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Abstract
Aim: In this study, we examined the efficacy of whole body hyperthermia (WBH) on obesity-induced insulin resistance
in diabetic mice.
Methods: Male db/db mice were treated with WBH 3 times per week for 12 weeks. The rectal temperature of mice reached
38.0�C 5min after heating, and was kept at 38.0�C for 30min. At the end of each week, tail snip glucose levels were
determined under fasting conditions. The GLUT-4 gene expression of muscle tissue was analyzed by real-time PCR.
Results: (1) WBH-treated db/db mice showed a significant decrease in fasting blood glucose level as compared with untreated
db/db mice ( p< 0.01). (2) Plasma insulin levels in untreated db/db mice at the age of 10 weeks were significantly increased
compared with those of db/þ mice (p< 0.0001). On the other hand, the reduction (31%) in insulin levels in WBH-treated
mice indicated improved insulin sensitivity. (3) The ability of WBH to increase insulin sensitivity was further established
in glucose tolerance tests and insulin tolerance tests. (4) Urine albumin of db/db mice significantly increased compared with
those of db/þ mice at 18 weeks of age (p< 0.001). This increase in urinary albumin was significantly inhibited by WBH
(p< 0.01). (5) WBH up-regulated the expression of GLUT4 mRNA in skeletal muscle.
Conclusion: Although the mechanisms have not yet been completely investigated, WBH may provide a new therapeutic
or preventive modality against obesity-related diseases such as T2DM and metabolic or insulin resistance syndrome.

Keywords: Whole body hyperthermia, diabetes, Glut-4, insulin resistance, obesity, metabolic syndrome, exercise, skeletal muscle,
diabetic nephropathy

Abbreviations: WBH, Whole body hyperthermia; T2DM, Type 2 diabetes mellitus; FIR, Far-infrared rays; GTT, Glucose
tolerance test; FFA, Free fatty acid; PAS, Periodic acid-Schiff stain; GLUT-4, Glucose transport protein-4

Introduction

Obesity is strongly associated with the development

of insulin resistance [1]. Insulin resistance is a

significant pathogenic factor in type 2 diabetes

mellitus (T2DM) and metabolic syndrome.

Physical exercise improves reduced insulin sensitivity

in lifestyle-related diseases including T2DM.

Exercise is recommended not only as an adjunct

therapy to facilitate weight reduction, which has been

shown to be an effective treatment to enhance insulin

sensitivity [2], but also as a beneficial therapy

independent of weight reduction in preventing

T2DM [3]. The effects of exercise represented by

in vivo improved insulin action are attributed chiefly

to changes in muscular factors such as increased

muscle volume [4] and increased rate of blood flow
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to the exercising muscle [5]. Blood flow is a critical

parameter for obtaining satisfactory temperature

distributions during clinical hyperthermia [6]. In

hyperthermia, as in exercise, muscle blood flow is

greater in skeletal muscle in which higher tempera-

tures are recorded. Thus, these facts raise a possible

scenario that hyperthermia may improve reduced

insulin sensitivity in T2DM by increasing muscle

blood flow.

In this study, we treated db/db mice with whole

body hyperthermia (WBH) (38�C of rectal tempera-

ture for 30min) to investigate the efficacy of

hyperthermia on insulin resistance in T2DM.

Materials and Methods

Animal care and treatment

Male C57BL/KsJ-Lepdb/db mice (db/db mice) and

their lean littermates (C57BL/KsJ- Lepdb/þ mice,

db/þ mice) were obtained at 5 weeks of age from

Keari (Osaka, Japan). The animals were housed

at 22�C in a controlled environment with 12 h of

artificial light per day. They were allowed access to

normal laboratory chow and water ad libitum. The

db/db mice were used at 6 weeks of age after

acclimation. The db/db mice and lean mice were

weighed and tail snip glucose levels were determined

by the glucose oxidase method (Terumo Co., Tokyo,

Japan). The animals were separated into four groups

(n¼ 5) on the basis of plasma glucose levels and body

weight. The following method of whole body

hyperthermia was employed. The WBH was per-

formed in an insulated room lined with polyur-

ethane. Far-infrared rays (FIR) panels were setted up

on both the floor and ceiling, and controlled at 60�C

for the first 5min, then at 40�C for 30min. The room

temperature was then controlled at 36–38�C; the

rectal temperature of mice reached 38.0�C 5min

after heating and was kept at 38.0�C for 30min.

