
REGULAR ARTICLE

Cotton rat (Sigmodon hispidus) develops metabolic disorders
associated with visceral adipose inflammation and fatty pancreas
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Abstract
Obesity induces metabolic disorders such as type 2 diabetes, hypertension, and cardiovascular diseases and has become a global
health concern. Recent studies imply that fat accumulation in nonadipose tissue correlates with metabolic disorders. However, there
are no suitable animal models to evaluate this phenomenon. This study investigated the characteristics of metabolic disorders found
in cotton rat (Sigmodon hispidus). Blood biochemical examinations revealed that cotton rats, predominantly males, developed
hyperinsulinemia, hyperglycemia, and dyslipidemia when fed a normal diet. The islets increased in size throughβ-cell hyperplasia,
which was associated with serum insulin level in both sexes, strongly indicating insulin resistance. In male cotton rats, oxidative
stress was observed in β cells, and macrophage infiltration into the visceral white adipose tissue was reported, both of which were
associated with serum insulin level without visceral obesity. In contrast, female cotton rats developed hyperinsulinemia without
histopathological changes that were reported in males. Adipocytes were found to be accumulated in the pancreas but not in the liver
of both sexes during aging. Pancreatic fat accumulation was associated with the serum insulin level only in females. Taken together,
cotton rats developed metabolic disorders associated with visceral fat inflammation in the absence of obesity. In addition, pancreatic
ectopic fat may also be related to the early stages of these conditions. Thus, the cotton rat may serve as a novel and useful model for
metabolic disorders characterized by visceral adipose inflammation and ectopic fat accumulation in the pancreas without obesity.
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Introduction

Obesity, characterized by excessive energy storage in
the form of triglycerides in the adipose tissue, has be-
come a global health concern worldwide. Obesity, par-
ticularly visceral fat obesity, induces adipocyte hypertro-
phy and hyperplasia as well as aberrant production of
adipokines in the visceral white adipose tissue (Yao et
al. 2014). Adipokines trigger local chronic inflammation
by recruiting inflammatory cells, which further exacer-
bate obesity (Yao et al. 2014). In addition, adipokines
are known to modulate systemic metabolic homeostasis
by altering glucose absorption and insulin sensitivity in
the liver, skeletal muscle, and adipose tissue itself,
thereby inducing compensatory hyperinsulinemia in re-
sponse to an increase in insulin demand, a condition
termed as insulin resistance (Yao et al. 2014). Thus,
the obesity-inflammation-insulin resistance axis has been
recognized as the basis for several metabolic diseases,
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including type 2 diabetes, hypertension, dyslipidemia,
and cardiovascular diseases (Yao et al. 2014). However, the
involvement of visceral fat obesity in metabolic disorders re-
mains controversial. STAMP2-deficient mice exhibit inflam-
mation restricted to the visceral adipose tissues without vis-
ceral fat obesity and develop spontaneousmetabolic disorders,
which manifest as insulin resistance, glucose intolerance,
hyperglycemia, dyslipidemia, and fatty liver disease
(Wellen et al. 2007). These results indicate that factors
other than obesity may trigger the progression of meta-
bolic disorders. Recent studies have highlighted the as-
sociation between fat accumulation in nonadipose tis-
sues and metabolic disorders in mice and humans
(Wang et al. 2008; Catanzaro et al. 2016). Leptin receptor-
deficient db/db mice that overexpress adipocyte-specific lep-
tin receptor showed a decrease in body weight and fat weight,
but had exacerbated diabetes owing to fat accumulation in
nonadipose tissues such as the liver, heart, skeletal muscle,
and pancreas (Wang et al. 2008). However, little is known
about their pathogenesis and molecular mechanisms, given
the lack of an appropriate animal model because ectopic
fat accumulation is accompanied by visceral obesity
when feeding animals a high-fat diet (Fraulob et al. 2010;
Matsuda et al. 2014).

