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a b s t r a c t

Measuring glucose uptake in the skeletal muscle in vivo is an effective method to determine glucose
metabolism abnormalities as the skeletal muscle is the principal tissue responsible for glucose disposal
and is a major site of peripheral insulin resistance. In this study, we investigated the pathological glucose
metabolism dynamics of the skeletal muscle of C57BL/6J mice in a noninvasive and time-sequential
manner using positron emission tomography/computed tomography (PET/CT), an imaging technique
that uses radioactive substances to visualize and measure metabolic processes in the body, with [18F]-
fluoro-2-deoxy-D-glucose (FDG). FDG-PET/CT imaging revealed that insulin administration and exercise
load significantly increased FDG accumulation in the skeletal muscle of C57BL/6J mice. FDG accumulation
was lower in the skeletal muscle of 14-week-old db/db diabetic model mice exhibiting remarkable insulin
resistance compared to that of 7-week-old db/db mice. Based on the continuous observation of FDG
accumulation over time in diet-induced obese (DIO) mice, FDG accumulation significantly decreased in
17-week-old mice after the acquisition of insulin resistance. Although insulin-induced glucose uptake in
the skeletal muscle was markedly attenuated in 20-week-old DIO mice that had already developed in-
sulin resistance, exercise load effectively increased FDG uptake in the skeletal muscle. Thus, we suc-
cessfully confirmed that glucose uptake accompanied by insulin administration and exercise load
increased in the skeletal muscle using PET-CT. FDG-PET/CT might be an effective tool that could non-
invasively capture the chronological changes of metabolic abnormalities in the skeletal muscle of mice.

© 2020 Elsevier Inc. All rights reserved.
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1. Introduction

The skeletal muscle is the largest organ in the body and plays an
important role in energy metabolism [1e4]. The glycemic clamp
technique, considered as the most common and accurate experi-
mental procedure performed to assess insulin sensitivity in vivo [5],
showed that the skeletal muscle is generally responsible for
insulin-stimulated whole-body glucose disposal [6]. Although this
method is the reference standard method performed to directly
measure insulin sensitivity [7], we attempted to utilize positron
emission tomography/computed tomography (PET/CT), an imaging
technique that uses radioactive substances to visualize and mea-
sure metabolic processes in the body, with [18F]-fluoro-2-deoxy-D-
glucose (FDG) to noninvasively and chronologically observe meta-
bolic changes in the skeletal muscle with the same individual.
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PET/CT is a widely used examination method that identifies the
distribution of tumors by administering substances (e.g., [18F]-flu-
oro-deoxy-glucose, [11C]-methionine) used as probes for clinical
observation [8e10]. Some reports showed that PET/CT can assess
the pharmacokinetic properties of different substances, the bio-
distribution of functional ingredients, and the kinetics of sub-
stances that change in diseases such as Alzheimer’s disease [11e13].
In the present study, we examined glucose uptake changes in the
skeletal muscle of mice based on their insulin resistance using FDG-
PET/CT. Additionally, we aimed to establish an observation method
of the skeletal muscle’s glucose metabolism changes during the
development of insulin resistance in mice.

