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Summary

Type 2 diabetes (T2D) is believed to be a non-autoimmune
metabolic disorder. However, there are increasing reports that
some T2D patients have immune abnormalities. In addition, it is
known that there are sex differences in the onset of diabetes and
immune responses in humans. Spontaneously Diabetic Torii
(SDT) rats, a non-obese T2D model, also have sex differences in
but the
abnormalities in diabetes is unknown. In this study, we

the onset of diabetes, involvement of immune
investigated immune abnormalities in SDT rats. Immune cell
subset analysis was performed in male and female SDT rats and
control Sprague-Dawley (SD) rats at 5, 11, and 17 weeks of age.
Male and female SDT rats had swelling of the spleen and lymph
nodes and a higher number of T cells and B cells in the blood,
spleen, and lymph nodes than SD rats. Only male SDT rats
developed diabetes at 17 weeks of age, and the number of
classical and non-classical monocytes in the blood and spleen of
male SDT rats was higher than that in male SD rats and female
SDT rats that did not develop diabetes. Most of these findings
were observed before the onset of diabetes (~11 weeks of age),
suggesting that classical and non-classical monocytes may
contribute to the development of diabetes in male SDT rats. In
conclusion, SDT rats may be a useful T2D model involved in
immune abnormalities, and further research will help elucidate
the pathophysiology of T2D with immune abnormalities and
develop new therapeutic agents.

Key words
Diabetes ¢ SDT rat e Immune disorder e Sex difference e
Monocyte

Corresponding author

T. Sasase, Biological/Pharmacological Research Laboratories,
Takatsuki Research Center, Central Pharmaceutical Research
Institute, Japan Tobacco Inc. 1-1, Murasaki-cho, Takatsuki,
Osaka 569-1125, Japan. E-mail: tomohiko.sasase@jt.com

Introduction

Type 2 diabetes (T2D) is a polygenic disorder
characterized by insulin deficiency and insulin resistance.
High-calorie intake and sedentary lifestyles have resulted
in an increased number of patients with this disorder
worldwide. Type 1 diabetes (T1D) is considered a cell-
mediated autoimmune disease, and T2D to be a non-
autoimmune metabolic disorder. However, some patients
with T2D have been
abnormalities, such as islet autoantibodies and islet-

identified with autoimmune

reactive T cells associated with severe B-cell dysfunction
[1-3]. Although the prevalence of islet autoimmunity in
T2D patients is unknown, it has been estimated to be
approximately 30 % using islet autoantibodies as
a biomarker [1,4]. The involvement of autoimmunity in
T2D may be more significant than it is considered.

Besides autoimmunity, the involvement of immunity and
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inflammation is often discussed in relation to obesity, but

there are several wuncertainties, and therapeutic
interventions targeting them have not been realized.

In humans and diabetic animal models, there is
a sex difference in the frequency of onset of diabetes. In
humans, the prevalence of diabetes among women is
lower than among men until 70 years of age, and the
prevalence among women is higher after 70 years [5]. In
preclinical studies, T2D model rats, such as Zucker
diabetic fatty rats [6], WBN/Kob rats [7], and OLETF
rats [8], have a higher prevalence of diabetes in male than
that in female.

Spontaneously Diabetic Torii (SDT) rats are
anon-obese T2D model that displays hypoinsulinemia
followed by severe hyperglycemia after ~15 weeks of age
and diabetic complications such as retinopathy and
nephropathy at ~40 weeks of age [9,10]. SDT rats also
exhibit glucose intolerance prior to the onset of diabetes
[11,12], with pancreatic B-cell injury observed in the pre-
diabetes stage [13]. Male SDT rats have a higher number
of lymphocytes, monocytes, and neutrophils in the blood
than (SD) rats. The

immunomodulator FTY 720 inhibits the onset of diabetes

male  Sprague-Dawley
in male SDT rats, suggesting that immune abnormalities
are involved in the development of diabetes [14,15]. In
addition, there is a sex difference in the onset of diabetes
in SDT rats and male SDT rats have a 100 % cumulative
incidence of diabetes at 40 weeks of age, while female
SDT rats have 0 % [16]. There are several uncertainties in
SDT rats regarding immune abnormalities and sex
differences.

In this study, we examined immune disorders
and sex differences in the onset of diabetes in SDT rats
using multicolor flow cytometric analysis. The diabetic
etiology in SDT rats was also examined to see if this is
a useful model for the development of new therapeutic

agents for T2D patients with immune abnormalities.