The cotton rat (Sigmodon hispidus), also known as the
hispid cotton rat, is an experimental rodent originating from
the southern USA. Cotton rats are moderate-sized rodents and
have a weight between 80 and 300 g (Faith et al. 1997) or 70
to 200 g (Niewiesk and Prince 2002). In cotton rats, the
lifespan is about 18 months in the laboratory colonies
(Tajima and Horiuchi 1989), and the life expectancy of 50%
is about 14 months in the inbred strain (Niewiesk and Prince
2002). Although the laboratory cotton rats tend to have shorter
lifespan than the laboratory mice and rats (Tajima and
Horiuchi 1989), their cause of death has been poorly under-
stood. Many studies have reported the association of this ro-
dent with an increased susceptibility to pathogenic human
viruses, protozoans, metazoans, respiratory disease viruses,
and bacteria such as Leishmania and Echinococcus (Kroeze
and Tanner 1985; Azazy et al. 1997; Blanco et al. 2014). In
addition, unique disease phenotypes were identified in cotton
rats, including fragile tails, stomach cancers, and cardiomyop-
athy (Faith et al. 1997). In our previous studies, we identified
additional unique phenotypes such as pharyngeal pouch rem-
nants, female-dominant chronic kidney disease, and pyometra
(Ichii et al. 2016, 2018; Nakamura et al. 2018). These reports
indicate that cotton rat may serve as a useful model for
studying various human diseases, other than just human
infectious diseases. In the present study, we demonstrate
that cotton rats develop metabolic disorders associated
with chronic inflammation in visceral white adipose tis-
sue and ectopic fat accumulation, specifically in the
pancreas, in the absence of obesity.

Materials and methods

Animals

Animal experimentation was performed according to the in-
struction of Hokkaido Institute of Public Health (approval No.
K27-03). Male and female cotton rats were originally provided
by Tanabe Seiyaku Co. Ltd. (Toda, Japan) in 1971 and were
inbred by brother-sister mating since 1982 at the Hokkaido
Institute of Public Health (Sapporo, Japan) under conventional
conditions (Waldum et al. 1999). The animals were allowed
free access to tap water and commercial diet (CMF, 20% of
calories from fat, Oriental Yeast Co., Ltd., Tokyo, Japan). The
animals were divided into three life stages: juvenile (approxi-
mately 1–3 months of age), adult (approximately 6–8 months
of age), and old (9–12 months of age) (Faith et al. 1997).

Blood examination and urinalysis

Blood was collected from the vena cava under deep anesthesia
with isoflurane at 2 to 5 p.m., and serum was prepared by
centrifugation. Levels of glucose, triglyceride, total cholester-
ol (T-Cho), high-density lipoprotein cholesterol (HDL-Cho),
uric acid, aspirate aminotransferase (AST), alanine amino-
transferase (ALT), and lipase were measured using a Fuji
Dri-Chem 7000v instrument (Fujifilm, Tokyo, Japan). Non-
HDL-Cho was calculated by subtracting HDL-Cho from T-
Cho, and the atherogenic index was calculated by dividing
non-HDL-Cho from HDL-Cho (Kayamori and Igarashi
1994). Free fatty acid (FFA) level was measured using the
NEFA C-test kit (Wako, Osaka, Japan). Insulin concentration
was analyzed using an enzyme-linked immunosorbent assay
(ELISA, ultra-sensitive rat insulin ELISA kit, Morinaga,
Kanagawa, Japan). Voided urine was collected and urine glu-
cose levels were measured using urine test strips (Siemens
Healthineers, Forchheim, Germany).

Histopathological analysis

Cotton rats were euthanized by cutting the abdominal aorta.
Their pancreas, visceral fat, and liver were fixed using 10%
neutral-buffered formalin, followed by paraffin embedding.
The sections were stained with hematoxylin and eosin (HE).
Immunostaining was performed to detect glucagon (for α
cell), insulin (for β cell), proliferating cell nuclear antigen
(PCNA, for proliferating cell), 4-hydroxy-2-nonenal-
modified proteins (4-HNE, for oxidative stress-related lipid
peroxidation products), and Iba1 (for macrophages). The de-
tails of the procedures are listed in Table 1. In brief, the
deparaffinized sections were heated for antigen retrieval and
incubated with primary and secondary antibodies, as previ-
ously reported (Ichii et al. 2016, 2018; Nakamura et al.
2018). For immunohistochemistry, the color was developed

484 Cell Tissue Res (2019) 375:483–492



by using the streptavidin-biotin method and 3,3′-diaminoben-
zidine tetrahydrochloride-H2O2 solution. The sections were
counterstained with hematoxylin. Fluorescent signals were
detected using BZ-X710 (Keyence, Osaka, Japan), and
histometric analysis of images was performed using the BZ-
H3A application software and hybrid Cell Count software
(BZ-H3C, Keyence). 4-HNE scores in the islets were graded
as follows: negative (score 0), weakly positive (lightly stained
but clearly differentiated from negative background, score 1),
moderately positive (densely stained areas at two regions,
score 2), and strongly positive (densely stained areas at three
or more regions, score 3) (Kanda et al. 2010).

