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ABSTRACT. The C57BL/6J-Daruma mouse is an animal model of obesity derived from the 
original genetically obese ICR-Daruma mouse by transfer of the phenotype into the C57BL/6J 
background by backcrossing into the C57BL/6J strain. Although, like the original ICR-Daruma 
mouse model, both male and female C57BL/6J-Daruma mice develop obesity, the latter strain 
shows sex differences in several phenotypes. A sex difference in plasma insulin levels was 
especially notable in C57BL/6J-Daruma mice; only males showed hyperinsulinemia. Orchiectomy 
suppressed this hyperinsulinemia completely, whereas testosterone supplementation restored 
it. Glucose administration increased the plasma glucose level in both male and female Daruma 
mice to a greater extent than in wild-type control mice. Orchiectomy, but not ovariectomy, 
decreased the plasma glucose level to that seen in wild-type controls. On the other hand, this 
effect of orchiectomy was abrogated by testosterone supplementation. The expression of mRNAs 
for several genes related to insulin resistance was significantly changed in white adipose tissue 
and liver of C57BL/6J-Daruma mice, especially males, as early as 4 weeks of age. The present 
results suggest that testosterone may be involved in the hyperinsulinemia shown by male 
C57BL/6J-Daruma mice and that this strain may be an appropriate animal model for examining 
the relationship between obesity and sex hormones.
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Obesity is a disorder of energy balance resulting from excessive energy intake and/or reduced energy expenditure. This induces 
hypertrophy of white adipose tissue (WAT). Many studies have indicated that obesity is a risk factor for type 2 diabetes, stroke 
and myocardial infarction [1, 10, 18]. Insulin, a hypoglycemic hormone, and leptin, an anorexigenic hormone that promotes 
energy expenditure, have been considered to play a crucial role in obesity [4, 20, 29]. It is well known that obese individuals often 
develop insulin resistance and/or leptin resistance. Tumor necrosis factor-α (TNF-α), free fatty acid (FFA) and resistin secreted 
from WAT are known to play a role in insulin resistance [27], and their blood levels are increased with WAT hypertrophy in obese 
individuals. Obese patients with insulin resistance develop hyperinsulinemia in order to maintain normal blood glucose levels. 
This leads to exhaustion of pancreatic beta-cells, and type 2 diabetes finally develops as a result of insulin hyposecretion. Obese 
individuals show a reduction in the capacity of leptin to affect appetite and energy expression, despite the fact that blood leptin 
levels are increased with WAT hypertrophy [12, 22], a condition known as “leptin resistance”. In fact, administration of exogenous 
leptin to obese individuals does not lead to decrease in food intake [12].

Studies of obesity have generally employed genetically obese mice and/or diet-induced models of obesity. Genetically obese 
mice, such as the lethal yellow agouti (Ay/a) [3, 19], fat (fat/fat) [3, 10, 11, 33], tubby (tub/tub) [9, 32], obese (ob/ob) and diabetic 
(db/db) strains [6, 17], have been widely studied as models of monogenic obesity. We have previously reported the establishment 
of a novel strain of genetically obese mice, ICR-Daruma [26]. These mice developed characteristic visceral fat accumulation at 4 
weeks of age, and the WAT and liver exhibited increases in cell size and lipid droplets, respectively. Moreover, the mice exhibited 
early onset of impaired leptin signaling, manifested as hyperleptinemia, and hyperinsulinemia. The ICR-Daruma mouse has 
two base mutations in the leptin receptor gene sequence that are good candidates for the variation(s) responsible for the obese 
phenotype. No obesity was observed in pups resulting from a cross between heterozygous ICR-Daruma mice and heterozygous 
ob/+, tubby or fat mice. On the other hand, 13% of 82 pups produced by crossing heterozygous ICR-Daruma mice with 
heterozygous db/+ mice developed obesity, suggesting that various mechanisms of interaction may exist. Accordingly, Daruma 
mice exhibit unique characteristics and may be a good model for studies of human metabolic syndrome.
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In addition, we have succeeded in transferring the phenotype of the ICR-Daruma mouse to a C57BL/6J background. C57BL/6J-
Daruma mice were back-crossed 13 generations into the C57BL/6J strain without loss of ICR-Daruma mouse characteristics. 
However, unlike the ICR-Daruma mice, C57BL/6J-Daruma mice exhibited some unique characteristics, such as a clear sex 
difference in blood insulin levels. Here, we report some of the characteristics of the C57BL/6J-Daruma mouse strain.

MATERIALS AND METHODS

Animals
C57BL/6J-Daruma mice were produced by transfer of the ICR-Daruma phenotype [26] to a C57BL/6J background through 13 

generations. C57BL/6J-Daruma mice used in this study were originally purchased from Japanese Charles River (Yokohama, Japan). 
They were JAX Mice (stock number 000664) and not in the substrain diverged genetically. Mice with plasma leptin concentrations 
exceeding 7 ng/ml at 3 weeks of age and those with mutations at two base positions in exons 8 and 15 of the leptin receptor gene 
were designated as C57BL/6J-Daruma mice, and the other mice were assigned to a wild-type control group. All mice were housed 
under constant temperature (23 ± 1°C) and a 14L: 10D lighting regime (lights on at 05:00 hr) with free access to food and water. 
To obtain growth curves and to monitor food intake, body weight and food intake of male and female C57BL/6J-Daruma mice and 
control mice were measured once a week from weaning until 53 weeks of age and once a week from weaning until 16 weeks of 
age, respectively.

All experiments were conducted in accordance with the Japanese Physiological Society’s guidelines for animal care, and the 
experiments were authorized by Miyazaki University Animal Experiment Committee (authorization number: 2006-051-1~6).