Methods

Animals

Male/female SDT rats and SD rats (CLEA
Japan, Tokyo, Japan) aged 5, 11, and 17 weeks were used
in the present study. All animal procedures and protocols
complied with the guidelines for animal experimentation
set by the Ethics Committee for Animal Use at Central
Pharmaceutical Research Institute, Japan Tobacco, Inc.
and Niigata University. Rats were maintained in

a temperature-controlled room with 2343 °C temperature

on a 12 h/12 h light-dark cycle with ad libitum access to
a standard diet (CRF-1; Oriental Yeast, Tokyo, Japan)
and water.

Body weight and biochemical parameters

Body weight and biochemical parameters were
evaluated at 5, 11, and 17 weeks of age. Blood samples
were collected from the tail vein under non-fasting
conditions. Plasma glucose levels were measured using
commercial kits (Roche Diagnostics, Basel, Switzerland)
and an automatic analyzer (Hitachi 3500; Hitachi High-
Technologies, Tokyo, Japan). Commercial ELISA kits
were used to measure plasma insulin levels (Rat Insulin
ELISA Kit; Morinaga Institute of Biological Science,
Yokohama, Japan).

Flow cytometry

Blood samples were collected from the tail vein
of rats at 5, 11, and 17 weeks of age, and red blood cells
were lysed using VersalLyse™ Lysing solution (Beckman
Coulter, Brea, CA, USA). Necropsy was performed at 5,
11, and 17 weeks of age. All animals were sacrificed via
exsanguination under isoflurane anesthesia. The spleen
and inguinal lymph nodes of rats were immediately
removed, and their weights were measured. Spleen and
lymph nodes were dissociated with gentleMACS™ C
tubes and gentleMACS™ Dissociator (Miltenyi Biotec,
Gladbach,
manufacturer’s instructions. All tissues were strained

Bergisch Germany)  following  the
using a 40 pm cell strainer (Corning, NY, USA). Single-
cell suspensions from blood, spleen, and lymph nodes
were stained as follows: cells were blocked with anti-
CD32 antibody (BD Biosciences, San Jose, CA, USA) to
prevent Fc-mediated non-specific binding; cells were
then stained with antibodies in Brilliant Stain Buffer (BD
Biosciences) at 4 °C for 20 min, followed by further
washing and fixation with Fixation Buffer (BD
Biosciences) at 4 °C for 30 min. The monoclonal
antibodies and dyes used were: anti-CD45 (clone OX1,
eFluor 450), anti-CD4 (clone OX35, SuperBright 600),
anti-His48 (clone HIS48, FITC), anti-CD161 (clone
10/78, PerCP-eFluor 710), anti-CD43 (clone W3/13HLK,
PE), anti-CD45R (clone HIS24, PE-Cy7), anti-CD8a
(clone OXS8, Alexa Fluor 700), and dead cell stain
(Fixable Viability Dye, eFluor 780) (Thermo Fisher
Scientific, Waltham, MA, USA), and anti-CD3 (clone
1F4, APC) (BD Biosciences). Cells were analyzed using
an Attune™ NxT Acoustic Focusing Cytometer (Thermo
Fisher Scientific). Flow cytometric compensation was
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cells. For the
identification of positive and negative populations, the

performed using single-stained
fluorescence minus one (“FMO”) principle was utilized
to account for background antibody fluorescence. The
gating strategy was based on a previous study [17]. The
number of total leukocytes, CD3+T cells, CD4+T cells,
CD8&+T Bcells, natural killer (NK) cells,
neutrophils, CD43-low and His48-high (classical)

monocytes, and CD43-high and His48- intermediate/low

cells,

(non-classical) monocytes was analyzed. The number of
cells in each population was calculated using
CountBright™ Absolute Counting Beads (Thermo Fisher
Scientific).

Statistical analysis

Data are expressed as mean + standard

deviation. The following statistical analyses were
performed to derive the differences between the mean
values: homogeneity of variance was evaluated by the
F-test followed by the Student's z-test or Aspin-Welch's
t-test for homoscedastic data or heteroscedastic data,
respectively. Statistical analyses were performed between
male SD rats and male SDT rats, female SD rats and

female SDT rats, and male SDT rats and female SDT

rats, and the P value was adjusted using the Bonferroni
procedure. All statistical analyses were performed using
GraphPad Prism” 6.07 (GraphPad Software, San Diego,
CA, USA). Differences were considered significant at
P<0.05.