Statistical analysis

The results are expressed as mean ± standard error. Mann-
Whitney U test was used to compare data between males
and females of the same age. Kruskal-Wallis test was used
for comparing the data among different age groups of the
same sex, and multiple comparisons were performed using
Scheffé’s method when a significant difference was noted.
Spearman’s correlation test was used to analyze the correla-
tion between two values.

Results

Association between biochemical alterations
and metabolic disorders in cotton rats

First, we examined the metabolic parameters in cotton rats.
Body weight of the cotton rats increased in adult and old age
than in juvenile age of both sexes, and their values were within

the reference range (Faith et al. 1997; Niewiesk and Prince
2002) (Fig. 1a). At adult and old ages, insulin levels were
elevated in both sexes, although males showed remarkably
higher values than females (Fig. 1b). Glucose levels increased
in adult and old males but were unchanged with aging in
females (Fig. 1c). On the other hand, urine glucose was neg-
ative (< 100 mg/dl) in all adult and old cotton rats in both
sexes. Lipid parameters such as triglyceride, T-Cho, and
non-HDL-Cho levels were higher in adult males than in juve-
nile males and age-matched females (Fig. 1d–f). Atherogenic
index was higher in adult and old female cotton rats than that
observed in juveniles (Fig. 1g). FFA and uric acid levels in-
creased in an age-dependent manner in both sexes (Fig. 1h, i).
We examined the correlation between insulin level, an indica-
tor for insulin resistance, and other biochemical parameters
(Table 2). In males, the level of serum insulin correlated with
that of glucose as well as lipid parameters such as triglycer-
ides, T-Cho, non-HDL-Cho, and atherogenic index. However,
in females, serum insulin level correlated only with the levels
of the aforementioned lipid parameters, but not glucose.
Among the lipid parameters, triglyceride level showed the
highest correlation with insulin level in both sexes.

Histological changes in the islets of cotton rats

Based on the results of blood biochemistry, we histologically
examined the islets containing insulin-producing β cells. In cot-
ton rats, the glucagon+ α cells localized at the periphery and the
insulin+ β cells localized in the central region of the islets were
observed, as seen in mice and rats (Dolenšek et al. 2015;
Tsuchitani et al. 2016) (Fig. 2(a)). The islet area, specifically
the β-cell area, tended to increase with aging (Fig. 2(a, a′)). A
significant increase in the islet area was observed with aging in

Table 1 List of antibodies used for immunohistochemistry and immunofluorescence

Antibody Source Dilution Antigen retrieval Application

Mouse anti-insulin antibody Nichirei (Tokyo, Japan) Prediluted CB, 90 °C, 30 min Primary Ab for IHC
and IF

Rabbit anti-glucagon antibody Nichirei Prediluted CB, 90 °C, 30 min Primary Ab for IF

Goat anti-proliferating cell nuclear antigen Santa Cruz Biochemistry
(Santa Cruz, USA)

1:2000 CB, 90 °C, 30 min Primary Ab for IF

Rabbit anti-4-hydroxy-2-nonenal-modified protein Abcam (Cambridge, UK) 1:200 Not done Primary Ab for IHC

Rabbit anti-Iba1 Wako 1:2000 CB, 90 °C, 30 min Primary Ab for IHC

Goat anti-rabbit IgG Nichirei Prediluted – Secondary Ab for IHC

Rabbit anti-mouse IgG Nichirei Prediluted – Secondary Ab for IHC

Rabbit anti-goat IgG Nichirei Prediluted – Secondary Ab for IHC

Alexa Fluor 488-labeled donkey anti-mouse IgG Life Technologies
(Carlsbad, USA)

1:1000 – Secondary Ab for IF

Alexa Fluor 594-labeled donkey anti-rabbit IgG Life Technologies 1:1000 – Secondary Ab for IF

