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Abstract:

Melatonin, a pineal indoleamine, protects the pancreas against acute damage; however, the involvement of the pineal gland in the

pancreatoprotective action of melatonin is unknown. The primary aim of this study was to determine the effects of pinealectomy on

the course of acute caerulein-induced pancreatitis (AP) in rats. AP was induced by a subcutaneous infusion of caerulein (25 µg/kg)

into pinealectomized or sham-operated animals. Melatonin (5 or 25 mg/kg) was given via intraperitoneal (ip) injection 30 min prior

to the induction of AP. The pancreatic content of the lipid peroxidation products malondialdehyde and 4-hydroxynonenal (MDA +

4HNE) and the activity of an antioxidative enzyme, glutathione peroxidase (GSH-Px), were measured in each group of rats. Mela-

tonin blood levels were measured by radioimmunoassay (RIA). In the sham-operated rats, AP was confirmed with histological ex-

amination and manifested as pancreatic edema and an increase in the blood lipase level (by 1,500%). In addition, the pancreatic

content of MDA + 4HNE was increased by 200%, and pancreatic glutathione peroxydase (GSH-Px) activity was reduced by 40%.

Pinealectomy significantly aggravated the histological manifestations of AP, reduced the GSH-Px activity and markedly augmented

the levels of MDA + 4HNE in the pancreas of rats with or without AP as compared to sham-operated animals. Melatonin was unde-

tectable in the blood of the pinealectomized rats with or without AP. Treatment with melatonin (25 mg/kg, ip) prevented the develop-

ment of AP in the sham-operated rats and significantly reduced pancreatic inflammation in the animals previously subjected to

pinealectomy. In conclusion, pineal melatonin contributes to the pancreatic protection through the activation of the antioxidative de-

fense mechanism in pancreatic tissue as well as its direct antioxidant effects.
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Introduction

Melatonin, in addition to being produced in the pineal

gland, is also present in the gastrointestinal tract. The

total amount of melatonin in the gut is 400 times

greater than that in the pineal gland [4, 8, 17, 54].

Enteroendocrine (EE) cells have been shown to be

a source of melatonin in the gut [36].

Melatonin is best known as a beneficial substance

that effectively protects various tissues against the

toxic effects of reactive oxygen (ROS) and nitrogen

(RNS) species [33, 37, 47]. Under normal conditions,

these free radicals are generated by mitochondrial me-

tabolism and immediately neutralized by enzymatic

and non-enzymatic natural scavengers [38]. During

inflammation, the normal antioxidative system is in-

adequate due to the accelerated production of free

radicals [25]. Melatonin acts as a non-enzymatic scav-

enger [33, 37, 47] and as an activator of antioxidative

enzymes, including superoxide dismutase (SOD) and

glutathione peroxidase (GSH-Px) [3, 16, 25, 38, 41].

In addition, melatonin stabilizes lipid membranes,

protects the membranes from peroxidation and modu-

lates the immune response of the organism [9, 27, 31,

45]. Melatonin also improves the healing processes

because it accelerates angiogenesis, increases the for-

mation of new blood vessels and stimulates vascular

endothelial growth factor (VEGF) expression, thus

improving the quality of wound healing and scar for-

mation [35].

Melatonin exerts most of its widespread effects

though cellular membrane receptors and nuclear/bind-

ing sites; however, some of melatonin’s actions are

receptor-independent. There are no morphological

barriers to melatonin, and due to its high lipophilicity,

it easily penetrates into cells [40].

As shown in previous studies, exogenous mela-

tonin, as well as its precursor, L-tryptophan, signifi-

cantly attenuates the acute pancreatitis induced by

caerulein over-stimulation or ischemia/reperfusion

[19, 22, 50]. Subsequently, it has been found that luz-

indole, an antagonist of melatonin MT2 receptors, ag-

gravates acute pancreatitis [20, 26]. These observa-

tions suggest that endogenous melatonin may play

a role in the physiological defense of the pancreas and

could attenuate the intensity of the inflammatory pro-

cesses in this gland. However, it is not known if mela-

tonin released from the pineal gland normally partici-

pates in the protection against acute pancreatitis.