Blood sampling and biochemical analysis
To compare the biochemical properties of blood in intact male and female C57BL/6J-Daruma and wild-type control mice, blood 

samples were collected by tail tip incision once a week or at biweekly intervals. A proportion of the mice were fasted for 16 hr 
from 18:00 to 10:00 hr before the sampling day, in order to examine the fasting blood glucose level. Glucose, triglyceride and total 
cholesterol in plasma were measured using a commercial kit: DRI-CHEM3500V (Fuji Medical Systems Co., Ltd., Tokyo, Japan). 
Plasma insulin and leptin concentrations were measured using a mouse insulin ELISA kit (Morinaga Co., Ltd., Yokohama, Japan) 
and a mouse leptin ELISA kit (Morinaga Co., Ltd.) following each of the manufacturers’ protocols.

Gonadectomy and steroid supplementation
A proportion of the male and female C57BL/6J-Daruma mice underwent bilateral removal of the testes and ovaries at 7 weeks of 

age under anesthesia, followed by subcutaneous implantation of a silicone tube (8 mm long, 2 mm ID and 3.5 mm OD) filled with 
testosterone (for males) or estradiol 17β (for females). These steroid implants maintained blood testosterone and estrogen at normal 
levels for more than 3 months. Blood samples were collected from these gonadectomized C57BL/6J-Daruma mice with steroid 
implants once a week from 7 to 16 weeks of age for measurement of glucose, insulin and leptin levels.

Glucose and insulin tolerance testing
Glucose and insulin tolerance tests were performed in intact or gonadectomized C57BL/6J-Daruma mice at 9 weeks of age. 

All mice were fasted for 16 hr from 18:00 to 10:00 hr. Glucose (1.5 mg/g body weight) or insulin (0.75 mU/g body weight) was 
administered at 10:00 hr intraperitoneally. After injection, blood samples were collected at 0, 15, 30, 60, 120 and 180 min in 
glucose tolerance test, and at 0, 20, 40, 60, 80, 100 and 120 min in insulin tolerance test. Plasma samples were immediately used 
for analysis of glucose and insulin levels.

Expression of mRNAs for peptides in the liver and WAT related to insulin resistance
After removal of the liver and WAT of male and female C57BL-Daruma and wild-type control mice at 4 weeks of age, total 

RNA was immediately extracted using Trizol (Life Technologies Co., Carlsbad, CA, U.S.A.) and purified using an RNeasy plus 
Micro kit (Qiagen, Valencia, CA, U.S.A.). Total RNA (1 µg in a final volume of 111 µl) was reverse-transcribed into first-strand 
complementary DNA (cDNA) using a RT2 First Strand Kit (Qiagen). PCR was carried out using a Mouse Insulin Resistance RT2 
Profiler PCR Array (Qiagen) for 84 genes.

Histological examination
Histological analysis was performed on male and female C57BL/6J Daruma and control mice at 9 weeks of age. Liver and 

WAT were removed after decapitation, then fixed in 4% paraformaldehyde-0.1 M phosphate-buffered saline (PBS) for 7 days and 
transferred to 0.1 M PBS. After being embedded in paraffin, they were cut into 10 µm thick sections and stained with hematoxylin 
and eosin.

Statistical analysis
The data (mean ± SE) were analyzed statistically by ANOVA with the post hoc Fisher test.
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RESULTS

The body weight of male and female C57BL/6J-Daruma mice exceeded that of wild-type control mice between 5 and 6 weeks 
of age, and reached about 1.5- and 2-fold at 11 weeks, respectively (Fig. 1A and 1B). The difference in growth rate between 
Daruma mice and wild-type control mice was greater in females than in males. Although hyperphagia was observed in both male 
and female Daruma mice from 4 weeks of age, food intake returned to normal at 8 weeks of age in males (Fig. 1C and 1D). On the 
other hand, females continued to exhibit hyperphagia.

Some biochemical characteristics of male and female C57BL/6J-Daruma mice are shown in Fig. 2. Although the plasma 
concentrations of glucose under ad libitum feeding in both male and female Daruma mice were not significantly different from 
those of wild-type control mice (Fig. 2A and 2G), plasma glucose levels under fasting conditions were significantly higher (Fig. 
2B and 2H). Blood triacylglycerol levels in both male and female Daruma mice did not differ significantly from those in wild-type 
control mice (Fig. 2C and 2I). On the other hand, the levels of total cholesterol were higher in both male and female Daruma mice 
than in wild-type control mice (Fig. 2D and 2J). With regard to blood insulin levels, a clear difference was observed between male 
and female Daruma mice (Fig. 2E and 2K); there was a gradual increase with growth in males, but not in females. In females, a 
slightly but significantly high level of insulin continued from 6 until 16 weeks of age. On the other hand, leptin levels rose rapidly 
until about 7 weeks of age and then rose gradually thereafter in both males and females (Fig. 2F and 2L).

To investigate the reason for the sex difference in blood insulin levels, we first examined the effect of gonadectomy and/or 
steroid hormone supplementation on blood insulin levels in both male and female C57BL/6J-Daruma mice. In males, orchiectomy 
resulted in total atrophy of the seminal vesicles and congealing glands, and this was abrogated by continuous administration 
of testosterone from the silastic implant (Fig. 3A). In addition, orchiectomy significantly damped the growth curve, whereas 
testosterone supplementation restored the growth curve to that observed in Daruma mice that had undergone a sham operation (Fig. 
3B). Blood glucose levels were decreased slightly in orchidectomized Daruma mice relative to those that had undergone a sham 
operation or been orchidectomized followed by testosterone supplementation. Interestingly, orchiectomy completely abrogated any 
increase of the blood insulin level in Daruma mice. On the other hand, orchidectomized Daruma mice supplied with testosterone 
showed an increase of insulin similar to that in Daruma mice that had undergone a sham operation (Fig. 3D).