Alexa Fluor 488-labeled donkey anti-goat IgG Life Technologies 1:1000 – Secondary Ab for IF

Alexa Fluor 594-labeled donkey anti-mouse IgG Life Technologies 1:1000 – Secondary Ab for IF

CB, 0.01 M citrate buffer (pH 6.0); Ab, antibody; IHC, immunohistochemistry; IF, immunofluorescence
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both sexes, and aged males had a larger islet area than age-
matched females (Fig. 2(b)). Consistent with the increase in islet
area, several β cells showed a positive reaction to PCNA
(Fig. 2(c)). PCNA+ β cells in the islets significantly increased
with aging in males, but not in females (Fig. 2(d)). The insulin+

β cells were also localized in the pancreatic duct (Fig. 2(e)).

In cotton rats with hyperglycemia, vacuolated cells
were observed in the islets that were positive for insu-
lin, suggesting these to be β cells (Fig. 2(f, f′)). The
islets of hyperglycemic animals showed stronger sig-
nals of 4-HNE, a marker for oxidative stress-related
lipid peroxidation products. In particular, the cytoplasm

Fig. 1 Blood biochemistry
associated with metabolic
parameters in cotton rats. a Body
weight. b Insulin. c Glucose. d
Triglyceride. e Total cholesterol.
f Nonhigh-density lipoprotein
cholesterol (non-HDL
cholesterol). gAtherogenic index.
h Free fatty acid. i Uric acid.
Values =mean ± standard error.
The number of animals is 5 or
more in each group. Significant
difference from the juveniles of
the same sex is indicated by
*P < 0.05, **P < 0.01, or
***P < 0.001. Significant
difference between adults and old
cotton rats of the same sex is
indicated by #P < 0.05 or
##P < 0.01. Significant sex-related
difference in the same age is
indicated by †P < 0.05 or
‡P < 0.01

Table 2 Correlation between serum insulin level and other biochemical parameters

Biochemical
parameters

Sex Parameters

Glucose Triglyceride T-Cho Non-HDL-
Cho

Atherogenic
index

Free fatty acid Uric acid

Insulin All 0.544*** 0.700*** 0.598*** 0.628*** 0.317* 0.488** 0.250

Male 0.477* 0.795*** 0.781*** 0.808*** 0.569** 0.331 0.183

Female 0.192 0.651** 0.394 0.507* 0.467* 0.376 0.262

n = 19–20 (male cotton rats). n = 21–22 (female cotton rats). All examined ages (1–12 months) are included in these data. Spearman's rank correlation
coefficient (*P > 0.05, **P > 0.01, ***P > 0.001)

T-Cho, total cholesterol; HDL-Cho, high-density lipoprotein cholesterol
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of vacuolated cells was intensely stained for 4-HNE
(Fig. 2(f, f′)). 4-HNE scores significantly increased in
adult and old males but remained unchanged with aging in
females (Fig. 2(g)).

Cellular infiltration into visceral white adipose tissue
without obesity

Accumulation of lipids and chronic inflammation in the vis-
ceral adipose tissue trigger insulin resistance (Boutens and
Stienstra 2016). Therefore, we examined the relationship be-
tween visceral white adipose tissue and metabolic disorders in
cotton rats. Macroscopic observation revealed that the visceral
fat was obvious in both sexes and seemed to increase with
aging. However, the visceral fat failed to surround the kidneys
completely, even at an old age (Fig. 3(a–a′″)). Histological
analysis revealed that adipocytes tended to increase in size
in both sexes at adult and old ages (Fig. 3(b–b′″)). In adult
and old males, inflammatory cells infiltrated into the visceral
white adipose tissue and surrounded the adipocytes to form a
crown-like structure (Fig. 3(b′, b″)). Fewer crown-like struc-
tures were found in females than inmales of adult and old ages
(Fig. 3(b″″, b′″″)). These crown-like structures comprised
abundant Iba1+ macrophages (Fig. 3(c)) and several neutro-
phils (Fig. 3(d)). The adipocytes increased in size in an age-
dependent manner in both sexes and were reported to be larger
in males than in females at adult and old ages (Fig. 3(e)). In
males, the number of crown-like structures increased at adult
and old ages, whereas in females, their numbers were un-
changed with aging (Fig. 3(f)).