2. Materials and methods

2.1. Animals and experiments

All experiments were approved by the Tokushima University
Animal Study Committee and conducted in accordance with the
Guidelines for the Care and Use of Animals approved by the Council
of the Physiological Society of Japan. All efforts were made to
minimize animal suffering and to reduce the number of animals
used in the experiments. All mice were housed at a constant room
temperature of 23 ± 1 �C with a 12-h light/dark cycle (lights on at 8
a.m.). We purchased 7-week-old C57BL/6J male mice (Japan SLC,
Shizuoka, Japan). Mice were fed a standard non-purified diet
(Oriental Yeast, Tokyo, Japan) with food and water available ad
libitum. Mice were divided into three groups: the control group
(n ¼ 6), exercise group (n ¼ 6), and intraperitoneal injection group
(n ¼ 3). The insulin group received intraperitoneal injection of in-
sulin (1 U/kg Body Weight) after 3-h fasting. All mice immediately
received FDG from the tail vein after fasting, and this administered
FDG was used for PET imaging (Fig. 1A). Mice in the exercise group
performed treadmill exercise (15 m/min, 60 min) during the last
hour of fasting (Fig. 1B). Only mice that completed the endurance
running were used in this experiment. Furthermore, 6-week-old
db/db mice were purchased from Japan SLC (Shizuoka, Japan). After
1 week of adaptation, serum collection and PET imaging were
performed in 7-week-old Db/db mice. Moreover, a similar experi-
ment was conducted in 14-week-old db/db mice. To prepare diet-
induced obese (DIO) mice, we purchased 4-week-old C57BL/6J
male mice (Japan SLC, Shizuoka, Japan). After 1 week of adaptation
rearing, mice were provided free access to water and either a
control diet (n ¼ 6, 14% of calories from fat [Oriental Yeast Co., Ltd.,
Tokyo, Japan]) or a high-fat diet (n ¼ 6, 60% of calories from fat
[Oriental Yeast Co., Ltd.]) until the mice turned 17 weeks old. Body
weight and food intake of each mouse were measured weekly. PET
imaging was performed every 2 weeks. When the mice turned
17e20 weeks old, they received an intraperitoneal injection of in-
sulin or exercise load and underwent a PET/CT scan. Additionally,
blood glucose level was normalized in the mice model by admin-
istering drug. We administered a sodium-glucose transport protein
2 (SGLT2) inhibitor, dapagliflozin (0.1 mg/kg, CS-0781, ChemScene
NJ, USA). Blood glucose was measured over time, and PET imaging
was performed if the blood glucose level was 200 mg/dl or less at
above 4.5 h after the treatment with dapagliflozin(n ¼ 4).

2.2. [18F]-fluoro-2-deoxy-D-glucose-positron emission tomography
(FDG-PET)/computed tomography scanning

All scans were performed using a Siemens Inveon small-animal
PET/CT scanner (Siemens Healthcare, Knoxville, TN, USA). After
measuring the body weight and blood glucose level of mice, we
injected 10 MBq/0.1e0.2 mL 18F-FDG via a tail vein catheter. Sub-
sequently, PET was performed for 30 min under inhalation
anesthesia (flow rate, 0.6 L/min; concentration, 2%) of isoflurane
using an anesthesia machine (anesthesia machine for small-animal
SN487-0T Air, Shinano Manufacturing Co., Ltd.). After PET imaging,
CT imaging was also performed. During the scan, the temperature
was maintained at 28 �C with a heat preservation pad to prevent
body temperature drop.

2.3. FDG-PET image analysis

The PET and CT images were analyzed using PMOD software
version 3.204 (PMOD Technologies LLC, Zürich, Switzerland). The
PET list-mode files were reconstructed for 3 dimensions (3D)
ordered-subject expectation maximization followed by maximum
a posteriori reconstruction (3D OS-EM/MAP) for static images and
absorption correction and scattering correction were not per-
formed. For all PET/CT datasets, the volume of interest (VOI) was
defined manually around the hindlimb skeletal muscle, referring to
the CT image, and the %ID value was calculated from the fused PET
images. The calculation formulas are as follows, with the unit of the
PET image being set to a standardized uptake value (SUV) using a
software:

%ID/L ¼ 100 � radioactivity concentration in VOI/injected
radioactivity
2.4. Measurement of 2-deoxy-D-glucose uptake

Mice received 5 mmol of 2-deoxyglucose through the tail vein
after 3-h fasting. Insulin (1 U/kg BodyWeight) was administered, or
treadmill exercise (15 m/min, 60 min) was immediately performed.
Hindlimb muscles were isolated and used for measurement. The
tissues were homogenized with 10 mM Tris-hydrochloride (Tris-
HCl) (pH, 8.1). After incubating at 95 �C for 15 min, the sample was
centrifuged (17800 g, 4 �C, 15 min), and the supernatant was
collected. The supernatant was diluted with the appropriate cor-
responding concentrations (soleus, 20-fold dilution; extensor dig-
itorum longus; gastrocnemius, 8-fold dilution) and was used for
measurement. We used a Glucose Cellular UptakeMeasurement Kit
(Cosmo Bio Co., Ltd., Japan). An experiment was conducted ac-
cording to the attached protocol.