In female C57BL/6J-Daruma mice, ovariectomy alone (without estradiol 17β supplementation) did not significantly alter the 
growth curve, or plasma glucose and insulin levels, in comparison with those that had undergone a sham operation (Fig. 4). On the 

Fig. 1. Comparison of growth curve and food intake between female and male C57BL/6J-Daruma mice and control wild-type mice. A, B: growth 
curves of C57BL/6J-Daruma (●: male n=18, ■: female n=18) and control wild-type (○: male n=15, □: female n=29) mice. C, D: food intake of 
C57BL/6J-Daruma (●: male n=12 ■: female n=10) and control wild-type (○: male n=12, □: female n=10) mice. Each symbol and vertical lines 
represent the mean ± SE. *P<0.05; C57BL/6J-Daruma mice vs control wild-type mice.
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other hand, continuous administration of estradiol 17β via a silastic implant following ovariectomy dampened the growth curve 
and slightly decreased the plasma glucose and insulin levels in comparison with ovariectomized Daruma mice or those that had 
undergone a sham operation (Fig. 4A–C). In spite of ovariectomy and/or estrogen administration, however, plasma insulin levels in 
female Daruma mice did not exceed 20 ng/ml, as had been observed in male Daruma mice (Fig. 4C).

Next, we compared the responses of male and female C57BL/6J-Daruma mice to glucose and insulin tolerance tests (Figs. 5 

Fig. 2. Blood biochemistry of C57BL/6J-Daruma mice. A, G: Glucose under ad libitum feeding, B, H: Glucose under fasting, C, I: Triglyceride, 
D, J: Total cholesterol, E, K: Insulin, F, L: Leptin in male and female C57BL/6J-Daruma (male n=12, female n=12) and control wild-type (male 
n=10, female n=10) mice. White and black symbols indicate control wild-type and C57BL/6J-Daruma mice, respectively. Each of the symbols 
and vertical lines represent the mean ± SE *P<0.05; C57BL/6J-Daruma mice vs control wild-type mice.
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and 6). After glucose administration, the blood glucose concentration increased significantly at 15 and 30 min, and then returned 
to the pretreatment level by 180 min in both wild-type and Daruma mice (Fig. 5A and 5C). However, male Daruma mice that had 
undergone a sham operation or been orchidectomized and received a testosterone implant showed higher glucose levels at 30 and 
60 min than wild-type mice or orchidectomized Daruma mice without testosterone supplementation (Fig. 5A). In Daruma mice 
that had undergone a sham operation or been orchidectomized followed by testosterone supplementation, insulin levels continued 
to increase until 120 min after glucose administration and remained high for 180 min. In orchidectomized Daruma mice without 
testosterone supplementation, a higher increase than the other groups was observed until 60 min (Fig. 5B). In female Daruma mice 
that had undergone a sham operation or been ovariectomized without estrogen supplementation, glucose levels were higher at 30 
and 60 min than in wild-type mice or ovariectomized Daruma mice supplemented with estrogen (Fig. 5C). In female Daruma mice 
that had undergone a sham operation or been ovariectomized without estrogen supplementation, insulin levels higher than those of 
wild-type mice were observed from 15 until 120 min after glucose administration. In ovariectomized female Daruma mice bearing 
estrogen implants, insulin levels became higher than those in wild-type mice at 15 and 30 min, and then returned to the basal levels 
at 120 min (Fig. 5D).

Although insulin administration decreased the plasma glucose level in all wild-type and Daruma mice, the decrease was larger 
in wild-type than in Daruma mice irrespective of sex (Fig. 6A and 6C). There was no significant difference in the effect of insulin 
administration on plasma glucose and insulin levels between Daruma mice that had undergone a sham operation and those that had 
been gonadectomized with or without steroid supplementation (Fig. 6A–D).

PCR array analysis revealed that as early as 4 weeks of age, C57BL/6J-Daruma mice showed altered levels of mRNA expression 
for several genes related to insulin resistance in WAT and liver (Fig. 7A and 7B). In the liver, expression of mRNA for CD36 
antigen (CD36), stearoyl-coenzyme A desaturase 1 (SCD1) and very low density lipoprotein receptor (VLDL-R) was increased, 
and that for leptin receptor (OB-R) was decreased, in both male and female C57BL/6J-Daruma mice, without any sex difference. 
In the WAT, expression of mRNA for leptin, oxidized low density lipoprotein receptor 1 (Olr1) and VLDL-R was increased in both 
males and females, but leptin mRNA expression was higher in males than in females. On the other hand, in the WAT, expression of 
mRNA for many genes was significantly decreased in males; these included apolipoprotein E (ApoE), conserved helix-loop-helix 
ubiquitous kinase (Chuk), insulin receptor substrate 1 (IRS-1) and 2 (IRS-2), OB-R, phosphoenolpyruvate carboxykinase 1 (Pck1), 
phosphodiesterase 3B (Pde3b) and PYD and CARD domain containing (Pycard) (Fig. 7A and 7B). Although there was no change 

Fig. 3. Effect of orchiectomy (OCX) and testosterone (T) supplementation on the growth, blood glucose and insulin levels in male C57BL/6J-
Daruma mice. A: Photograph of seminal vesicle and congealing gland in C57BL/6J-Daruma mice subjected to a sham operation (sham-op), or 
orchiectomy with or without testosterone supplementation. Arrow and square box indicate the seminal vesicle and congealing gland. B: Body 
weight, C: Plasma glucose, D: Plasma insulin in the four groups. Each of the symbols and vertical lines represent the mean ± SE (n=8). *P<0.05; 
a: Daruma sham-op vs wild-type control, Daruma OCX vs wild-type control, Daruma OCX+T vs wild-type control; b: Daruma sham-op vs 
Daruma OCX, Daruma OCX+T vs Daruma OCX.
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in histological observation in liver and WAT between male and female C57BL/6J Daruma mice at 4 weeks of age (data not shown), 
the lipid droplet accumulation in the liver was observed at 9 weeks of age in male but not female C57BL/6J Daruma mice, and 
hypertrophic adipocytes in the WAT was observed in both male and female C57BL/6J Daruma mice (Fig. 7C).