Ectopic fat accumulation specifically in the pancreas

In addition to the chronic inflammation of the visceral white
adipose tissue, ectopic fat accumulation is also associated with
insulin resistance (Catanzaro et al. 2016). In the liver, fat ac-
cumulation was not observed in both sexes, although slight
vacuolation was apparent in male cotton rats (Fig. 4(a, a′)). In
addition, neither AST nor ALT levels were elevated with
aging (Fig. 4(b, b′)).

On the other hand, the adipocytes accumulated in both
intralobular and interlobular spaces of the pancreas in both
sexes, and this accumulation tended to increase with age
(Fig. 5(a–a′″″)). However, adipocytes showed no infiltration
into the islets (Fig. 5(a–a′″″)). The adipose tissue area in the
pancreas significantly increasedwith age in both sexes andwas
higher in males than in females at adult and old ages
(Fig. 5(b)). In contrast, the exocrine area decreased with age
in both sexes and the decrease was more prominent in males
than in females at adult and old ages (Fig. 5(c)). Even at a
juvenile age, acinar cells were compressed by the adjacent fat
tissues and showed vacuolated features (Fig. 5(d)). Consistent
with these findings, the level of serum lipase, a marker of dam-
aged pancreas, decreased with age in both sexes (Fig. 5(e)).

Correlation between biochemical
and histopathological parameters

We examined the correlation between the biochemical param-
eters associated with metabolic disorders and histopathologi-
cal parameters (Table 3). Triglyceride level was selected as the

Fig. 2 Histological changes in the islets of cotton rats. (a, a′)
Immunofluorescence of glucagon and insulin in male cotton rats. (b)
Age-related changes in the islet area. (c) Immunofluorescence of insulin
and proliferating cell nuclear antigen (PCNA) in adult male cotton rats.
Arrows indicate proliferating β cells. (d) Number of PCNA+ β cells per
islet. (e) Immunohistochemistry of insulin in the pancreatic duct of an
adult male. Arrows indicate β cells localized in the pancreatic duct. (f, f′)

Immunohistochemistry for 4-hydroxy-2-nonenal-modified proteins (4-
HNE) in adult males. Inset indicates immunohistochemistry for insulin.
Arrows indicate vacuolated cells. (g) 4-HNE scores in the islets. The
number of animals is 5 or more in each group. Significant
difference from the juveniles of the same sex is indicated by
*P < 0.05 or **P < 0.01. Significant sex-related difference in the
same age is indicated by †P < 0.05 or ‡P < 0.01
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lipid parameter, owing to its highest correlation with serum
insulin level. In both sexes, serum insulin level was associated
with the visceral adipocyte size and islet area. In contrast,
several indices showed sex-associated differences. In males,
serum insulin level was associated with crown-like structures
and 4-HNE scores. However, in females, serum insulin level

was associated with fat area and exocrine area in the
pancreas. Glucose level was associated with visceral ad-
ipocyte size, 4-HNE score, fat area, and exocrine area
in the pancreas only in males. Triglyceride level was asso-
ciated with the islet area and 4-HNE scores in males and
visceral adipocyte size in females.

Fig. 3 Cellular infiltration into the visceral white adipose tissue in cotton
rats. (a–a′″) Gross anatomical features of the visceral adipose tissue of
cotton rats. (b–b′″″) Histology of the visceral white adipose tissue of
cotton rats. Arrows indicate cellular infiltration referred to as crown-like
structures (CLS). HE staining. (c, d) Component cells of CLS. CLS
mainly composed of Iba1+ macrophages (c) and several neutrophils (d,

arrows, HE staining). (e) Adipocyte size of the visceral white adipose
tissue. (f) Number of CLS in the visceral white adipose tissue. Values =
mean ± standard error. The number of animals is 5 or more in each group.
Significant difference from the juveniles of the same sex is indicated by
*P < 0.05 or **P < 0.01. Significant sex-related difference in the same
age is indicated by †P < 0.05

Fig. 4 Hepatic histology in cotton
rats. (a, a′) Histology of the liver
in old cotton rats. (b, b′) Hepatic
biochemical parameters in cotton
rats. Values =mean ± standard
error. The number of animals is 5
or more in each group. Significant
difference from the juveniles of
the same sex is indicated by **P
< 0.01. Significant sex-related
difference in the same age is
indicated by †P < 0.05
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Discussion