Because the role of the pineal gland in pancreatic

defense has not been investigated to date, we assessed

the effect of pinealectomy on the course of acute pan-

creatitis. In this study, we compared the severity of

acute caerulein-induced pancreatitis (AP) in rats sub-

jected to a pinealectomy with that of animals with an

intact pineal gland.

Materials and Methods

Animals and drugs

The following items were used in these experiments:

caerulein and melatonin from Sigma Co. (St. Louis,

MO, USA), a rat melatonin radioimmunoassay (RIA)

kit from IBL Immuno-Biological Laboratories (Ham-

burg, Germany), lipa DT slides from Vitros DT System,

Johnson and Johnson Clinical Diagnostic, Inc. (Roch-

ester NY, USA), an LPO-586 commercial kit for the

determination of malondialdehyde and 4-hydroxy-

nonenal (MDA + 4HNE) and a GSH-Px commercial

kit from OXIS Research (Portland, OR, USA); vetbu-

tal was from Biowet (Pu³awy, Poland).

Studies were performed on male Wistar rats weigh-

ing 150–200 g. Animals were housed in cages under

standard conditions at room temperature on a 12 h

light : 12 h dark cycle with commercial pellet chow.

Rats were deprived of food 17 h prior to the start of

the experiment, but drinking water was available ad

libitum. The experimental protocol was approved by

the Jagiellonian University Ethical Committee for

Animal Experimentation.

Pinealectomy was performed according to the

method of Kato et al. [23]. Briefly, rats were anesthe-

tized with vetbutal (0.0025 ml/g body weight). An in-

cision was made in the sagittal region of the head, and

the bones were drilled with a dental bur to allow visu-

alization of the transverse and sagittal sinuses. The

pineal gland was removed by aspiration through the

sagittal sinus via a special needle. In the sham-

operated animals, the needle was inserted and with-

drawn without the application of suction. At the end

of the surgery, a histological examination of each pin-

eal gland was carried out to verify the completeness

of pinealectomy and the absence of damage to nearby

brain areas.
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Experimental protocol

Experiments with acute pancreatitis started 4 weeks

after the pinealectomy. All experiments were carried

out in the morning. During the experiments, the rats

were placed in individual Bollman cages. Acute pan-

creatitis was induced with a subcutaneous (sc) infu-

sion of caerulein (5 µg/kg-h for 5 h). Caerulein was

diluted in saline and infused at a rate 1 ml/h. Control

groups received 0.5 ml of vehicle saline injected ip,

followed 30 min later by an sc infusion of 0.9% saline

for 5 h. Melatonin (5 or 25 mg/kg) was dissolved in

absolute ethanol and then diluted in physiological sa-

line to the appropriate concentrations and given at

a volume of 0.5 ml to the rats as a bolus ip injection

30 min prior to the start of caerulein administration.

In control rats, 0.5 ml of saline was administered in-

stead of the test substances (Fig. 1).

This study included two parts. Part A was carried

out in rats with an intact pineal gland (sham-operated),

whereas part B included pinealectomized animals

(Fig. 1). The following study groups were used in

both parts (A and B) of the study: 1) control animals

that received 0.5 ml of vehicle ip followed by an sc

infusion of 0.9% saline for 5 h; 2) acute pancreatitis

rats that were given an sc infusion of caerulein; 3)

acute pancreatitis + melatonin rats that were given

melatonin 30 min before the caerulein administration,

4) melatonin-treated rats that were given melatonin

followed by an sc infusion of 0.9% saline for 5 h.

Determination of plasma levels of lipase

and melatonin

At the end of the experiments, the animals were anes-

thetized with vetbutal and weighed. The abdominal

cavity was then opened, and the vena cava was ex-

posed. Blood was drawn to determine lipase activity

and melatonin concentration. The blood was kept at

room temperature for 2 h without anticoagulants and

then centrifuged. The collected serum samples were

stored at –80°C. Serum lipase was measured with

a Kodak Ektachem DT System analyzer (Eastman

Kodak Company, Rochester NY, USA) using Lipa DT

commercial slides, as described elsewhere [22]. The

concentration of plasma melatonin was measured

with RIA using rat melatonin according to the manu-

facturer’s procedure as described previously [19, 20].