DISCUSSION

In order to clarify the phenotype and characteristics of male and female C57BL-Daruma mice, we analyzed their growth curves, 
daily food intake, blood biochemistry parameters, glucose or insulin tolerance, and expression of mRNAs for genes related to 
insulin resistance in the liver and WAT.

Our previous study had demonstrated that the original ICR-Daruma mice had mutations at 2 base positions within exons 8 and 
15 of the leptin receptor gene [26]. Similarly, in C57BL-Daruma mice, the leptin receptor gene was mutated in the same position. 
In addition, we observed that non-obese ICR mice carried the same mutations of the leptin receptor gene [26]. Therefore, these 
mutations of the leptin receptor gene may be not a direct cause of the obesity seen in Daruma mice. However, 26% of 486 pups 
produced by breeding heterozygous C57BL/6J-Daruma mice of both sexes developed obesity, suggesting that all the mutated genes 
are homozygous and show Mendelian inheritance. In the non-obese phenotype, in addition, there was no example of homozygosity. 
These results suggested that C57BL/6J-Daruma mice had monogenic obesity. Because mutation of the leptin receptor gene is 
linked to the obese phenotype, it is thought that the responsible gene is located on chromosome 4 with the leptin receptor gene. 
Further research will be needed to clarify the whole genome in order to determine the responsible gene.

In C57BL-Daruma mice of both sexes, body weight increased rapidly after 5–7 weeks of age, unlike the situation in wild-
type controls. Furthermore, the body weight of C57BL-Daruma mice exceeded 40 g at 10 and 14 weeks in males and females, 
respectively. This excessive growth suggested that the C57BL-Daruma mice had inherited the obese phenotype from the original 
ICR-Daruma mice. The onset of obesity occurred at 5–7 weeks in ob/ob and db/db mice, at 6–8 weeks in fat/fat mice and at 10 
weeks in tub/tub mice [6, 7, 21]. The timing of obesity onset in C57BL/6J-Daruma mice was thus close to that in other mouse 
strains with monogenic obesity.

Hyperphagia in male C57BL6J-Daruma mice was observed only at 4–7 weeks of age, and thereafter, normal food intake was 
maintained. On the other hand, hyperphagia in female C57BL6J-Daruma mice continued until end of the observation period (16 
weeks). No such sex differences in the period of hyperphagia were observed in the original ICR-Daruma mice [26]. The reason 
for continued obesity development in male C57BL6J-Daruma mice after a return to normal food intake may have been strong 
suppression of energy expenditure at the time of insulin and/or leptin resistance.

As development of obesity progresses, C57BL/6J-Daruma mice of both sexes showed an increase of total cholesterol, but not 
triglyceride levels. In the liver, there is usually little expression of the VLDL receptor to facilitate the uptake of VLDL [28, 31]. 
However, in C57BL/6J-Daruma mice, expression of mRNA for the VLDL receptor in the liver and WAT was increased several-fold 
relative to wild-type control mice. This may have facilitated the uptake of lipid into liver tissue, so that there was no deterioration 
of blood biochemistry balance leading to hyperlipidemia.

The present study showed that C57BL/6J-Daruma mice of both sexes had increased plasma leptin levels in comparison with 
wild-type controls at 3 weeks of age, i.e. around the time of weaning. The plasma leptin levels in both sexes increased with growth 

Fig. 4. Effect of ovariectomy (OVX) and estradiol 17β (E2) supplementation on the growth, blood glucose and insulin levels in female C57BL/6J-
Daruma mice. A: Body weight, B: Plasma glucose, C: Plasma insulin in the four groups. Each of the symbols and vertical lines represent the 
mean ± SE (n=8) *P<0.05; a: Daruma sham-op vs wild-type control, Daruma OVX vs wild-type control, Daruma OVX+E2 vs wild-type control; 
b; Daruma sham-op vs Daruma OVX+E2, Daruma OVX vs Daruma OVX+E2.
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and eventually reached 50–70 ng/ml, i.e. severe hyperleptinemia, as seen in ICR-Daruma mice. ICR-Daruma mice develop leptin 
resistance from an early age (4 weeks) [26]. In C57BL/6J-Daruma mice at 4 weeks of age, expression of OB-R mRNA in the liver 
was substantially lower in both sexes than in wild-type controls. However, the expression of OB-R mRNA in WAT was lower in 
only male C57BL/6Jj-Daruma mice. These results suggest that male and female C57BL/6J-Daruma mice may develop total and 
partial leptin resistance, respectively.

