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Pathophysiologic Mechanisms of Hypothermia-Induced
Pancreatic Injury in a Rat Model of Body Surface Cooling

Hiroyuki Inoue, MD,* Keisuke Harada, MD, PhD,* Eichi Narimatsu, MD, PhD,* Shuji Uemura, MD, PhD,*
Wakiko Aisaka, MD,† Naofumi Bunya, MD,* Kazuhito Nomura, MD,* and Yoichi Katayama, MD*

Objective: The mechanisms underlying hypothermia-induced pancreatic
injury are unclear. Thus, we investigated the pathophysiology of hypothermia-
induced pancreatic injury.
Methods: We created a normal circulatory model with body surface
cooling in rats. We divided the rats into control (36°C–38°C), mild hypo-
thermia (33°C–35°C), moderate hypothermia (30°C–32°C), and severe hy-
pothermia (27°C–29°C) (n = 5 per group) groups. Then, we induced
circulatory failure with a cooling model using high-dose inhalation anes-
thesia and divided the rats into control (36°C–38°C) and severe hypother-
mia (27°C–29°C) (n = 5 per group) groups. Serum samples were collected
before the introduction of hypothermia. Serum and pancreatic tissue were
collected after maintaining the target body temperature for 1 hour.
Results: Hematoxylin and eosin staining of the pancreas revealed vacu-
oles and edema in the hypothermia group. Serum amylase (P = 0.056), lac-
tic acid (P < 0.05), interleukin 1β (P < 0.05), interleukin 6 (P < 0.05), and
tumor necrosis factor α (P = 0.13) levels were suppressed by hypothermia.
The circulatory failure model exhibited pancreatic injury.
Conclusions: Hypothermia induced bilateral effects on the pancreas.
Morphologically, hypothermia induced pancreatic injury based on charac-
teristic pathology typified by vacuoles. Serologically, hypothermia induced
protective effects on the pancreas by suppressing amylase and inflamma-
tory cytokine levels.

Key Words: accidental hypothermia, hypothermia therapy, acute
pancreatitis, hyperamylasemia, vacuole, bilateral effects

(Pancreas 2021;50: 235–242)

H ypothermia often results in pancreatic injury expressed as
hyperamylasemia or acute pancreatitis. Serum amylase levels

increase in about half of cases with accidental hypothermia, de-
fined as a core body temperature below 35°C.1,2 Recently, the cor-
relation between hypothermia and pancreatic injury3 and other
cases of pancreatic injury after thoracotomy under systemic hypo-
thermia management4 has been reported. Furthermore, pancreatic
injury during targeted temperature management therapy for post–
cardiac arrest syndrome and severe head injury has been reported
in the intensive care unit.5–7 Acute pancreatitis due to hypothermia
can be severe, and some patients die if treatment is difficult. Com-
puted tomography images are characterized by acute pancreatitis
caused by hypothermia, with strong pancreatic edema and a wide
range of changes in tissues around the pancreas, but less contrast

effect of pancreatic parenchyma.8 The pathophysiology underly-
ing hypothermic pancreatitis may differ from that of general acute
pancreatitis, including alcoholic diseases, in which autolysis and
necrosis are the key pathological features. However, the exact
pathogenic mechanisms of hypothermia-induced pancreatitis are
poorly recognized. Therefore, it is necessary to investigate whether
hypothermia itself or a secondary mechanism causes pancreatic
injury. Elucidating this pathology will aid in preventing and
treating pancreatic injury and is therefore a critical unmet need.
We hypothesized that a characteristic pancreatic morphological
change occurs according to the temperature, and the invasive cas-
cade is triggered in response to low temperature. In this study, se-
rological and histological studies were conducted to investigate
the mechanisms of hypothermia-induced pancreatic injury using
an animal model of body surface cooling.