Results

Differences of body weight and weights of the spleen and
lymph nodes

Body weight, absolute and relative weights of
the spleen and inguinal lymph nodes are shown in
Figure 1. The body weight of SDT rats was lower than
that of SD rats in male, but not in female. The body
weight of male SDT rats was higher than that of female
SDT rats (Fig. 1A). The absolute weights of the spleen
and lymph nodes are shown in Figure 1B and C, and the
relative weights are shown in Figure 1D and E because
the body weights were different between the groups. The
relative weights of the spleen and the lymph nodes in
SDT rats were higher than those in SD rats in either sex.
In SDT rats, the relative spleen weight in male was
slightly lower than that in female, but there was no sex
difference in the relative lymph nodes weight.
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Fig. 1. Body weights and absolute/relative weights of the spleen and lymph nodes at 5, 11, and 17 weeks of age. Body weights (A),
absolute weights of the spleen (B), absolute weights of the lymph nodes (C), relative weights of the spleen (D), relative weights of the
lymph nodes (E) at 5, 11, and 17 weeks of age. Data represent mean + standard deviation (n=6). * P<0.05, ** P<0.01, *** P<0.001,

ns; not significant.
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Differences of biochemical parameters

The non-fasting plasma glucose and insulin levels
are shown in Figure 2. The glucose level in male SDT rats
was higher than that in male SD rats and female SDT rats
at 17 weeks of age (male SD rats, 228440 mg/dl; male
SDT rats, 463145 mg/dl; female SDT rats, 152+16 mg/dl;
male SD vs. male SDT, P<0.05; male SDT vs. female
SDT, P<0.01) (Fig.2A). The insulin level in SDT rats
tended to be lower than that in SD rats. However, there
was the large dispersion of insulin concentrations, because
of the non-fasting condition or the hemolytic plasma taken
from the tail vein affecting measurement by ELISA.

Differences of the major leukocyte populations of blood
The major leukocyte populations of blood is
shown in Figures 3 and 4. The gating strategy in the
blood as a representative is shown in Figure 3, and the
same strategy was applied to the spleen and lymph nodes.
In SDT rats, the number of total leukocytes, CD3+T cells,
CD4+T cells, and CD8+T cells was higher than that in
SD rats in either sex, and there were no differences
between male and female SDT rats. On the other hand,
the number of B cells, classical and non-classical
monocytes was higher than that in SD rats in either sex,
but the number of these cells in male SDT rats was higher
than that in female SDT rats. For neutrophils, there was
the same tendency as classical monocytes, but was not

a significant. The number of NK cells was higher in male
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Discussion

It has been reported that the number of
lymphocytes, monocytes, and neutrophils in the blood of
male SDT rats is higher than that in male SD rats [14,15].
However, there are no reports on circulating immune cell
subsets in female SDT rats and on subsets in the spleen
and lymph nodes in male and female SDT rats. The

SDT rats than in female SDT rats under some conditions,
but there was no characteristic change overall.

Differences of the major leukocyte populations of spleen

The major leukocyte population in the spleen is
shown in Figure5. In SDT rats, the number of
CD3+T cells, CD4+T cells, and CD8+T cells was higher
than that in SD rats in either sex, and there were no
differences between male and female SDT rats. On the
other hand, the number of total leukocytes, B cells,
neutrophils, classical and non-classical monocytes was
higher than that in SD rats in either sex, but the number
of these cells in male SDT rats was higher than that in
female SDT rats. The number of NK cells was higher in
male SDT rats than in female SDT rats.

Differences of the major leukocyte populations of lymph
nodes

The major leukocyte population in the inguinal
lymph nodes is shown in Figure 6. The number of
neutrophils, classical and non-classical monocytes in
lymph nodes was not analyzed because of the small
sample size. In SDT rats, the number of total leukocytes,
CD3+T cells, CD4+T cells, CD8+T cells, B cells, and
NK cells was higher than that in SD rats in either sex, and
the number of these cells in male SDT rats was higher
than that in female SDT rats at 5 weeks of age, but lower
at 17 weeks of age.

B3 SDT female Fig. 2. Non-fasting blood glucose and
insulin levels at 5, 11, and 17 weeks

Insulin of age. The levels of non-fasting blood
ns ns glucose (A) and insulin (B) at 5, 11,

and 17 weeks of age. Data represent
mean % standard deviation (n=6).
* P<0.05, **p<0.01, ns; not
significant.