It has been reported that impaired glucose metabolism occurs in ob/ob, db/db [8, 14] or ICR-Daruma mice from a young age 
[26], but not in fat/fat, tub/tub [7] or Ay/a mice [24]. In C57BL/6J-Daruma mice of both sexes, plasma glucose levels were higher 
than in wild-type control mice under fasting conditions, but not during ad libitum feeding. In addition, plasma insulin levels in 
C57BL/6J-Daruma mice of both sexes were higher than in wild-type controls. These observations suggest that C57BL/6J-Daruma 
mice might acquire insulin resistance from an early age. This possibility is supported by the fact that, relative to wild-type controls, 
both sexes showed decreased expression of mRNAs for 11 genes in WAT and 4 genes related to insulin resistance as early as 
4 weeks of age. In addition, C57BL/6J-Daruma mice of both sexes showed impaired responses to exogenous administration of 
insulin or glucose.

However, under ad libitum food intake, although both sexes (especially males) showed hyperinsulinemia, there were no 
significant differences in plasma glucose levels relative to control mice. In addition, C57BL/6J-Daruma mice of both sexes 
were free of diabetes until 53 weeks of age. These results suggest that glucose metabolism in C57BL/6J-Daruma mice may be 
compensated by hyperinsulinemia, induced by a decrease of insulin sensitivity through reduced expression of genes involved in 
insulin receptor signaling (IRS-1 and IRS-2). However, the rate of diabetes onset in C57BL/6J-Daruma mice was a lot different 
from that in ICR-Daruma mice. C57BL/6J mice with diet-induced obesity (DIO) show exaggerated insulin sensitivity and glucose 
tolerance, with obesity and hyperinsulinemia, but do not develop overt diabetes [2, 30]. Therefore, the fact that C57BL/6J-Daruma 
mice do not develop diabetes may be a characteristic inherited from C57BL/6J mice.

Fig. 5. Comparison of glucose tolerance test results between wild-type control mice, and female and male C57BL/6J-Daruma mice subjected 
to a sham operation or gonadectomy with or without steroid supplementation. Each value for plasma glucose and insulin is represented as the 
average increase from the pretreatment value (as 0). Each of the symbols and vertical lines represent the mean ± SE (n=8). *P<0.05; a: Daruma 
sham-op vs wild-type control, Daruma OCX+T vs wild-type control; b: Daruma sham-op vs Daruma OCX, Daruma OCX+T vs Daruma OCX; c: 
Daruma OCX vs wild-type control; d: Daruma sham-op vs wild-type control, Daruma OVX vs wild-type control; e; Daruma sham-op vs Daruma 
OVX+E2, Daruma OVX vs Daruma OVX+E2; f: Daruma OVX+E2 vs wild-type control.
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To examine the possibility that the difference in sex steroid hormone levels in male and female C57BL/6J-Daruma mice may be 
related to the difference in plasma insulin levels between the sexes, we subjected orchidectomized or ovariectomized C57BL/6J-
Daruma mice to chronic administration of testosterone or estradiol.

Orchiectomy in male C57BL/6J-Daruma mice caused a slight blunting of body weight gain and completely suppressed the 
increase in the plasma level of insulin during growth. On the other hand, testosterone supplementation in orchidectomized 
C57BL/6J-Daruma mice did not alter the growth curve or plasma insulin levels relative to C57BL/6J-Daruma mice that had been 
subjected to a sham operation. These results suggest that testosterone may be one of the factors involved in hyperinsulinemia in 
male C57BL/6J-Daruma mice.

In female C57BL/6J-Daruma mice, neither ovariectomy nor ovariectomy + estrogen supplementation caused hyperinsulinemia, 
unlike the 40 ng/ml level seen in male C57BL/6J-Daruma mice. Ovariectomy did not lead to blunting of body weight gain or 
suppression of the plasma insulin level, and in fact, both showed a slight increase. In addition, chronic administration of estradiol 
after ovariectomy led to a decrease of body weight and plasma insulin levels relative to C57BL/6J-Daruma mice that had 
undergone a sham operation. These results are in agreement with a study in which normal female rats were subjected to the same 
treatment [23]. Therefore, estrogen may not be involved in the insulin secretion and obesity seen in C57BL/6J-Daruma mice.

Glucose tolerance in orchidectomized C57BL/6J-Daruma mice was improved in comparison with wild-type controls through 
promotion of glucose-stimulated insulin secretion, whereas glucose tolerance in orchidectomized and testosterone-supplemented 
Daruma mice was restored to the state seen in mice given a sham operation. In addition, insulin sensitivity in C57BL/6J-Daruma 
mice showed no difference between those subjected to a sham operation and those subjected to orchiectomy and testosterone 
supplementation. Muthusamy et al. reported that the blood insulin level and expression of the insulin receptor gene in liver, skeletal 
muscle and adipose tissue were decreased by orchiectomy, but restored by testosterone supplementation (except for expression of 
mRNA for the insulin receptor gene in adipose tissue) [25]. In addition, in isolated pancreatic islets, testosterone caused a rapid 
increase of insulin release in the presence of non-stimulatory concentrations of glucose [13]. These results, together with the 

Fig. 6. Comparison of insulin tolerance test data between wild-type control mice, and female and male C57BL/6J-Daruma mice subjected to a 
sham operation or gonadectomy with or without steroid supplementation. Plasma glucose levels are represented as values relative to the pretreat-
ment value (as 100%). Plasma insulin levels are represented as average increases or decreases from the pretreatment value (as 0). Each of the 
symbols and vertical lines represent the mean ± SE (n=8). *P<0.05; a: Daruma sham-op, Daruma OCX, Daruma OCX+T vs wild-type control; 
b: Daruma sham-op, Daruma OVX, Daruma OVX+E2 vs wild-type control.
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present observation that hyperinsulinemia was restored by orchiectomy, whereas testosterone supplementation of orchidectomized 
Daruma mice again led to hyperinsulinemia suggest that testosterone may affect the difference in plasma insulin levels between 
male and female C57BL/6J-Daruma mice.