MATERIALS AND METHODS

Experimental Animals
Seven-week-old male Sprague-Dawley rats weighing 250 to

350 g (Sankyo Labo Service, Tokyo, Japan) were used. Animals
were individually housed in cages at our central animal facility
with access to standard laboratory chow diet and tap water ad
libitum. The ambient temperature was maintained at 22°C to 24°C
with a 12-hours light-dark cycle.

All experiments were conducted in accordance with the
Committee of the Ethics on Animal Experiments in SapporoMed-
ical University School of Medicine (number 17-006) and were
performed following our institutional guidelines on animal wel-
fare and according to animal experimentation guidelines and laws
of the Japanese government.

Experimental Protocol

Experiment 1: Normal Circulatory Model
The first part of experiment investigated the influence of hy-

pothermia on the pancreas under normal circulatory conditions.
Rats were divided into the following 4 groups: control group
(NT; normothermia, 36°C–38°C, n = 5), mild hypothermia group
(HT1; 33°C–35°C, n = 5), moderate hypothermia group (HT2;
30°C–32°C, n = 5), and severe hypothermia group (HT3; 27°C–
29°C, n = 5). In each group, 1.5 mL of blood was collected from
the tail artery after general anesthesia. Subsequently, the core tem-
perature was rapidly lowered to the target temperature by body
surface cooling in each group, and the temperature was main-
tained for 1 hour. Next, 1.5 mL of blood was again collected from
the tail artery, and pancreatic tissue was removed by laparotomy.
Animals were killed by inhalation of lethal dose of 5% isoflurane.

Experiment 2: Circulatory Failure Model
The second part of experiment investigated whether pancre-

atic ischemia due to circulatory failure was the cause of pancreatic
injury. Rats were divided into the following 2 groups: control
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group (NT; normothermia, 36°C–38°C, n = 5) and severe hypo-
thermia group (HT; 27°C–29°C, n = 5). These animals were dif-
ferent from those used in experiment 1. A circulatory failure
model, defined as being incapable of measurement by a saturation
monitor, was created using the circulatory inhibitory effect of
isoflurane overdose.9 When saturation measurements attached to
the foot were disabled, pulse waves disappeared. In each group,
1.5 mL of blood was collected from the tail artery after general an-
esthesia. In the control group, isoflurane was gradually increased
and maintained for 1 hour when the oxygen saturation monitor at-
tached to the foot became unmeasurable because of blood pressure
drop. In the HT group, body temperature was lowered simulta-
neously with increasing isoflurane delivery. When the target tem-
perature was reached and oxygen saturation monitor became
unmeasurable, conditions were maintained for 1 hour. Thereafter,
in both groups, 1.5 mL of blood was again collected from the tail
artery, and pancreatic tissue was collected by laparotomy. Animals
were killed by inhalation of lethal dose of 5% isoflurane.

Anesthesia and Body Temperature Control

For inhalation anesthesia, an isoflurane vaporizer (Vapor 2000;
Dräger US, Telford, Pa) was used. By setting the vaporizer dial
at 2%, isoflurane anesthesia mixed with oxygen was induced for
3 minutes. The oxygen flow rate to the chamber was 1.5 L/min.
Rats were placed on a heating mat in supine position, with a nose
mask. Anesthesia was maintained with isoflurane. Parameters
(SpO2, heart rate, respiratory rate, and body temperature) were re-
corded for 5 minutes. Subsequently, the dial indicator of isoflurane
vaporizer was changed to 1% to 3% to stabilize cardiorespiratory
parameters.

In the hypothermia groups, hypothermiawas induced using a
cold mattress. Active cooling was achieved by placing ice packs
around the body. Body temperature was maintained at the target
temperature in each group, as monitored by a rectal thermometer
(BWT-100A; Bio Research Center, Nagoya, Japan). A thermistor
probe was inserted 50 mm into the rectum to monitor core
temperature.