Weeks of age

results obtained in this study are consistent with those of
previous reports, showing that the number of circulating
immune cell subsets, such as lymphocytes, monocytes,
and neutrophils, was higher in male SDT rats than in
male SD rats. Furthermore, male and female SDT rats
had early swelling of the spleen and lymph nodes relative
to male and female SD rats and a higher number of
T cells and B cells in the blood, spleen, and lymph nodes.
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Fig. 3. The gating strategy of major leukocyte populations. The gating strategy of major leukocyte populations in whole blood as
a representative, and the same strategy was applied to the spleen and lymph nodes.

Only male SDT rats developed diabetes (>250 mg/dl in
non-fasting plasma glucose level) at 17 weeks of age, and
the number of B cells, neutrophils, and classical/non-
classical monocytes in the blood and spleen of male
SDT rats was higher than that in male SD rats and female
SDT rats that did not develop diabetes. Moreover, many
of these findings were observed before the onset of
diabetes (~11 weeks of age).

The most characteristic finding in male SDT rats
related to the onset of diabetes in this study was a higher
number of classical and non-classical monocytes, B cells
and neutrophils in the blood and spleen. We considered
neutrophils less significant because of our previous

reports that FTY720, an immunomodulator affecting
lymphocyte homing, suppressed the onset of diabetes by
reducing circulating lymphocytes and monocytes without
affecting the number of neutrophils in male SDT rats
[15]. The number of B cells in male SDT rats was higher
in the blood and spleen but lower in the lymph nodes than
in female SDT rats; therefore, it is difficult to interpret
their relation with the onset of diabetes. The clinical and
preclinical information for neutrophils and B cells related
to T2D is limited, and it is difficult to consider the
currently available information. Further information and
detailed examinations are

required. Therefore, we

analyzed the relationship between monocytes and T2D.
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Fig. 4. Major leukocyte populations in the blood at 5, 11, and 17 weeks of age. The number of total leukocytes (A), CD3+T cells (B),
CD4+T cells (C), CD8+T cells (D), B cells (E), NK cells (F), neutrophils (G), classical monocytes (H), and non-classical monocytes (I) in
the blood at 5, 11, and 17 weeks of age. Data represent mean % standard deviation (n=6). * P<0.05, ** P<0.01, *** P<0.001, ns; not

significant.

Monocytes are the immune cells involved in
local and systemic inflammatory responses in the early
phase, and when they migrate to peripheral tissues, they
differentiate into macrophages and dendritic cells [18]. In
peripheral blood, two subsets of monocytes, “classical”
and ‘“non-classical,” have been identified in humans and
rodents. In humans, these are characterized by differential
expression of CD14 and CD16 [19], in rats by expression
of CD43 [20]. In rats, high- and low-CD43 monocytes
are considered to be analogous to low- (non-classical)
high-Ly6C
respectively [21]. Classical monocytes are critical for the

and (classical) murine  monocytes,

initial  inflammatory response, and non-classical

monocytes have been widely viewed as anti-

inflammatory as they maintain vascular homeostasis,

such as recognition and removal of pathogens [22].
However, their involvement in T2D is unclear.

Male SDT
inflammatory  cells

of
and

rats showed infiltration

such as lymphocytes
macrophages in and around the pancreatic islets at 10 to
20 weeks of age, but not at 4 weeks of age [11,16].
Treatment of SDT rats with CI2MDP-liposomes reduced
the number of monocytes in the blood and infiltrated
macrophages in the islets, and inhibited islet fibrosis [14],
suggesting that macrophages are involved in pancreatic
islet injury in SDT rats. Higher number of blood and
spleen monocytes in male SDT rats we found in this
study can differentiate into macrophage in tissue and can
promote inflammation. On the other hand, SDT rats are

the model for the diabetic retinopathy and nephropathy,
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Fig. 5. Major leukocyte populations in spleen at 5, 11, and 17 weeks of age. The number of total leukocytes (A), CD3+T cells (B),
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significant.

and these disorders involve an inflammatory response via
[23,24],
including the pancreas, may be damaged by similar

macrophage infiltration and these organs
mechanisms.