Here, we demonstrate that cotton rats, especially males, devel-
opedmetabolic disorders that manifested as hyperinsulinemia,
mild hyperglycemia, and dyslipidemia. Absence of urinary
glucose indicated that the cotton rats did not develop severe
diabetes. The serum insulin level showed a positive associa-
tion with lipid parameters in both sexes and with glucose
levels in males, suggestive of the relationship between
hyperinsulinemia and disruption of both glucose and lipid
metabolism. Although hyperinsulinemia is also related to gout
(Miao et al. 2009), serum insulin level showed no correlation
with uric acid levels, suggesting a poor association between
hyperinsulinemia and gouty in cotton rats.

Insulin resistance is the basis of metabolic disorders (Riant
et al. 2009; Yao et al. 2014). In response to conditions char-
acterized by an increase in insulin demand, such as insulin
resistance and normal early postnatal growth, the islets

increase in size and number through the proliferation of pre-
existing β cells as well as neogenesis of β cells by the pro-
genitor cells in the pancreatic duct (Gu and Sarvetnick 1993;
Bock et al. 2003; Inada et al. 2008). In aged cotton rats, both
proliferation and neogenesis of β cells were observed, strong-
ly indicating compensatory hyperplasia of β cells against in-
sulin resistance. In addition, aged male cotton rats predomi-
nantly developed hyperglycemia, and their β cells showed
degeneration and elevated oxidative stress, which was associ-
ated with glucose levels. Oxidative stress plays a central role
in glucose toxicity and dysfunction ofβ cells (Kooptiwut et al.
2017). Thus, these results indicate that male cotton rats exhib-
ited progressed metabolic disorders.

In mice, rats, and humans, obesity and subsequent fat ac-
cumulation in the visceral adipose tissue induce local chronic
inflammation characterized by the formation of crown-like
structures and result in insulin resistance (Boutens and
Stienstra 2016). In obese mice and rats, the exaggerated

Fig. 5 Pancreatic fat infiltration in cotton rats. (a–a′″″) Histology of the
pancreas in cotton rats. Arrow and arrowheads indicate adipocyte
accumulation in interlobular and intralobular spaces, respectively. (b, c)
Age-related changes in the area of adipose tissue (b) and exocrine part (c)
in the pancreas. (d) Acinar cells of juvenile male cotton rats. Arrows and

arrowheads indicate vacuolated and compressed acinar cells, respectively.
(e) Serum lipase value in cotton rats. The number of animals is 5 or more
in each group. Significant difference from the juveniles of the same sex is
indicated by *P < 0.05 or **P < 0.01. Significant sex-related difference in
the same age is indicated by †P < 0.05
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visceral fat surrounds the kidneys (Fraulob et al. 2010;
Matsuda et al. 2014). In our study, cotton rats failed to develop
severe obesity when fed a normal diet, because excess storage
of the visceral fat was not observed and the body weight was
within the reference range (Faith et al. 1997; Niewiesk and
Prince 2002), and their kidneys were not surrounded by vis-
ceral fat. However, in males, visceral adipocytes were
surrounded by macrophages and neutrophils, and the forma-
tion of crown-like structures was associated with
hyperinsulinemia. These results indicate that histopathologi-
cal alterations of visceral white adipose tissue induced
hyperinsulinemia without obesity in aged male cotton rats.

In contrast to male cotton rats, females exhibited milder
metabolic disorders and histopathological changes in both
the islets and the visceral adipose tissue. Clinical and experi-
mental studies have revealed that estrogen attenuates oxida-
tive stress of β cells, prevents fat accumulation in visceral
adipose tissue, improves insulin sensitivity, and exerts protec-
tive effect against metabolic disorders (Kooptiwut et al. 2017;
Riant et al. 2009). In female cotton rats, milder metabolic
disorders may be similarly attributed to estrogen, although
further studies must address the contribution of estrogen to
these phenotypes. Nevertheless, aged female cotton rats
showed higher serum insulin levels without both obesity and
histopathological changes in the visceral white adipose tissue,
suggesting that other factors may affect insulin resistance in
cotton rats.