Pancreatic weight and histological examination

The pancreas was carefully removed by severing the

attachments to the stomach, duodenum and spleen.

After the pancreas was rinsed and weighed, pieces of

it were excised from the body portion, fixed in 10%

formalin and stained with hematoxylin and eosin. The

pancreatic samples were examined by a professional

histologist who was unaware of the treatment given.

A histological grading of edema, leukocyte infiltration

and vacuolization were made using a scale ranging

from 0 to 3, as described previously [20, 22].
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Determination of MDA + 4HNE and GSH-Px

activity in the pancreatic tissue

Samples of fresh pancreatic tissue were taken to de-

termine the level of the lipid peroxidation products,

MDA + 4HNE, using the LPO-586 commercial kit,

according to the manufacturer’s protocol. Briefly,

300 mg samples of pancreatic tissue were homoge-

nized in a phosphate buffer (20 mmol/l, pH 7.4) using

a homogenizer Ultra-Turrax T25 from Janke & Kun-

kel IKA – Labortechnik (sample volume 0.5 ml, temp

4°C, 2,400 rev/min for 15 s). Then, 10 µl of 0.5 M bu-

tylated hydroxytoluene in acetonitrile was added to

each sample to prevent tissue oxidation. Samples

were centrifuged, and the pellets were immediately

frozen at –70°C until assay. MDA + 4HNE was meas-

ured in duplicate and expressed as nmol/g of tissue.

To determine the activity of GSH-Px, samples of

pancreatic tissue were perfused with 0.9% NaCl, fol-

lowed by homogenization and centrifugation, as de-

scribed above. The colorimetric assay was used to as-

sess the GSH-Px activity. This activity was measured

in duplicate and expressed as µmol/g of pancreatic tis-

sue.

Statistical analysis

The differences between the mean values of various

groups of experiments were compared using an ANOVA

and Student’s t-test for unpaired data. The Mann-

Whitney non-parametric U test was used for unpaired

variables. A difference with a p value of < 0.05 was

considered statistically significant. Results are ex-

pressed as the means ± SEM.

Results

In the control rats with an intact pineal gland, the

mean pancreatic weight was 880 ± 70 mg, and the se-

rum lipase level was 84 ± 10 IU/l. Pinealectomy alone

had no significant effect on pancreatic weight, pancre-

atic morphology or the serum lipase concentration

(Tab. 1, Figs. 2 and 3).

The subcutaneous infusion of caerulein produced

AP in all animals tested. In the rats with an intact pin-

eal gland, administration of the caerulein led to a sig-

nificant increase in pancreatic weight (1,780 ± 150 mg)

and serum lipase level (10,072 ± 2,380 IU/l; Figs. 2

and 3). In the AP rats, typical pancreatic lesions were

observed, and the pancreas was enlarged. Peritoneal

fluid was present in all animals. Edema was accompa-

nied by the perivascular infiltration of leukocytes and

the vacuolization of the acinar cells (Tab. 1).

Pinealectomy resulted in a significant aggravation

of AP, which manifested as a marked increase in the

pancreatic weight (2,220 ± 150 mg) and plasma lipase

concentration (15,900 ± 1,140 IU/l). These values

were significantly higher than the values observed in

rats with an intact pineal gland (Figs. 2 and 3). In ad-

dition, the histological manifestations of AP, includ-

ing edema and infiltration of pancreatic tissue with

leukocytes, were significantly more extensive in the

AP rats with a pinealectomy (Tab. 1).