Whole body hyperthermia was performed three times

a week for five mice in WBH-treated db/db group

from the age of 6 weeks to the age of 18 weeks.

Serum chemistry and tissue analysis

Tail bleed samples (10–20 mL) were taken to

determine the glucose levels under fasting conditions

at the end of each week. Blood samples were taken

from the animals by the right atriums at 10 weeks and

18 weeks of age. Plasma triglyceride and free fatty

acid (FFA) levels were measured by enzymatic

methods (GPO.HDAOS method, glycerol blanking

method). Plasma insulin levels were determined with

a commercial kit (Morinaga Institute of Biological

Science, Yokohama, Japan). A gross estimation of

food consumption was determined in db/db mice

and lean mice at 9 weeks and 16 weeks of age as

follows. Food was measured at 18:00 h each day and

the difference between the starting and ending

quantities was divided by the number of mice per

cage for an index of estimated 24 h food consump-

tion per mouse. Well-mixed 24 h urine (1.0–1.1 mL
in case of db/m mice, 3.8–14.4 mL in case of

untreated db/db mice, and 1.1–3.5 mL in case of

WBH-treated db/db mice) was collected from mice

at 16 weeks of age in metabolic cages. After the urine

was centrifuged at 3000g for 10min, 1ml of super-

natant was stored at �80�C until it was analyzed.

Urinary albumin levels were measured by a compe-

titive enzyme-linked immunosorbent assay (ELISA)

(Albuwell M, Exocell Inc., Philadelphia, PA, USA)

according to the manufacturer’s instructions. For

morphological analysis of the glomeruli, half of the

middle portion of each left kidney was fixed with

10% buffered formalin and embedded in paraffin.

Slices 4mm thick were stained with periodic acid-

Schiff (PAS) stain. The skeletal muscle were

harvested and frozen immediately in liquid nitrogen

for analysis of real-time polymerase chain reaction.

Glucose and insulin tolerance tests

An intraperitoneal glucose tolerance test (GTT) was

performed at 1.0 g/kg (20% solution of glucose,

Otsuka, Japan). After a 12 h fast beginning at 21:00 h,

a base line 0min sample was taken followed by an

intraperitoneal injection of glucose. Tail bleed

samples (10–20 mL) were taken at 30, 60, and

120min following glucose injection. For the insulin

tolerance test, an intraperitoneal injection of insulin

(3.0 units/kg, Sigma) was given under 12 h fast

conditions. Tail bleed samples were taken at 0, 30,

60, and 90min for measurement of blood glucose.

Real-time-polymerase chain reaction

Total RNA was isolated by using an Isogen kit

(Nippon Gene, Tokyo, Japan) according to the

manufacturer’s instruction. The concentration of

RNA was determined from the absorbance at

260 nm in relation to the absorbance at 280 nm.

RNA was stored at �70�C until reverse transcription

was performed. An aliquot (1 mg) of extract RNA was

reverse-transcribed into first-strand complementary

DNA (cDNA) at 42�C for 40min, using 100U/ml

reverse transcriptase (Takara Biochemicals, Shiga,

Japan) and 0.1 mM of oligo (dT)-adapter primer

(Takara) in a 50 mL reaction mixture. Real-time

polymerase chain reaction (PCR) was carried out

with a 7300 Real Time PCR system (Applied

Biosystems, Foster City, CA, USA) using the

DNA-binding dye SYBER Green I for the detection

of PCR products. The reaction mixture (RT-PCR

kit, Code RRO43A, Takara) contained 12.5 mL
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Premix Ex Taq, 2.5 mL SYBER Green I, custom-

synthesized primers, ROX reference dye, and cDNA

(equivalent to 20 ng total RNA) to give a final

reaction volume of 25mL. The specific primers used

for PCR are shown as follows:

GLUT4 sense 50-CATGGCTGTCGCTGGTTTCT-30

antisense 50- GCATCCGCAACATACTGGAA-30

The PCR settings were as follows: Initial dena-

turation of 10 s at 95�C was followed by 40 cycle of

amplification for 5 s at 95�C and 31 s at 60�C. The

amplification products were quantified using stan-

dard DNA. The relative expression was then

calculated as the density of the product of the

respective target gene divided by that for �-actin
from the same cDNA.