Experimental Procedures

Serological Analysis
Levels of serum amylase, lactic acid, lactate dehydrogenase

(LDH), and invasive inflammatory cytokines (interleukin [IL]-1β,
IL-6, and tumor necrosis factor α [TNF-α]) were measured to in-
vestigate pancreatic injury, tissue ischemia, pancreatic cell necrosis,
and biological invasion, respectively. Blood was obtained by tail
artery puncture and drawn into a blood collection tube containing
ethylenediaminetetraacetic acid as an anticoagulant. Serum was
isolated by centrifugation at 3000 bpm for 10 minutes and stored
at −80°C until analysis. Serum biochemistry (amylase, lactic acid,
and LDH) activity was measured using an automatic biochemistry
analyzer (Type 7180; HITACHI, Tokyo, Japan). Serum cytokine
(IL-1β, IL-6, and TNF-α) levels were determined using Luminex
(200 xPONENT System; Merck, Darmstadt, Germany) assay rat
cytokine/chemokine kits (RECYTMAG-65 K; Merck) according
to the manufacturers' protocols. Luminex assays used color-coded
superparamagnetic beads coated with analyte-specific antibodies.
Beads recognizing different target analytes were mixed together
and incubated with the sample. Captured analytes were subse-
quently detected using a cocktail of biotinylated detection anti-
bodies and a streptavidin-phycoerythrin conjugate.

Morphological Examination
Pancreas tissue staining was used to observe pancreatic mor-

phological changes. Because this model used systemic hypother-
mia induction, samples from other vital organs (eg, lung, liver,
and kidney) were analyzed for morphological damage. Tissues
were rapidly isolated and immediately fixed in 10% formalin.
The tissues were subsequently embedded in paraffin, cut into
3-μm-thin sections, and stained with hematoxylin and eosin
(HE). The tissues were evaluated using a light microscope. Histo-
pathological evaluation was conducted by qualitative evaluation
according to a previous study.10 A person blinded to the experi-
ment performed HE staining evaluation.

Confirmation of Apoptosis
Apoptosis was quantified in pancreatic tissue or isolated ac-

inar cell samples using the terminal deoxynucleotidyl transferase–
mediated dUTP nick-end labeling (TUNEL) assay. All specimens
showing pancreatic cell necrosis by HE staining were subjected to
TUNEL staining. Tissues were fixed in 10% formalin and embed-
ded in paraffin, and 4-μm thin sectionswere affixed to glass slides.
Sections were stained with terminal deoxynucleotidyl transferase
and fluorescein isothiocyanate–labeled dUTP according to the
manufacturer's protocol. The numbers of apoptotic cells were
counted at 200× magnification. Apoptotic index was calcu-
lated as the percentage of stained cells, as described previously.11

A person blinded to the experiment performed the evaluation.

Content Analysis of Tissue (Immunostaining)
To examinewhether the pancreatic tissue structure contained

amylase, immunostaining was performed. All specimens showing
vacuoles in HE staining were immunostained. Immunostaining
using an antiamylase antibody was conducted to assess whether
the liquid inside the vacuoles was a pancreatic enzyme. Formalin-
fixed, 4-μm serial sections from paraffin-embedded rat pancreas tis-
sue slices were incubated in a citrate buffer (pH 9.0) and placed in
an autoclave at 100°C for 20 minutes. Endogenous peroxidase was
blocked by incubation with 3% hydrogen peroxide, and the slides
were washed with phosphate-buffered saline. Pancreatic cells were
stained for pancreatic α-amylase using a rabbit anti-pancreatic
α-amylase antibody (ab231119; Abcam, Tokyo, Japan), accord-
ing to the manufacturer's instructions for the secondary antibody
reaction. Staining was visualized with diaminobenzidine tetrahy-
drochloride for the peroxidase reaction.

Statistical Analysis
All continuous variables are expressed as median and inter-

quartile range. The Mann-Whitney U test was used to compare
the 2 groups, whereas the Kruskal-Wallis 1-way analysis of vari-
ance was used to compare multiple groups. The Fisher exact test
was used for categorical variables. A 2-tailed P value of <0.05
was considered statistically significant. All statistical analyses
were performed using SPSS version 25.0 (IBM, Armonk, NY).