Analysis of PCR array data revealed that expression of mRNAs for CD36, SCD-1 and VLDL-R increased in the liver of both 
male and female C57BL/6J-Daruma mice at 4 weeks of age. A similar increase in the expression of mRNA for CD36 and SCD-1 in 
the liver has been reported in ob/ob mice and mice with high fat-induced obesity [5, 15]. In addition, an increase in the expression 
of mRNA for VLDL-R is involved in fatty liver [16].

Also, in the WAT, expression of mRNAs for many genes related to insulin signaling, such as IRS-1, IRS-2 and Pde3b, is 
decreased in both male and female C57BL/6J-Daruma mice, suggesting a fundamental disorder in the lipid metabolic system 
from an early age. On the other hand, the expression of mRNAs for many genes, such as ApoE, Chuk, IRS-1 and 2, OB-R, Pde3b 
and PYD and Pycard, was significantly decreased in male C57BL/6J-Daruma mice relative to females. On the other hand, there 
was no change in histological observation in liver and WAT between male and female C57BL/6J Daruma mice at 4 weeks of age 
(data not shown). However, the lipid droplet accumulation in the liver was observed at 9 weeks of age in male but not female 
C57BL/6J Daruma mice, and hypertrophic adipocytes in the WAT were observed in both male and female C57BL/6J Daruma 
mice. Although it is unclear whether these differences in mRNA expression between male and female C57BL/6J-Daruma mice are 
involved in hyperinsulinemia in males, but not females, further examinations will be required to clarify the relationship between 
the hyperinsulinemia of male C57BL/6J-Daruma mice and testosterone.
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Fig. 7. Expression of mRNAs for genes related to insulin resistance in wild-type and C57BL/6J-Daruma mice. Liver (A) and WAT (B) samples 
were obtained at 4 weeks of age. White bar, black bar and dotted bar represent wild-type (n=12, 6 male and 6 female), male (n=8) and female 
(n=8) Daruma mice, respectively. The values are represented relative to those for wild-type mice. As there was no significant difference in the 
expression of any mRNAs between male and female wild-type mice at 4 weeks of age, averages were obtained by summing all the values for 
male and female wild-type mice, and each respective value for C57BL/6J-Daruma mice was divided by this average. Each of the symbol and 
vertical bar represents the mean ± SE. P<0.05; a: Daruma mice vs wild-type mice; b: male Daruma mice vs female Daruma mice. (C): Histology 
in liver and WAT between male and female C57BL/6J Daruma mice at 9 weeks of age. As there was no difference in histological observation 
between male and female control mice, photos were presented in only male control mice.



HYPERINSULINEMIA IN C57BL/6J-DARUMA MOUSE

1293doi: 10.1292/jvms.17-0006

REFERENCES

 1. Bruce, K. D. and Byrne, C. D. 2009. The metabolic syndrome: common origins of a multifactorial disorder. Postgrad. Med. J. 85: 614–621. 
[Medline]  [CrossRef]

 2. Buettner, R., Schölmerich, J. and Bollheimer, L. C. 2007. High-fat diets: modeling the metabolic disorders of human obesity in rodents. Obesity 
(Silver Spring) 15: 798–808. [Medline]  [CrossRef]

 3. Carroll, L., Voisey, J. and van Daal, A. 2004. Mouse models of obesity. Clin. Dermatol. 22: 345–349. [Medline]  [CrossRef]
 4. Chilliard, Y., Delavaud, C. and Bonnet, M. 2005. Leptin expression in ruminants: nutritional and physiological regulations in relation with energy 

metabolism. Domest. Anim. Endocrinol. 29: 3–22. [Medline]  [CrossRef]
 5. Cohen, P., Miyazaki, M., Socci, N. D., Hagge-Greenberg, A., Liedtke, W., Soukas, A. A., Sharma, R., Hudgins, L. C., Ntambi, J. M. and Friedman, 

J. M. 2002. Role for stearoyl-CoA desaturase-1 in leptin-mediated weight loss. Science 297: 240–243. [Medline]  [CrossRef]
 6. Coleman, D. L. 1978. Obese and diabetes: two mutant genes causing diabetes-obesity syndromes in mice. Diabetologia 14: 141–148. [Medline]  

[CrossRef]
 7. Coleman, D. L. and Eicher, E. M. 1990. Fat (fat) and tubby (tub): two autosomal recessive mutations causing obesity syndromes in the mouse. J. 

Hered. 81: 424–427. [Medline]  [CrossRef]
 8. Coleman, D. L. and Hummel, K. P. 1973. The influence of genetic background on the expression of the obese (Ob) gene in the mouse. Diabetologia 

9: 287–293. [Medline]  [CrossRef]
 9. Coyle, C. A., Strand, S. C. and Good, D. J. 2008. Reduced activity without hyperphagia contributes to obesity in Tubby mutant mice. Physiol. 