Why was the number of monocytes lower and
did not develop the onset of diabetes in female SDT rats
relative to male SDT rats, even though there were
immune abnormalities such as a higher weight of spleen
and lymph nodes and a higher number of lymphocytes in
the blood, spleen, and lymph nodes compared to male and
female SD rats, and a higher number of monocytes
compared to female SD rats? This sex difference may be
which inhibits the

development of diabetes in female SDT rats [25]. In

partly attributed to estrogen,

db/db mice, which are other T2D models, estrogen-

treated mice did not develop hyperinsulinemia,

hyperglycemia, or islet atrophy [26]. In addition,
WBN/Kob rats [27] and OLETF rats [28] do not develop
diabetes

development

in females like SDT rats, even though

of pancreatic lesions and increased
incidence of diabetes after ovariectomy have been
reported. Estrogen has regulatory effects on the immune
system in addition to regulating reproductive function
through the conventionally known nuclear receptors ERa
and ERP, and GPERI1 (GPR30), a recently discovered
GPCR on the cell membrane [29]. A typical estrogen,
17B-Estradiol (E2), and the receptors ERa and GPER1
directly modulate monocyte functions, such as the
expression of adhesion molecules, proinflammatory
cytokines, and chemokines [30-33]. From these reports,
endogenous estrogen may act on monocytes/macrophages

to show anti-inflammatory effects via ERa and GPERI in
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female SDT rats, but further experimental verification is
needed.

However, some reports suggest that androgen
may contribute to an increased risk of developing
monocyte-mediated pathologies [34], and it is difficult to
deny the possibility that androgen enhances monocyte-
mediated pathology in male SDT rats. Further research is
needed because the effects of androgen on the immune
system are less known than the effects of estrogen. In
addition, it is an undeniable possibility that estrogen acts
on immune subsets other than monocytes/macrophages
and affects the onset of diabetes. Estrogen regulates
insulin resistance in peripheral tissues such as adipose
tissue, skeletal muscle, and liver, and these tissues
respond to insulin appropriately, resulting in effective
glucose uptake [35]. Thus, the improvement of insulin
resistance in peripheral tissues by endogenous estrogen
may have suppressed the onset of diabetes in female
SDT rats.

Female SDT rats did not develop diabetes at
16 and 25 weeks of age but were reported to have glucose
intolerance as in male SDT rats [36]. In this study,
common immune abnormalities such as a higher weight
of spleen and lymph nodes and a higher number of
lymphocytes (T cells in particular) in the blood, spleen,
and lymph nodes were observed in male and female

SDT rats compared to male and female SD rats. T cells
play a dominant role in promoting and sustaining
inflammatory processes and insulin resistance by
inducing proinflammatory cytokines in metabolic organs,
such as the adipose tissue, liver, muscle, and pancreas
[37]. Hence, female SDT rats may be useful in studying
the involvement of immune disorders in insulin resistance
and impaired glucose tolerance (IGT), and administration
of FTY720 to female SDT rats may reveal the association
between lymphocytes such as T cells and IGT.

There are immunological similarities between
human T2D and SDT rats. In human T2D patients, there
are more leukocytes, lymphocytes (especially T cells,
activated CD4+ T cells, and activated CD8+T cells),
granulocytes, and monocytes in the blood than healthy
[38,39].

visceral obesity and insulin resistance and are at

subjects Postmenopausal women develop
an increased risk for T2D [40], and estrogen replacement
therapy reduces the risk [41,42]. It has been reported that
postmenopausal women have a higher number of blood
which
replacement therapy [43]. Based on the above results,
several with  the

characteristics of SDT rats found in this study, such as

monocytes, decline  following  estrogen

characteristics are  consistent

immune disorders are involved in the pathology of human
T2D, and sex hormones such as estrogen may regulate
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monocytes and contribute to the onset of diabetes.

In conclusion, by analyzing immune cell subsets
and sex differences in SDT rats, we found that male SDT
rats may be a beneficial model of T2D involved in
especially  monocyte/macrophage-mediated  immune
disorders, and female SDT rats may be a useful model of
studying the association between IGT and lymphocytes.
Further research will help elucidate the pathophysiology
of T2D with immune abnormalities and develop new

therapeutic agents.

Conflict of Interest

Kazuma Kobayashi, Tomohiko Sasase, Tatsuya
Maekawa, Yuichi Shinozaki, and Ryuhei Sano are
employees of Japan Tobacco Inc. Takahisa Yamada and

Takeshi Ohta have no conflict of interest.

Acknowledgements
We thank JT Creative Service for long-term animal care.