RESULTS

Experiment 1: Normal Circulatory Model

Serological Analysis
Serological analysis results are presented in Figures 1A to F.

As body temperature decreased, serum amylase levels tended to
decrease, albeit without statistical significance (P = 0.056). Lactic
acid levels significantly decreased as body temperature decreased
(P = 0.021). Lactic acid levels did not increase in all groups,
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providing evidence for a normal circulatory model. As body temper-
ature decreased, levels of cytokines (IL-1β, IL-6, and TNF-α) also
decreased. Statistically significant differences were observed for
IL-1β (P = 0.011) and IL-6 (P = 0.013). Serum LDH levels, which
were measured as an indicator of pancreatic cell necrosis, did not
change with body temperature fluctuations. In summary, hypother-
mia inhibited the release of serum amylase, lactate, and cytokines.

Histological Examination
Hematoxylin and eosin staining results are presented in

Figures 2A to D. Findings indicative of pancreatic injury, includ-
ing vacuoles, tissue edema, and necrotic acinar cells, were ob-
served. Tissue changes characteristic of pancreatic injury due to
hypothermia were evident. Table 1A shows the frequency of these
findings in each group and tissue differences depending on tem-
perature. The appearance of vacuoles significantly increased with
decreasing body temperature (P = 0.008) and was observed in all
cases in HT3. Besides vacuoles, edema and necrotic acinar cells
were observed following hypothermia; however, no bleeding or
inflammatory cell infiltration was noted. Furthermore, no charac-
teristic morphological damage due to hypothermiawas detected in
other organs (liver, lung, and kidney).

Experiment 2: Circulatory Failure Model

Serological Analysis
Serological analysis results are presented in Figures 3A to E.

Serum amylase levels were not significantly different after

circulatory failure (P = 0.37) and not suppressed by hypothermia
(P = 0.31). Lactic acid levels were significantly increased in the
control group (P = 0.017) but suppressed in the HT group
(P = 0.008). Cytokine levels in the control group in the circulatory
failure model were not significantly increased. No significant dif-
ferences in all cytokine levels were observed between the NT and
HT groups.

Histological Examination
Table 1B shows the histological changes in each group in the

circulatory failure model. In the HT group, vacuoles were ob-
served in all cases, and bleeding was observed in 4 of 5 cases
(P = 0.048). Edema and necrotic acinar cells appeared to the same
extent at both normal and hypothermic temperatures. Histological
features of pancreatic injury were observed following circulatory
failure. The appearance of pancreatic injury was more frequent af-
ter hypothermia.

Specific Staining Experiments

Terminal Deoxynucleotidyl Transferase–Mediated
dUTP Nick-End Labeling

Terminal deoxynucleotidyl transferase–mediated dUTP nick-end
labeling staining results are shown in Figures 4A and B. The per-
centages of TUNEL-positive cells were 0.2%, 0.47%, 0%, and
0.23% for NT, HT1, HT2, and HT3, respectively, in the normal
circulatory model and 0% and 1% for NT and HT, respectively,

FIGURE1. Serological analysis results in normal circulatorymodel. Box plot depicts themedian and interquartile range; whiskers indicate 10th
and 90th percentiles. There are 4 groups as follows: control group (NT; normothermia, 36°C–38°C, n = 5), mild hypothermia group (HT1;
33°C–35°C, n = 5),moderate hypothermia group (HT2; 30°C–32°C, n = 5), and severe hypothermia group (HT3; 27°C–29°C, n = 5). *P <0.05. A,
Serum amylase levels. Serum amylase levels tended to be suppressed with decreasing body temperature. B, Serum lactic acid levels. Lactic acid
levels increasedwith decreasing body temperaturewith a statistically significant difference betweenNT andHT3 (P = 0.021). C, Serum LDH levels.
Serum LDH levels were not significantly altered by the intervention. D, Serum IL-1β levels. E, Serum IL-6 levels. F, Serum TNF-α levels. With the
exception of TNF-α, cytokine level elevation was suppressed with hypothermia between NT and HT3 (IL-1β; P = 0.011, IL-6; P = 0.013).
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in the circulatory failure model. These numbers reflect normal tis-
sue turnover with apoptotic cells.

