glutathione
levels: protecting against cerulein- and taurochol ate-
induced acute pancreatitisin rats. Pancreas, 13, 173—
183.

20) Quaife, C. J., Kdlly, E. J., Masters, B. A., Brinster,
R. L. and Palmiter, R. D. (1998) Ectopic expression
of metallothionein-111 causes pancreatic acinar

cell necrosis in transgenic mice. Toxicol. Appl.
Pharmacol., 148, 148-157.

21) Dineley, K. E., Votyakova, T. V. and Reynolds, I. J.
(2003) Zincinhibition of cellular energy production:
implications for mitochondria and neurodegenera-
tion. J. Neurochem., 85, 563-570.

22) Saluja, A. K., Donovan, E. A., Yamanaka, K.,
Yamaguchi, Y., Hofbauer, B. and Steer, M. L. (1997)
Cerulein-induced in vitro activation of trypsinogen
in rat pancreatic acini is mediated by cathepsin B.
Gastroenterology, 113, 304-310.

23) Halangk, W., Lerch, M. M., Brandt-Nedelev, B.,
Roth, W., Ruthenbuerger, M., Reinheckel, T.,
Domschke, W., Lippert, H., Peters, C. and Deussing,
J. (2000) Role of cathepsin B in intracellular trypsi-
nogen activation and the onset of acute pancreatitis.
J. Clin. Invest., 106, 773-781.

24) Altavilla, D., Famulari, C., Passaniti, M., Galeano,
M., Macri, A., Seminara, P, Minutoli, L., Marini,
H., Calo, M., Venuti, F. S., Esposito, M. and
Squadrito, F. (2003) Attenuated cerulein-induced
pancregtitisin nuclear-factor-kappaB-deficient mice.
Lab. Invest., 83, 1723-1732.

25) Sanchez-Bernal, C., Garcia-Morales, O. H.,
Dominguez, C., Martin-Gallan, P.,, Calvo, J. J,,
Ferreira, L. and Perez-Gonzalez, N. (2004) Nitric
oxide protects against pancreatic subcellular dam-
age in acute pancreatitis. Pancreas, 28, E9-E15.

26) Cuzzocres, S., Genovese, T., Mazzon, E., Di Paola,
R., Muia, C., Britti, D. and Salvemini, D. (2004)
Reduction in the development of cerulein-induced
acute pancreatitis by treatment with M40401, anew
selective superoxide dismutase mimetic. Shock, 22,
254-261.