References

1. Brooks-Worrell BM, Reichow JL, Goel A, Ismail H, Palmer JP. Identification of autoantibody-negative
autoimmune type 2 diabetic patients. Diabetes Care 2011;34:168-173. https://doi.org/10.2337/dc10-0579

2. Brooks-Worrell B, Narla R, Palmer JP. Islet autoimmunity in phenotypic type 2 diabetes patients. Diabetes
Obes Metab 2013;15(Suppl 3):137-140. https://doi.org/10.1111/dom.12167

3. Tsai S, Clemente-Casares X, Revelo XS, Winer S, Winer DA. Are obesity-related insulin resistance and type 2
diabetes autoimmune diseases? Diabetes 2015;64:1886-1897. https://doi.org/10.2337/db14-1488

4. Gao X, Sun W, Wang Y, Zhang Y, Li R, Huang J, Yang Y. Prevalence of positive islet autoantibody in type 2

diabetes patients: a cross-sectional study in a Chinese community. Endocr Connect 2019;8:1493-1502.

https://doi.org/10.1530/EC-19-0379

5. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge AW, Malanda B. IDF Diabetes
Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract
2018;138:271-281. https://doi.org/10.1016/j.diabres.2018.02.023

6. Clark JB, Palmer CJ, Shaw WN. The diabetic Zucker fatty rat. Proc Soc Exp Biol Med 1983;173:68-75.
https://doi.org/10.3181/00379727-173-41611

7. Tsuchitani M, Saegusa T, Narama I, Nishikawa T, Gonda T. A new diabetic strain of rat (WBN/Kob).
Lab Anim 1985;19:200-207. https://doi.org/10.1258/002367785780893575

8. Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi M, Natori T. Spontaneous long-term hyperglycemic rat

with diabetic complications. Otsuka Long-Evans Tokushima Fatty (OLETF) strain. Diabetes 1992;41:1422-1428.

https://doi.org/10.2337/diab.41.11.1422

9. Sasase T, Ohta T, Ogawa N, Miyajima K, Ito M, Yamamoto H, Morinaga H, Matsushita M. Preventive effects
of glycaemic control on ocular complications of Spontaneously Diabetic Torii rat. Diabetes Obes Metab
2006;8:501-507. https://doi.org/10.1111/].1463-1326.2005.00535.x

10. Ohta T, Matsui K, Miyajima K, Sasase T, Masuyama T, Shoda T, Koizumi H, Shinohara M, Matsushita M.
Effect of insulin therapy on renal changes in Spontaneously Diabetic Torii rats. Exp Anim 2007;56:355-362.

https://doi.org/10.1538/expanim.56.355

11. Masuyama T, Komeda K, Hara A, Noda M, Shinohara M, Oikawa T, Kanazawa Y, Taniguchi K.
Chronological characterization of diabetes development in male Spontaneously Diabetic Torii rats. Biochem
Biophys Res Commun 2004;314:870-877. https://doi.org/10.1016/j.bbrc.2003.12.180

12. Matsui K, Oda T, Nishizawa E, Sano R, Yamamoto H, Fukuda S, Sasase T, Miyajima K, Ueda N, Ishii Y,
Ohta T, Matsushita M. Pancreatic function of Spontaneously Diabetic Torii rats in pre-diabetic stage. Exp
Anim 2009;58:363-374. https://doi.org/10.1538/expanim.58.363

13. Mukai E, Ohta T, Kawamura H, Lee EY, Morita A, Sasase T, Miyajima K, Inagaki N, Iwanaga T, Miki T.
Enhanced vascular endothelial growth factor signaling in islets contributes to beta cell injury and consequential

diabetes in Spontaneously Diabetic Torii
https://doi.org/10.1016/j.diabres.2014.08.023

rats. Diabetes Res

Clin Pract 2014;106:303-311.



122 Kobayashi et al. Vol. 71

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Inokuchi C, Ueda H, Hamaguchi T, Miyagawa J, Shinohara M, Okamura H, Namba M. Role of macrophages
in the development of pancreatic islet injury in Spontaneously Diabetic Torii rats. Exp Anim 2009;58:383-394.
https://doi.org/10.1538/expanim.58.383

Kobayashi K, Sasase T, Ishii Y, Katsuda Y, Miyajima K, Yamada T, Ohta T. The sphingosine-1-phosphate
receptor modulator, FTY720, prevents the incidence of diabetes in Spontaneously Diabetic Torii rats. Clin Exp
Pharmacol Physiol 2021;48:869-876. https://doi.org/10.1111/1440-1681.13405