As expected, the pretreatment of AP rats with

melatonin significantly and dose-dependently reversed

the harmful effects of AP on pancreatic weight, pan-

creatic morphology and serum lipase concentration in

both groups of rats (Tab. 1, Figs. 1 and 2). Histologi-
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Edema Neutrophil infiltration Vacuolization

Control intact 0.2 ± 0.4 0.0 ± 0.0 0.0 ± 0.0

Control pinealectomy 0.2 ± 0.4 0.0 ± 0.0 0.0 ± 0.0

Intact pineal gand

AP 2.3 ± 0.0 2.1 ± 0.0 2.5 ± 0.2

Melatonin 5 mg/kg, ip + AP 2.0 ± 0.2 2.0 ± 0.2 2.0 ± 0.0

Melatonin 25 mg/kg, ip + AP 0.6 ± 0.2 1.3 ± 0.4 1.1 ± 0.3

Pinealectomy

AP 2.8 ± 0.2* 2.5 ± 0.0* 3.0 ± 0.3*

Melatonin 5 mg/kg, ip + AP 2.1 ± 0.5 2.2 ± 0.4 2.2 ± 0.4

Melatonin 25 mg/kg, ip + AP 0.8 ± 0.4 1.0 ± 0.2 1.0 ± 0.3
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cal assessment showed a beneficial effect of mela-

tonin pretreatment in pancreatic tissue from both

sham-operated and pinealectomized rats (Tab. 1).

The melatonin concentration from the serum was

77 ± 11 pg/ml in the sham-operated animals. In the

rats with AP, the serum melatonin level was signifi-

cantly increased (204 ± 50 pg/ml), compared to the

control animals (Fig. 4). Pinealectomy alone resulted

in a dramatic reduction of indoleamine immunoreac-

tivity in both groups of animals with or without the in-

duction of AP (Fig. 3). Treatment with melatonin pro-

duced a dose-dependent increase in serum indo-

leamine levels (Tab. 2, Fig. 4).
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Rats with intact
pineal gland

Rats with removed
pineal gland

Control 77 ± 11 1.7 ± 0.1

Melatonin
5 mg/kg, ip

490 ± 100* 570 ± 80*

Melatonin
25 mg/kg, ip

1280 ± 80* 1350 ± 220*



Under normal conditions, MDA + 4HNE levels

were low in the pancreatic tissue (6.5 ± 1.0 nM/g of

tissue), and pinealectomy alone did not alter these

levels (8.7 ± 1.3 nM/g of tissue; Fig. 5). The induction

of AP resulted in the marked increase of these lipid

peroxidation products in the pancreases of both intact

(25.0 ± 1.0 nM/g of tissue) and pinealectomized rats

(32.1 ± 1.2 nM/g of tissue). However, in the pinealec-

tomized animals, the increase in MDA + 4HNE levels

was significantly higher than in animals with an intact

pineal gland (Fig. 5). Following the administration of

higher doses of melatonin in AP rats, the pancreatic

content of MDA + 4HNE was normalized in the ani-

mals with an intact pineal gland (10.0 ± 1.5 nM/g of

tissue), and it was strongly reduced in the pinealecto-

mized animals (15. 1 ± 1.8 nM/g of tissue; Fig. 5).

In the intact rats, the pancreatic activity of GSH-Px

was 27.5 ± 2.0 µM/g of tissue. This activity was re-

duced in pinealectomized animals to 19.5 ± 2.0 µM/g

of tissue (Fig. 6). The induction of AP led to a marked

drop in the GSH-Px activity in the pancreases of both

intact (15.2 ± 3.5 µM/g) and pinealectomized rats

(11.3 ± 2.0 µM/g of tissue). The administration of

melatonin prior to the onset of AP led to a dose-

dependent enhancement of GSH-Px activity. Pretreat-

ment with higher doses of melatonin in AP rats sig-

nificantly elevated the GSH-Px activity in the pancreas

of animals with intact pineal glands (25.0 ± 4.0 µM/g
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of tissue) and in the pinealectomized animals (17.3 ±

3.0 µM/g of tissue; Fig. 6).

of tissue) and in the pinealectomized animals (17.3 ±

3.0 µM/g of tissue; Fig. 6).

Discussion

The results of the present study show, for the first

time, that removal of the pineal gland results in a sig-

nificant aggravation of acute caerulein-induced pan-

creatitis in rats. The injection of exogenous melatonin

reversed the harmful effects of pinealectomy in rats

subjected to acute inflammation.

In addition to the pineal gland, melatonin is pro-

duced in the gastrointestinal tract and released, under

some circumstances, into circulation [8, 17]. The

physiological role of the melatonin produced in the

gut remains unclear. In the gastrointestinal system,

melatonin relaxes the smooth muscles of the gut and

blood vessels and increases mucosal blood flow, thus

preventing the development or initiating the healing of

gastric and intestinal ulcers [6, 23, 49, 51, 52]. It is also

an effective agent against experimental colitis [48].