Immunostaining
Immunostaining results are shown in Figures 4C to F. The

content of vacuoles formed in pancreatic acinar cells exhibited im-
munostaining for amylase.

DISCUSSION
This study clarified the mechanisms of pancreatic injury during

hypothermia.Morphologically,we observed pancreatic injury follow-
ing hypothermia and circulatory failure. Serologically, hypothermia
suppressed pancreatic enzymes and inflammatory cytokines.

Histological features of alcoholics and common acute pan-
creatitis predominantly constitute inflammatory cell infiltration
and bleeding, whereas vacuoles and edema are characteristically
observed in autopsy cases of accidental hypothermia in humans.10

In the normal circulatory model in this study, HE staining revealed
vacuoles and edema in pancreatic tissue following hypothermia.

As body temperature decreased, vacuoles appeared more fre-
quently and were observed in all cases in HT3.

Hypoxia due to hypothermia and circulatory disturbances re-
sult in acinar cell wall damage, and pancreatic fluid secretion dis-
order causes enzymes to remain in acinar cells. If a vacuole
ruptures, it may undergo self-digestion and is considered an or-
ganelle triggering the onset of cytotoxicity due to acute pancreati-
tis.12 In this study, immunostaining was performed using an
antiamylase antibody to confirm whether the substance stored in-
side the vacuoles, which were frequently observed in the model of
body surface cooling hypothermia, was a pancreatic enzyme. Pan-
creatic acinar cells, including contents in the vacuoles, were
immunopositive, suggesting that amylase was present inside the
vacuoles.

Hypothermia induction causes pancreatic edema. Hypother-
mia exacerbates pancreatic edema in rats with cerulein-induced
acute pancreatitis.13 The mechanism of pancreatic edema due to
hypothermia is cell damage from reduced adenosine triphosphate
production resulting from decreased pancreatic temperature and
ischemia.

FIGURE 2. Histological findings of pancreatic injury by hypothermia with HE stain. Representative optical microscopic images are shown. The
arrowheads indicate characteristic parts. A, Vacuoles (�400). B, Edema (�100). C, Necrotic acinar cell (�400). D, Bleeding (�200).

TABLE 1. Number of Specimens Positive for Pancreatic Histologic Findings in 2 Experimental Models

A. Normal Circulatory Model B. Circulatory Failure Model

Histological Findings
NT

36°C–38°C
HT1

33°C–35°C
HT2

30°C–32°C
HT3

27°C–29°C P
NT

36°C–38°C
HT

27°C–29°C P

Vacuole 0 2 4 5 <0.05 2 5 0.17
Edema 0 3 3 4 0.14 4 5 1
Necrotic acinar cell 1 3 4 4 0.33 4 4 1
Bleeding 1 0 0 0 1 0 4 <0.05

Hematoxylin and eosin staining was used in the histological examination (n = 5 in each group).

NT indicates normothermia; HT1, mild hypothermia group; HT2, moderate hypothermia group; HT3, severe hypothermia group; HT, hypothermia group.
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Histologically, hypothermia induced pancreatic injury in our
model. However, hypothermia could protect the pancreas against
acute injury.14,15 In a rat model of drug-induced pancreatitis, hy-
pothermia reduced pancreatic necrosis and suppressed serum am-
ylase levels.16 In this study, serum amylase tended to decrease as
body temperature decreased. The increase in serum lactic acid
levels because of tissue injury was suppressed in the HT group, in-
dicating the protective effect of hypothermia.

Inflammatory cytokines were reduced in the hypothermic
model, which was unexpected becausewe anticipated a pancreatic
attack by cytokines due to hypothermic invasion. Interleukin 6,
IL-1β, and TNF-α are key cytokines responsible for the early in-
flammatory process in a rat model of acute pancreatitis. The oc-
currence of acute pancreatitis is suppressed by blocking IL-6,

IL-1β, and TNF-α.17,18 Thus, hypothermia may suppress pancre-
atic injury by cytokine suppression.