Behav. 95: 168–175. [Medline]  [CrossRef]
 10. Esser, N., Legrand-Poels, S., Piette, J., Scheen, A. J. and Paquot, N. 2014. Inflammation as a link between obesity, metabolic syndrome and type 2 

diabetes. Diabetes Res. Clin. Pract. 105: 141–150. [Medline]  [CrossRef]
 11. Fricker, L. D. 2007. Neuropeptidomics to study peptide processing in animal models of obesity. Endocrinology 148: 4185–4190. [Medline]  [CrossRef]
 12. Friedman, J. M. and Halaas, J. L. 1998. Leptin and the regulation of body weight in mammals. Nature 395: 763–770. [Medline]  [CrossRef]
 13. Grillo, M. L., Jacobus, A. P., Scalco, R., Amaral, F., Rodrigues, D. O., Loss, E. S. and Wassermann, G. F. 2005. Testosterone rapidly stimulates 

insulin release from isolated pancreatic islets through a non-genomic dependent mechanism. Horm. Metab. Res. 37: 662–665. [Medline]  [CrossRef]
 14. Hofmann, S. M., Dong, H. J., Li, Z., Cai, W., Altomonte, J., Thung, S. N., Zeng, F., Fisher, E. A. and Vlassara, H. 2002. Improved insulin sensitivity 

is associated with restricted intake of dietary glycoxidation products in the db/db mouse. Diabetes 51: 2082–2089. [Medline]  [CrossRef]
 15. Inoue, M., Ohtake, T., Motomura, W., Takahashi, N., Hosoki, Y., Miyoshi, S., Suzuki, Y., Saito, H., Kohgo, Y. and Okumura, T. 2005. Increased 

expression of PPARgamma in high fat diet-induced liver steatosis in mice. Biochem. Biophys. Res. Commun. 336: 215–222. [Medline]  [CrossRef]
 16. Jo, H., Choe, S. S., Shin, K. C., Jang, H., Lee, J. H., Seong, J. K., Back, S. H. and Kim, J. B. 2013. Endoplasmic reticulum stress induces hepatic 

steatosis via increased expression of the hepatic very low-density lipoprotein receptor. Hepatology 57: 1366–1377. [Medline]  [CrossRef]
 17. Kahle, E. B., Leibel, R. L., Domaschko, D. W., Raney, S. G. and Mann, K. T. 1997. Obesity genes and insulin resistance syndrome. Ann. N. Y. Acad. 

Sci. 827: 35–49. [Medline]  [CrossRef]
 18. Kaur, J. 2014. A comprehensive review on metabolic syndrome. Cardiol. Res. Pract. 2014. Article ID 943162: 1–21.
 19. Koegler, F. H., Schaffhauser, A. O., Mynatt, R. L., York, D. A. and Bray, G. A. 1999. Macronutrient diet intake of the lethal yellow agouti (Ay/a) 

mouse. Physiol. Behav. 67: 809–812. [Medline]  [CrossRef]
 20. Lee, G. H., Proenca, R., Montez, J. M., Carroll, K. M., Darvishzadeh, J. G., Lee, J. I. and Friedman, J. M. 1996. Abnormal splicing of the leptin 

receptor in diabetic mice. Nature 379: 632–635. [Medline]  [CrossRef]
 21. Lin, P. Y., Romsos, D. R. and Leveille, G. A. 1977. Food intake, body weight gain, and body composition of the young obese (ob/ob) mouse. J. 

Nutr. 107: 1715–1723. [Medline]
 22. Martin, S. S., Qasim, A. and Reilly, M. P. 2008. Leptin resistance: a possible interface of inflammation and metabolism in obesity-related 

cardiovascular disease. J. Am. Coll. Cardiol. 52: 1201–1210. [Medline]  [CrossRef]
 23. Meli, R., Pacilio, M., Raso, G. M., Esposito, E., Coppola, A., Nasti, A., Di Carlo, C., Nappi, C. and Di Carlo, R. 2004. Estrogen and raloxifene 

modulate leptin and its receptor in hypothalamus and adipose tissue from ovariectomized rats. Endocrinology 145: 3115–3121. [Medline]  [CrossRef]
 24. Miltenberger, R. J., Mynatt, R. L., Wilkinson, J. E. and Woychik, R. P. 1997. The role of the agouti gene in the yellow obese syndrome. J. Nutr. 127: 

1902S–1907S. [Medline]
 25. Muthusamy, T., Dhevika, S., Murugesan, P. and Balasubramanian, K. 2007. Testosterone deficiency impairs glucose oxidation through defective 

insulin and its receptor gene expression in target tissues of adult male rats. Life Sci. 81: 534–542. [Medline]  [CrossRef]
 26. Nakahara, K., Bannai, M., Maruyama, K., Suzuki, Y., Okame, R. and Murakami, N. 2013. Characterization of a novel genetically obese mouse 

model demonstrating early onset hyperphagia and hyperleptinemia. Am. J. Physiol. Endocrinol. Metab. 305: E451–E463. [Medline]  [CrossRef]
 27. Ohmura, E., Hosaka, D., Yazawa, M., Tsuchida, A., Tokunaga, M., Ishida, H., Minagawa, S., Matsuda, A., Imai, Y., Kawazu, S. and Sato, T. 2007. 

Association of free fatty acids (FFA) and tumor necrosis factor-alpha (TNF-alpha) and insulin-resistant metabolic disorder. Horm. Metab. Res. 39: 
212–217. [Medline]  [CrossRef]

 28. Oka, K., Ishimura-Oka, K., Chu, M. J., Sullivan, M., Krushkal, J., Li, W. H. and Chan, L. 1994. Mouse very-low-density-lipoprotein receptor 
(VLDLR) cDNA cloning, tissue-specific expression and evolutionary relationship with the low-density-lipoprotein receptor. Eur. J. Biochem. 224: 
975–982. [Medline]  [CrossRef]

 29. Tartaglia, L. A., Dembski, M., Weng, X., Deng, N., Culpepper, J., Devos, R., Richards, G. J., Campfield, L. A., Clark, F. T., Deeds, J., Muir, C., 
Sanker, S., Moriarty, A., Moore, K. J., Smutko, J. S., Mays, G. G., Wool, E. A., Monroe, C. A. and Tepper, R. I. 1995. Identification and expression 
cloning of a leptin receptor, OB-R. Cell 83: 1263–1271. [Medline]  [CrossRef]