Ethical considerations

The maintenance of the animals and the experi-

mental procedures performed on them were carried

out in accordance with the National Institute of

Health guidelines for the use of experimental

animals. All procedures were approved by the

Animal Care Committee of Kyoto Prefectural

University of Medicine (Kyoto, Japan).

Statistical analysis

The results are presented as means�SEM. The data

were compared using one-way analysis of variance

(ANOVA); differences were considered significant

if the P-value was <0.05 according to PLSD or

Scheffe’s F multiple comparison test. All analyses

were performed using the Stat ViewTM 4.11-J soft-

ware program (Abacus Concepts Inc., Berkeley, CA,

USA) on a Macintosh computer.

Results

Concentrations of plasma glucose and insulin

The db/db mice, a model for T2DM, exhibited

hyperglycemia associated with obesity as compared

with their nondiabetic db/þ littermates at 6 weeks of

age. The food intake of db/db mice was 1.4–1.6-fold

higher than that of db/þ mice. Throughout the

experimental period (6–18 weeks of age), the food

intake of WBH-treated mice was almost the same as

that of untreated db/db mice. After 1 week of

treatment with WBH, db/db mice showed a sig-

nificant decrease in fasting blood glucose level as

compared with untreated db/db mice (Figure 1a).

Concomitant reduction in insulin levels in overnight-

fasted WBH-treated mice at the age of 10 weeks

(untreated db/db vs. WBH-treated db/db:

14.5� 1.37 ng/ml vs. 10.2� 1.04 ng/ml, decrease in

29.7%) indicated improved insulin sensitivity despite

mild insulin resistance. On the other hand, the

plasma insulin levels in overnight-fasted WBH-

treated mice at the age of 18 weeks (untreated db/

db vs. WBH-treated db/db: 8.21� 3.58 ng/ml vs.

11.9� 2.14 ng/ml, increase in 44.9%) were signifi-

cantly increased compared with those of untreated

db/db mice. Moreover, plasma insulin levels in

overnight-fasted untreated db/db mice at the age of

18 weeks were significantly decreased compared with

those of untreated db/db mice at the age of 10-weeks.

Plasma insulin levels in the WBH-treated group

showed no significant difference between that of

10-week-old mice and that of 18 week-old mice

(Figure 1b). These data showed that chronic secre-

tion of large amounts of insulin could lead to

pancreatic � cell failure and WBH prevented this

harmful phenomenon.

Glucose and insulin tolerance tests

According to the results shown in Figure 1(a) and

(b), the untreated db/db mice at the age of 10 weeks

showed hyperglycemia and hyperinsulinemia, which

indicated the status of insulin resistant. Therefore,

the ability of WBH to increase insulin sensitivity was

further established in glucose tolerance tests and

insulin tolerance tests after the treatment with WBH

for 4 weeks (from the age of 6 weeks to the age of

9 weeks, three times a week). These tests were

performed 24 h after the last WBH. As shown

in Figure 2(a), db/db mice treated with WBH

showed a remarkable improvement in plasma glucose

control during the glucose challenge compared with

untreated db/db mice. Intraperitoneal injection of

insulin (3.0 units/kg) had no significant effect on

blood glucose concentration in untreated db/db

mice. However, the same insulin dose caused a

decrease in blood glucose when given to WBH-

treated mice (Figure 2b).

Concentrations of plasma triglyceride and free

fatty acid

Blood glucose control might benefit from an

improvement of insulin sensitivity, which may also

result in a reduction of triglyceride and free fatty

acid. In order to investigate the effects of WBH on

serum levels of triglyceride and free fatty acid,

we measured them at the age of 10 weeks.