Hypothermic injury was not observed serologically in the
normal circulatory model. A study of accidental hypothermia re-
ported that blood pressure decreased in the groupwith pancreatitis.3

Moreover, posttransplant pancreatitis caused by pancreatic ische-
mia has been discussed in pancreatic transplant research.19–21

Hence, we conjectured that circulatory disturbances and
hypothermia-induced pancreatic ischemia caused pancreatic
injury, subsequently generating a circulatory failure model.

When circulatory failure occurred, lactic acid levels increased,
indicating a successful model of circulatory failure. If insufficient
oxygen is supplied to tissues because of circulatory failure, anaer-
obic glycolysis is enhanced, resulting in hyperlactic acidemia.

FIGURE 3. Serological analysis results in circulatory failure model. Box plot indicates the median and interquartile range; whiskers show 10th
and 90th percentiles. There are 2 groups as follows: control group (NT; normothermia, 36°C–38°C, n = 5) and severe hypothermia group
(HT; 27°C–29°C, n = 5). *P < 0.05. A, Serum amylase levels. There was no significant difference in serum amylase levels. B, Serum lactic acid
levels. Lactic acid levels increased with a decrease in blood pressure (P = 0.017), and the increase was suppressed with hypothermia
(P = 0.008). C, Serum IL-1β levels. D, Serum IL-6 levels. E, Serum TNF-α levels. Serum cytokine levels were not altered in either the control or
hypothermia group.
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Pancreatic tissue exhibited injuries, including edema, necrotic ac-
inar cells, and vacuoles due to circulatory failure. Circulatory fail-
ure at normal body temperature caused morphological pancreatic
injury. Furthermore, in the HT group, vacuoles and edema, which
are characteristic of hypothermia, occurred in all cases, and bleed-
ing was frequent besides necrotic acinar cells. Thus, circulatory
failure caused pancreatic injury, and the combination of circula-
tory failure and hypothermia caused more severe injury.

Serologically, amylase tended to increase because of circula-
tory failure, but there was a tendency for suppression of amylase
elevation at low body temperature. As such, serum amylase level
was suppressed even with extensive tissue injury. Lactic acid
levels were also suppressed, suggesting that hypothermia was se-
rologically protective in a circulatory failure model. In the circu-
latory failure model, cytokine levels were not increased in the
control or HT groups, possibly because deep anesthesia with
isoflurane used to introduce circulatory failure may have sup-
pressed cytokines.22

Circulatory failure caused pancreatic damage both serolog-
ically and histologically at normal body temperature. Hypother-
mia damaged the pancreas with or without circulatory failure.
Histological damage was stronger in the HT group than in the

NT group. If circulatory failure occurs because of severe hypo-
thermia, intense pancreatic tissue injury will occur. However, se-
rologically, hypothermia protected against increases in amylase
and lactic acid levels.

The indirect mechanism via cytokine suppression is consid-
ered a mechanism of pancreatic injury suppression by hypother-
mia. Other mechanisms may include reducing the metabolic rate
of cells, reducing or stopping the process of pancreatic enzyme
synthesis and release,23,24 and protective effects of acinar cells
by inducing apoptosis.25,26

Necrosis was observed in the tissue. In cases of common
acute pancreatitis such as in alcoholics, pancreatic cell necrosis
is evaluated by elevated serum LDH levels.27 In this study, ne-
crotic acinar cells were observed because of hypothermia and cir-
culatory failure, but serum LDH levels did not increase with
hypothermia. Serologically, the occurrence of pancreatic cell ne-
crosis because of hypothermia was unclear. The protective sero-
logical effects could arise because acinar cells may be protected
by apoptosis against hypothermic invasion.28 As a result of ob-
serving all pancreatic tissues in which necrotic acinar cells were
observed by HE staining with TUNEL staining, only a small de-
gree of apoptosis was observed, and there was no association with