Apart from the fat accumulation in the white adipose tissue,
ectopic fat in nonadipose tissues such as the liver, skeletal
muscle, heart, and pancreas is related to insulin resistance
(Sattar and Gill 2014). In cotton rats, we failed to observe a
remarkable level of lipids in the liver or elevated levels of
biochemical markers for hepatic injury, suggesting that the

liver had poor contribution to metabolic disorders. Fat accu-
mulation in the pancreas has been referred as various syno-
nyms such as pancreatic steatosis, pancreatic lipomatosis, fat-
ty pancreas, lipomatous pseudohypertrophy, fatty replace-
ment, fatty infiltration, and nonalcoholic fatty pancreas dis-
ease (NAFPD) (Catanzaro et al. 2016; Nolte et al. 2016).
For cotton rats, we thought that NAFPD, defined as fat accu-
mulation associated with obesity and metabolic disorders, was
the most appropriate terminology, as the phenotype was asso-
ciated with hyperglycemia in males and hyperinsulinemia in
females. Obesity has been recognized as the most important
risk factor for developing NAFPD (Catanzaro et al. 2016).
However, patients with lipodystrophy also develop ectopic
fat stores (Lanktree et al. 2010). NAFPD is related to insulin
resistance in prediabetes, but not progressed type 2 diabetes in
humans. However, these observations are still controversial
(Tushuizen et al. 2007; Lingvay et al. 2009; Catanzaro et al.
2016). Fat accumulation in the pancreas promotes acute/
chronic pancreatitis and pancreatic cancer (Catanzaro et al.
2016). Thus, the pathogenesis and clinical significance of
NAFPD is yet to be fully elucidated in humans, and appropri-
ate animal models are needed for the elucidation of mecha-
nisms underlying NAFPD. In female cotton rats that devel-
oped mild hyperinsulinemia without obesity and chronic in-
flammation in the visceral white adipose tissue, NAFPD
showed a significant positive association with serum insulin,
suggesting that it is related to insulin resistance in cotton rats
without obesity. In male cotton rats presenting progressive
metabolic diseases, NAFPD was associated with blood glu-
cose but not with insulin levels. These data may reflect that
NAFPD had no correlation with β-cell function in progressed
diabetes in humans (Tushuizen et al. 2007; Lingvay et al.
2009). Acinar cells located in the vicinity of adipocytes

Table 3 Correlation between biochemical and histological parameters

Biochemical
parameters

Sex Histological parameters

Visceral white adipose tissue Islet Pancreas

Adipocyte size CLS Islet area 4-HNE score Fat area Exocrine area

Insulin All 0.809*** 0.608*** 0.762*** 0.673*** 0.738*** − 0.813***
Male 0.480* 0.519* 0.547* 0.652** 0.405 − 0.379
Female 0.710*** − 0.144 0.520* 0.275 0.696*** − 0.740***

Glucose All 0.496** 0.410** 0.270 0.552*** 0.484** − 0.487**
Male 0.503* 0.076 0.121 0.828*** 0.577** − 0.525*
Female 0.233 0.273 − 0.038 0.037 0.327 − 0.252

Triglyceride All 0.545*** 0.317* 0.567*** 0.369* 0.376* − 0.431**
Male 0.397 0.402 0.560** 0.610** 0.156 − 0.164
Female 0.545** − 0.024 0.381 − 0.043 0.373 − 0.364

n = 19–20 (male cotton rats). n = 21–22 (female cotton rats). All examined ages (1–12 months) are included in these data. Spearman's rank correlation
coefficient (*P > 0.05, **P > 0.01, ***P > 0.001)

CLS, crown-like structure; 4-HNE, 4-hydroxy-2-nonenal-modified protein
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showed degenerated features and serum lipase level decreased
with age, suggestive of impaired endocrine functions of the
pancreas. Taken together, cotton rats may be useful for the
elucidation of the pathogenesis and mechanisms of NAFPD
in humans.

In conclusion, we found that cotton rats, especially males,
develop metabolic disorders without obesity. Although it is
unclear whether wild cotton rats develop these diseases, the
candidate molecules derived from genetic characteristics
would be indicators of these phenotypes in laboratory cotton
rats. Whole-genome sequencing and other hormone levels in
serummay be useful tools for cotton rats because mRNAs and
amino acid sequences are insufficient. In conclusion, cotton
rats may serve as a novel and useful model for metabolic
disorders with ectopic fat accumulation, specifically in the
pancreas, in the absence of obesity.
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