Shinohara M, Masuyama T, Shoda T, Takahashi T, Katsuda Y, Komeda K, Kuroki M, Kakehashi A,
Kanazawa Y. A new spontaneously diabetic non-obese Torii rat strain with severe ocular complications.
Int J Exp Diabetes Res 2000;1:89-100. https://doi.org/10.1155/edr.2000.89

Barnett-Vanes A, Sharrock A, Birrell MA, Rankin S. A single 9-colour flow cytometric method to characterise

major leukocyte populations in the Rat: Validation in a model of LPS-induced pulmonary inflammation.
PLoS One 2016;11:¢0142520. https://doi.org/10.1371/journal.pone.0142520

Ginhoux F, Jung S. Monocytes and macrophages: Developmental pathways and tissue homeostasis.
Nat Rev Immunol 2014;14:392-404. https://doi.org/10.1038/nri3671

Passlick B, Flieger D, Ziegler-Heitbrock HW. Identification and characterization of a novel monocyte subpopulation
in human peripheral blood. Blood 1989;74:2527-2534. https://doi.org/10.1182/blood.V74.7.2527.2527

Ahuja V, Miller SE, Howell DN. Identification of two subpopulations of rat monocytes expressing disparate
molecular forms and quantities of CD43. Cell Immunol 1995;163:59-69. https://doi.org/10.1006/cimm.1995.1099
Strauss-Ayali D, Conrad SM, Mosser DM. Monocyte subpopulations and their differentiation patterns during
infection. J Leukoc Biol 2007;82:244-252. https://doi.org/10.1189/j1b.0307191

Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC. Nonclassical monocytes in health and disease.
Annu Rev Immunol 2019;37:439-456. https://doi.org/10.1146/annurev-immunol-042617-053119

Kakehashi A, Inoda S, Mameuda C, Kuroki M, Jono T, Nagai R, Horiuchi S, Kawakami M, Kanazawa Y.
Relationship among VEGF, VEGF receptor, AGEs, and macrophages in proliferative diabetic retinopathy.
Diabetes Res Clin Pract 2008;79:438-445. https://doi.org/10.1016/j.diabres.2007.10.018

Klessens CQF, Zandbergen M, Wolterbeek R, Bruijn JA, Rabelink TJ, Bajema IM, DHT 1J. Macrophages in
diabetic nephropathy in patients with type 2 diabetes. Nephrol Dial Transplant 2017;32:1322-1329.
https://doi.org/10.1093/ndt/gfw260

Shinohara M, Oikawa T, Sato K, Kanazawa Y. Effect of oophorectomy and estrogen administration on diabetic

pathogenesis in female Spontaneously Diabetic Torii rats. Open Diab J 2011;4:96-100.
https://doi.org/10.2174/1876524601104010096
Prochazka M, Premdas FH, Leiter EH, Lipson LG. Estrone treatment dissociates primary versus secondary

consequences of "diabetes" (db) gene expression in mice. Diabetes 1986;35:725-728.
https://doi.org/10.2337/diab.35.6.725

Kon H, Saegusa T, Tsuchitani M, Narama I. [Effect of gonadectomy on the onset of diabetic syndrome in the
female WBN/Kob rats. Jikken Dobutsu 1988;37:429-435. https://doi.org/10.1538/expanim1978.37.4 429

Shi K, Mizuno A, Sano T, Ishida K, Shima K. Sexual difference in the incidence of diabetes mellitus in

Otsuka-Long-Evans-Tokushima-Fatty rats: Effects of castration and sex hormone replacement on its incidence.
(Article in Japanese) Metabolism 1994;43:1214-1220. https://doi.org/10.1016/0026-0495(94)90213-5

Trenti A, Tedesco S, Boscaro C, Trevisi L, Bolego C, Cignarella A. Estrogen, angiogenesis, immunity and cell
metabolism: Solving the puzzle. Int J Mol Sci 2018;19:859. https://doi.org/10.3390/ijms 19030859
Frazier-Jessen MR, Kovacs EJ. Estrogen modulation of JE/monocyte chemoattractant protein-I mRNA

expression in murine macrophages. J Immunol 1995;154:1838-1845.