Untreated db/db mice showed a significant increase

in triglyceride and free fatty acid levels as compared

with db/þ mice (98% and 77% increase, respec-

tively). Treatment with WBH induced the decrease

of these plasma levels down to db/þ levels (Figure 3a

and b).
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Figure 1. Effect of whole body hyperthermia on plasma glucose and insulin in db/db mice. Six-week-old db/db and db/þ
mice were given free access to food and water. Whole body hyperthermia (38�C of rectal temperature for 30min)
was performed three times a week. In all panels, values are the means�SEM of five mice, squares and solid lines represent
the untreated db/db group, diamonds and solid lines represent the WBH-treated group, and solid circles and solid
lines represent db/þ mice without whole body hyperthermia. (a) Fasting blood glucose concentrations in 6-week-old mice
and 18-week-old mice. *p< 0.01 vs. untreated mice. (b) Fasting insulin concentrations in 10-week-old mice and 18-week-
old mice. *p< 0.0001 vs. db/þ mice, #p< 0.001 vs. 10-week-old untreated mice, �p< 0.001 vs. 10-week-old untreated mice.
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Figure 2. Effect of whole body hyperthermia on glucose and insulin tolerance tests in db/db mice. (a) For glucose tolerance
tests, glucose (1.0 g/kg) was administered by intraperitoneal injection after an overnight fast. After administration of glucose,
the plasma level of glucose was measured immediately before and 30, 60 120min after administration of glucose. If insulin
response against for administered glucose was appropriate, the plasma level of glucose, which was transiently increased,
showed a speedy recovery. *p< 0.0001 vs. 0min of untreated db/db mice, #p< 0.05, ##p< 0.0001 vs. 0min of WBH-treated
db/db mice. �p< 0.05 vs. 0min of untreated db/þ mice. (b) For insulin tolerance tests, an intraperitoneal injection of insulin
(3.0 units/kg) was given after an overnight fast. After administration of insulin, the plasma level of glucose was measured
immediately before and 30, 60, and 90min after administration of insulin. If insulin sensitivity was kept appropriately, the
plasma level of glucose decreased in response to administered insulin. Tail bleed samples were taken at 0, 30, 60, and 90min
for measurement of blood glucose concentrations. *p< 0.05, **p< 0.01 vs. 0min of WBH-treated db/db mice.
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Diabetic nephropathy

The db/db mouse exhibits clinical and histological

features of diabetic nephropathy that track the

human disease. Albumin levels in urine of db/db

mice (923.8� 147.0 mg/day) significantly increased

compared with those of db/þ mice (30.6� 11.7 mg/
day) at 18 weeks of age. The increase in urinary

albumin was significantly inhibited by WBH

(332.1� 86.3 mg/day) (Figure 4a). There were no

differences in the histology of renal tubes between

db/þ and db/db mice. In contrast, the glomerular

histology in db/db mice showed accelerated mesan-

gial expansion characterized by an increase in

periodic acid-Schiff stain (PAS)-positive mesangial

matrix area relative to that observed in db/þ mice at

18 weeks of age. On the other hand, treatment with

WBH partially reversed the mesangial matrix

accumulation that had been established by

18 weeks of age (Figure 4b).

GLUT4 mRNA expression in mouse skeletal muscle

We further investigated the mechanisms by which

WBH improved insulin resistance in db/db mice.

Thirty to fifty percent of the insulin-mediated

glucose disposal occurs in skeletal muscle, and

decreased insulin-stimulated muscle glucose uptake

is one of the mechanisms responsible for the

development of insulin resistance. In this study,

untreated db/db mice showed a significant decrease

in GLUT4 mRNA level as compared with db/þ

mice. However, WBH significantly increased the

level of GLUT4 mRNA in WBH-treated skeletal

muscle up to db/þ level (Figure 5).