In the pancreas, melatonin has been shown to

modulate pancreatic enzyme secretion and to attenu-

ate AP in various experimental models [10, 11, 18–20,

22, 30, 46, 50]. Melatonin exerts its beneficial effects

through several mechanisms, including scavenging

free radicals, activating antioxidative enzymes, inhib-

iting neutrophil infiltration, promoting neutrophil

apoptosis, modulating cytokine production and alter-

ing the generation of pancreatic prostaglandins [10,

11, 18, 22, 30, 46, 50]. In addition, the melatonin pre-

cursor, L-tryptophan, increases the level of melatonin

in the blood and attenuates AP in rats [22, 26, 50]. In

agreement with the above observations, the admini-

stration of luzindole, an MT2 melatonin receptor an-

tagonist, aggravates AP, indicating that the effect of

melatonin in curtailing the inflammatory response

may involve an action of melatonin on receptors [20].

Both melatonin receptor subtypes MT1 (through the

reduction of cAMP) and MT2 (through the cGMP sig-

nalling pathway) contribute to the insulin-inhibiting

effect of melatonin [43, 44].

Although the gastrointestinal tract is the largest

source of melatonin in the organisms, pineal mela-

tonin has been implicated in physiological develop-

ment and defense against many gastrointestinal tis-

sues [5]. Removal of the pineal gland results in dimin-

ished glucose tolerance and insulin resistance [34].

Pinealectomy also leads to oxidative and structural

damage in the liver. All of the above changes are di-

minished by melatonin treatment [42].

Life-long observations of rats subjected to pin-

ealectomy revealed that the deficiency of melatonin

leads to an increased generation of free radicals in tis-

sues and an accelerated accumulation of oxidatively

damaged products in the liver, kidney and pancreas [39,

42]. In pinealectomized animals, degenerative changes

have also been observed in the heart and the central

nervous system [13, 24, 28]. Removal of the pineal

gland and the subsequent reduction of pineal mela-

tonin make the organism more vulnerable to trauma,
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aggravate ischemic damage in the brain and spinal

cord and facilitate epileptogenic processes [1, 14]. In

rats subjected to pinealectomy, a significant increase in

lipid peroxidation products and a marked reduction of

the antioxidative enzymes have been shown [1, 2, 12,

14, 15, 24, 32]. These changes are invariably reversed

by melatonin substitution [13, 14, 24, 28].

The current findings reinforce the observations

concerning the increased susceptibility of pinealecto-

mized animals to inflammatory tissue damage. In this

study, we demonstrated that rats deprived of pineal

melatonin exhibited an aggravation of AP, as indi-

cated by the marked increase in serum lipase activity

and the significantly higher accumulation of lipid per-

oxidation products in the pancreatic tissue compared

to animals with intact pineal glands. Additionally, the

activity of the antioxidative enzyme GSH-Px, which

is considered to be an indicator of AP severity [53],

was significantly reduced in the tissue of pinealecto-

mized rats. These observations are consistent with re-

ports showing that pinealectomy leads to a reduction

in GSH-Px in the serum, central nervous system and

renal tissue [1, 12, 29].

A major finding of this study is that pineal mela-

tonin is implicated in protecting the pancreatic tissue

from acute inflammation. Melatonin is released from the

pineal gland at night, whereas gastrointestinal melatonin

production is dependent on food intake [3, 4, 7]. Given

that melatonin levels in the blood are higher at night

than during the day, it appears that the nocturnally ele-

vated levels of melatonin are sufficient to modulate the

inflammatory process in the pancreas [21].

In conclusion, the results of this study show that

pinealectomy aggravates AP, and this effect is related

to the dramatic reduction in melatonin levels and low

antioxidative enzyme concentrations in the pancreatic

tissue of the pinealectomized animals. This observa-

tion supports the hypothesis that pineal melatonin

plays a role in the physiological protection of the pan-

creas against damage by acute inflammation.
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