Lambert KC, Curran EM, Judy BM, Lubahn DB, Estes DM. Estrogen receptor-alpha deficiency promotes
increased TNF-alpha secretion and bacterial killing by murine macrophages in response to microbial stimuli in
vitro. J Leukoc Biol 2004;75:1166-1172. https://doi.org/10.1189/j1b.1103589

Friedrich EB, Clever YP, Wassmann S, Hess C, Nickenig G. 17Beta-estradiol inhibits monocyte adhesion via down-
regulation of Racl GTPase. J Mol Cell Cardiol 2006;40:87-95. https://doi.org/10.1016/j.yjmcc.2005.10.007




2022

Immune Disorders and Sex Differences in Diabetic SDT Rats 123

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Blasko E, Haskell CA, Leung S, Gualtieri G, Halks-Miller M, Mahmoudi M, Dennis MK, Prossnitz ER,
Karpus WJ, Horuk R. Beneficial role of the GPR30 agonist G-1 in an animal model of multiple sclerosis.
J Neuroimmunol 2009;214:67-77. https://doi.org/10.1016/j.jneuroim.2009.06.023

Sellau J, Groneberg M, Fehling H, Thye T, Hoenow S, Marggraftf C, Weskamm M, Hansen C, Stanelle-
Bertram S, Kuehl S, Noll J, Wolf V, Metwally NG, Hagen SH, Dorn C, Wernecke J, Ittrich H, Tannich E,
Jacobs T, Bruchhaus I, Altfeld M, Lotter H. Androgens predispose males to monocyte-mediated

immunopathology by inducing the expression of leukocyte recruitment factor CXCL1. Nat Commun
2020;11:3459. https://doi.org/10.1038/s41467-020-17260-y

De Paoli M, Zakharia A, Werstuck GH. The role of estrogen in insulin resistance: A review of clinical and
preclinical data. Am J Pathol 2021;191:1490-1498. https://doi.org/10.1016/j.ajpath.2021.05.01 1

Shinohara M, Oikawa T, Sato K, Kanazawa Y. Glucose intolerance and hyperlipidemia prior to diabetes onset
in female Spontaneously Diabetic Torii (SDT) rats. Exp Diabesity Res 2004;5:253-256.
https://doi.org/10.1080/15438600490898609

Xia C, Rao X, Zhong J. Role of T lymphocytes in type 2 diabetes and diabetes-associated inflammation.
J Diabetes Res 2017;2017:6494795. https://doi.org/10.1155/2017/6494795

Ford ES. Leukocyte count, erythrocyte sedimentation rate, and diabetes incidence in a national sample of
US adults. Am J Epidemiol 2002;155:57-64. https://doi.org/10.1093/aje/155.1.57

Menart-Houtermans B, Rutter R, Nowotny B, Rosenbauer J, Koliaki C, Kahl S, Simon MC, Szendroedi J,
Schloot NC, Roden M, German Diabetes Study Group. Leukocyte profiles differ between type 1 and type 2

diabetes and are associated with metabolic phenotypes: Results from the German Diabetes Study (GDS).
Diabetes Care 2014;37:2326-2333. https://doi.org/10.2337/dc14-0316

Louet JF, LeMay C, Mauvais-Jarvis F. Antidiabetic actions of estrogen: insight from human and genetic mouse
models. Curr Atheroscler Rep 2004;6:180-185. https://doi.org/10.1007/s11883-004-0030-9

Margolis KL, Bonds DE, Rodabough RJ, Tinker L, Phillips LS, Allen C, Bassford T, Burke G, Torrens J,
Howard BV, Women's Health Initiative I. Effect of oestrogen plus progestin on the incidence of diabetes in

postmenopausal women: Results from the Women's Health Initiative Hormone Trial. Diabetologia
2004;47:1175-1187. https://doi.org/10.1007/s00125-004-1448-x

Manson JE, Chlebowski RT, Stefanick ML, Aragaki AK, Rossouw JE, Prentice RL, Anderson G, Howard BV,
Thomson CA, LaCroix AZ, Wactawski-Wende J, Jackson RD, Limacher M, Margolis KL, Wassertheil-
Smoller S, Beresford SA, Cauley JA, Eaton CB, Gass M, Hsia J, ET AL.. Menopausal hormone therapy and
health outcomes during the intervention and extended poststopping phases of the Women's Health Initiative
randomized trials. JAMA 2013;310:1353-1368. https://doi.org/10.1001/jama.2013.278040

Ben-Hur H, Mor G, Insler V, Blickstein I, Amir-Zaltsman Y, Sharp A, Globerson A, Kohen F. Menopause is
associated with a significant increase in blood monocyte number and a relative decrease in the expression of

estrogen receptors in human peripheral monocytes. Am J Reprod Immunol 1995;34:363-369.
https://doi.org/10.1111/].1600-0897.1995.tb00965.x





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