FIGURE 4. Pathohistological microscope images of pancreatic tissue with specific staining. A, Terminal deoxynucleotidyl
transferase–mediated dUTP nick-end labeling (�100) and (B) TUNEL (�200). Few cells were positively stained with the TUNEL stain in all
pancreatic injury specimens. C, Hematoxylin and eosin stain (�400, the same location as D). D, Immunostaining with the antipancreatic
α-amylase antibody (�400). E, Hematoxylin and eosin stain (�200, the same location as F). F, Immunostaining with the antipancreatic
α-amylase antibody (�200). The insides of vacuoles formed in pancreatic acinar cells were stained, indicating the presence of amylase.
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hypothermia. Apoptosis is thus unlikely to be a mechanism of
pancreatic protection by hypothermia.

Based on these findings, hypothermia caused pancreatic in-
jury that exhibited characteristic histological findings, including
vacuoles and edema. Conversely, hypothermia suppressed serum
amylase and cytokines. This simultaneous dual effect could sug-
gest tissue remodeling with suppression of proinflammatory and
autodigestive effects. In summary, we propose a balance theory
as a mechanism underpinning pancreatic injury observed in clini-
cal practice. In a state of hypothermia, protective and injurious
actions are balanced. When protective actions are released by re-
covery from hypothermia, injuries manifest. A study on islet trans-
plantation reported in vitro damage to islet cells because of
rewarming after cold storage.29,30 Endocrine activity may be sup-
pressed by hypothermia and pancreatic blood flow reduction. Dur-
ing rewarming, pancreatic reperfusion increased inflammatory
responses and endocrine responses (counter-regulation), rupture
of vacuoles, and leakage of stored amylase, resulting in pancreatic
injury (serum amylase level elevation). In the future, the effects of
rewarming from hypothermia on the pancreas should be assessed.
The authors will continue the experiment to evaluate whether
these morphological changes are reversible or partially reversible.

Considering the possibility of pancreatic injury, cases of ac-
cidental hypothermia or hypothermia management for therapeutic
purposes should be followed up by repeatedly assessing physical
findings, including abdominal pain, and carefully performing
blood and imaging examinations. When the possibility of acute
pancreatitis development is deemed to be relatively high, imple-
mentation of early prophylactic interventions, including dietary
management and protease inhibitors, should be considered. Al-
though the morphological mechanisms have been partly clari-
fied, the mechanisms of injury differ from those of general
acute pancreatitis based on histology. Hypothermia can be acci-
dental because of a cold environment but is necessary for hypo-
thermia therapy and hypothermia surgery as a treatment. Hence,
elucidating the mechanisms of hypothermia-induced pancreatic
injury is important. If research on preservation technology pro-
gresses, the influence of hypothermia on organs, including the
pancreas, will be manifested. Therefore, these findings form a
basis for future research.

This study had some limitations. First, in the body surface
cooling model, the core body temperature measurement site used
as an index was the rectum based on clinical practice. Rectal tem-
perature does not directly indicate pancreatic temperature itself,
and actual effects on the pancreas were not determined. Second,
the circulatory state of the normal and circulatory failure models
was determined using an oxygen saturation monitor placed on
the foot. Evaluation did not involve the actual measurement of
pancreatic blood flow. It is unclear which circulatory state pro-
vides the optimal measurement site that reflects the pancreatic cir-
culation. Third, the effect of isoflurane on the pancreas was not
considered. However, the amount of isoflurane metabolized in
the rats' body is <0.2% of the inhaled volume, and virtually all
isoflurane is excreted without being metabolized from the lungs.31

In this study, we succeeded in creating a body surface cooling
model in rats. Hypothermiawas observed to induce bilateral effects
on the pancreas. Morphologically, hypothermia induced pancreatic
injury based on characteristic pathology typified by vacuoles. Sero-
logically, hypothermia acted to protect the pancreas by suppressing
amylase and inflammatory cytokine levels.
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