Discussion

In this study, we indicated for the first time that

WBH improves peripheral insulin action in the

obesity and T2DM mouse model. We further

demonstrate that WBH directly targets skeletal

muscle, resulting in modifications in glucose trans-

port through the induction of GLUT4. The

decreased glucose uptake of skeletal muscle is one

of the mechanisms responsible for the development

of insulin resistance. Exercise stimulates the trans-

port of glucose in skeletal muscle by causing move-

ment of the GLUT4 isoform of the glucose

transporter from intracellular sites to the cell surface,

and induces an increase in GLUT4 protein in

skeletal muscle [5]. The abilities of glucose transport

result from the quantity of GLUT4 protein present

in the muscle. Holloszy et al. [7] reported that the

increases in cytosolic Ca2þ that occur in exercising

muscle mediated the induction of GLUT4 protein

in myocytes and skeletal muscle. The results of

previous studies also showed that hyperthermia

increases the cytosolic concentration of free Ca2þ

[8, 9]. With previous reports, this study strongly

suggested that WBH might induce the production of

GLUT4 via an increase in the cytosolic concentra-

tion of free Ca2þ. Thus, it is tempting to speculate

that the improvement of insulin resistance by WBH

might be at least partially mediated by increased

blood flow, resulting in the increased delivery of

both glucose and insulin to muscle, and by the

induction of GLUT4 in skeletal muscle. This

scenario is supported by the recent report from

Horsman [10], which suggests that the most impor-

tant physiological parameter influencing tissue

response to heat is blood flow, and is further

supported by other studies that indicate that regional

microwave heating generated a non-uniform increase
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of blood flow in normal skeletal muscle [6].

Additional investigations are required to evaluate

how WBH-mediated induction of GLUT4 could

contribute to improve obesity-induced insulin resis-

tance in diabetic mice and to study the other effects

of WBH on insulin resistance in diabetic mice.

While exercise is a basic strategy for the treatment

of T2DM [2–5], many patients with T2DM,

pre-T2DM, or metabolic syndrome are corpulent;

therefore, it is difficult for them to practice exercise

training. On the other hand, it may be easy for

these patients to accept WBH. Many heat

applicators for hyperthermia have already been

developed. For example, radiofrequency heat and

far-infrared ray heat applicators are utilized in the

field of cancer therapies. Recently we have developed

a far-infrared ray heat applicator for mild hyperther-

mia by making a refinement on the applicator for

cancer treatment. It may be possible to apply this

device in order to improve insulin sensitivity for

corpulent patients. Although the mechanisms

have not yet been completely addressed, we can

conclude that WBH may provide a new therapeutic
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in metabolic cages 10 weeks after the start of this experiment. *p< 0.001 vs. db/þ mice and #p< 0.01 vs. untreated db/db
mice. (b) Effect of whole body hyperthermia on accelerated mesangial expansion in db/db mice. Paraffin-embedded sections
of the renal cortex were stained with periodic acid-Schiff stain. Representative light micrographs (magnification: 100 �) from
each of the groups are shown. (a) Normal glomerulus from a non-diabetic db/þ mouse at 18 weeks of age. (b) Glomerulus
from an untreated db/db mouse at 18 weeks of age, showing hypertrophy and mesangial matrix expansion (arrows).
(c) Glomerulus from a db/db mouse treated with 12 weeks of whole body hyperthermia until 18 weeks of age, depicting
partial reversal of mesangial matrix expansion.

0

0.1

0.2

0.3

0.4

0.5

G
LU

T
4/

β 
ac

tin

db/+

ddb/db

untreated

db/db

W
BH(+)

*

#

Figure 5. Real-time polymerase chain reaction analysis of
GLUT4 mRNA expression in mouse skeletal muscle with
or without whole body hyperthermia Total RNA was
extracted from db/db or db/þ mice treated with or without
whole body hyperthermia for 12 weeks and mRNA
expression was analyzed by real-time polymerase chain
reaction amplification. Actin was used as a control. Values
are the means�SEM of 4 mice. *p< 0.01 vs. db/þ mice
and #p< 0.01 vs. untreated db/db mice.

264 S. Kokura et al.



or preventive modality against obesity-related dis-

eases such as T2DM and metabolic or insulin

resistance syndrome.
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