 30. Tasyurek, M. H., Altunbas, H. A., Canatan, H., Griffith, T. S. and Sanlioglu, S. 2014. GLP-1-mediated gene therapy approaches for diabetes 
treatment. Expert Rev. Mol. Med. 16: e7. [Medline]  [CrossRef]

 31. Tiebel, O., Oka, K., Robinson, K., Sullivan, M., Martinez, J., Nakamuta, M., Ishimura-Oka, K. and Chan, L. 1999. Mouse very low-density 
lipoprotein receptor (VLDLR): gene structure, tissue-specific expression and dietary and developmental regulation. Atherosclerosis 145: 239–251. 
[Medline]  [CrossRef]

 32. Wang, Y., Seburn, K., Bechtel, L., Lee, B. Y., Szatkiewicz, J. P., Nishina, P. M. and Naggert, J. K. 2006. Defective carbohydrate metabolism in mice 
homozygous for the tubby mutation. Physiol. Genomics 27: 131–140. [Medline]  [CrossRef]

 33. Zhang, X., Che, F. Y., Berezniuk, I., Sonmez, K., Toll, L. and Fricker, L. D. 2008. Peptidomics of Cpe(fat/fat) mouse brain regions: implications for 
neuropeptide processing. J. Neurochem. 107: 1596–1613. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/19892897?dopt=Abstract
http://dx.doi.org/10.1136/pgmj.2008.078014
http://www.ncbi.nlm.nih.gov/pubmed/17426312?dopt=Abstract
http://dx.doi.org/10.1038/oby.2007.608
http://www.ncbi.nlm.nih.gov/pubmed/15475237?dopt=Abstract
http://dx.doi.org/10.1016/j.clindermatol.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15876510?dopt=Abstract
http://dx.doi.org/10.1016/j.domaniend.2005.02.026
http://www.ncbi.nlm.nih.gov/pubmed/12114623?dopt=Abstract
http://dx.doi.org/10.1126/science.1071527
http://www.ncbi.nlm.nih.gov/pubmed/350680?dopt=Abstract
http://dx.doi.org/10.1007/BF00429772
http://www.ncbi.nlm.nih.gov/pubmed/2250094?dopt=Abstract
http://dx.doi.org/10.1093/oxfordjournals.jhered.a111019
http://www.ncbi.nlm.nih.gov/pubmed/4588246?dopt=Abstract
http://dx.doi.org/10.1007/BF01221856
http://www.ncbi.nlm.nih.gov/pubmed/18619628?dopt=Abstract
http://dx.doi.org/10.1016/j.physbeh.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24798950?dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17584973?dopt=Abstract
http://dx.doi.org/10.1210/en.2007-0123
http://www.ncbi.nlm.nih.gov/pubmed/9796811?dopt=Abstract
http://dx.doi.org/10.1038/27376
http://www.ncbi.nlm.nih.gov/pubmed/16308833?dopt=Abstract
http://dx.doi.org/10.1055/s-2005-870575
http://www.ncbi.nlm.nih.gov/pubmed/12086936?dopt=Abstract
http://dx.doi.org/10.2337/diabetes.51.7.2082
http://www.ncbi.nlm.nih.gov/pubmed/16125673?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2005.08.070
http://www.ncbi.nlm.nih.gov/pubmed/23152128?dopt=Abstract
http://dx.doi.org/10.1002/hep.26126
http://www.ncbi.nlm.nih.gov/pubmed/9329740?dopt=Abstract
http://dx.doi.org/10.1111/j.1749-6632.1997.tb51820.x
http://www.ncbi.nlm.nih.gov/pubmed/10604855?dopt=Abstract
http://dx.doi.org/10.1016/S0031-9384(99)00104-3
http://www.ncbi.nlm.nih.gov/pubmed/8628397?dopt=Abstract
http://dx.doi.org/10.1038/379632a0
http://www.ncbi.nlm.nih.gov/pubmed/894369?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18926322?dopt=Abstract
http://dx.doi.org/10.1016/j.jacc.2008.05.060
http://www.ncbi.nlm.nih.gov/pubmed/15059958?dopt=Abstract
http://dx.doi.org/10.1210/en.2004-0129
http://www.ncbi.nlm.nih.gov/pubmed/9278579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17673259?dopt=Abstract
http://dx.doi.org/10.1016/j.lfs.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23736543?dopt=Abstract
http://dx.doi.org/10.1152/ajpendo.00540.2012
http://www.ncbi.nlm.nih.gov/pubmed/17373637?dopt=Abstract
http://dx.doi.org/10.1055/s-2007-970421
http://www.ncbi.nlm.nih.gov/pubmed/7925422?dopt=Abstract
http://dx.doi.org/10.1111/j.1432-1033.1994.00975.x
http://www.ncbi.nlm.nih.gov/pubmed/8548812?dopt=Abstract
http://dx.doi.org/10.1016/0092-8674(95)90151-5
http://www.ncbi.nlm.nih.gov/pubmed/24666581?dopt=Abstract
http://dx.doi.org/10.1017/erm.2014.7
http://www.ncbi.nlm.nih.gov/pubmed/10488949?dopt=Abstract
http://dx.doi.org/10.1016/S0021-9150(99)00068-4
http://www.ncbi.nlm.nih.gov/pubmed/16849632?dopt=Abstract
http://dx.doi.org/10.1152/physiolgenomics.00239.2005
http://www.ncbi.nlm.nih.gov/pubmed/19014391?dopt=Abstract
http://dx.doi.org/10.1111/j.1471-4159.2008.05722.x