2.5. Measurement of serum insulin and calculation of insulin
resistance index

Blood samples were obtained from the tail vein. All samples
were allowed to naturally clot for 30 min and centrifuged at
3000 rpm for 15 min. The supernatant was collected and stored at -
80 �C until analysis. Serum levels of Insulin were measured using
the Morinaga Ultra-Sensitive Mouse Insulin ELISA Kit (Morinaga
Institute of Biological Science, Yokohama, Japan), according to the
manufacturer’s recommended protocols. The insulin resistance
index was calculated using the following formula: (glucose [mmol/
L] � insulin [mU/mL]/22.5), using fasting values [14].

2.6. Immunoblot analysis

Total protein was extracted from the mouse soleus muscle by
homogenization in lysis buffer. The lysis buffer (1 M Tris-HCl, 0.1 M
Ethylenediaminetetraacetic acid-2Na, 1% Nonidet P-40 Na4P2O7,
phosphatase inhibitor cocktail Ethylenediaminetetraacetic acid-
free [Nacalai, Osaka, Japan], protease inhibitor cocktail [Nacalai,
Osaka, Japan]) at 150 mL was added to each sample to extract the
protein fraction. A protein assay supernatant (14,500 rpm, 4 �C,
centrifuged for 10 min) (Pierce BCA Protein Assay Kit, Thermo



Fig. 1. Workflows for [18F]-fluoro-2-deoxy-D-glucose-positron emission tomography/computed tomography (PET/CT) imaging studies and insulin- and exercise-increased glucose
uptake in the skeletal muscle of mice. (A and B) The protocol including time points for the start of fasting, injection of insulin (A) or treadmill running (B), injection of 18F-FDG,
injection of anesthetics, and PET/CT scan. (C) Visual PET images showed each group’s hindlimb 7-week-old male C57BL/6J mice that were divided into three groups: sedentary
(n ¼ 6), insulin (n ¼ 3), or moderate exercise (n ¼ 6). Red circle indicates regions of interest. The radiation scale is expressed as a standardized uptake value. (D) Quantification of
radioactivity (%ID/L) in the hindlimb skeletal muscle. Values represent the mean ± standard error of the mean. **p < 0.01 vs. the sedentary group.
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Fisher Scientific, Waltham, MA) was protein quantified and used for
Western blotting. After protein separation by Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 9%/4% gel was per-
formed, the protein was transferred to polyvinylidene difluoride
membrane and blocked at room temperature for 1 h in 5% skim
milk. Primary antibodies, including anti-Rabbit P-Akt (Ser473)
antibody (CST, Tokyo, Japan), anti-Rabbit Akt antibody (CST, Tokyo,
Japan), anti-Rabbit P-p70S6K (Thr389) antibody (CST, Tokyo, Japan),
and anti-Rabbit p70S6K antibody (CST, Tokyo, Japan), were used
and reacted for 16 h at 4 �C. As a loading control, anti-Rabbit
glyceraldehyde 3-phosphate dehydrogenase antibody (Pro-
teintech, Tokyo, Japan) was used. The secondary anti-rabbit
horseradish peroxidase labeled antibody (MBL, Nagoya, Japan)
was used. Bands obtained by the immune response were detected
using the Luminoimage Analyzer Amersham Imager 600 (GE
Healthcare UK Ltd., England) and quantified using ImageJ software.



Fig. 2. Reduction of [18F]-fluoro-2-deoxy-D-glucose accumulation in the skeletal muscle in 14-week-old db/db mice exhibiting remarkable insulin resistance. (AeC)
Representative immunoblots (A) and quantification (BeC) of phosphorylated Akt, total Akt, phosphorylated S6K, total S6K, and glyceraldehyde 3-phosphate dehydrogenase in the
soleus muscles of control (n ¼ 4) and diet-induced obese (n ¼ 4) mice; saline (control) or insulin was intraperitoneally injected an hour before sacrifice. (DeE) Visual positron
emission tomography images (D) and quantification of radioactivity (%ID/L) in the hindlimb skeletal muscle (E). Quantify graph showed each group’s hindlimb 7-week-old (n ¼ 6) or
14-week-old (n ¼ 6) male db/db mice. Red circle indicates regions of interest. The radiation scale is expressed as a standardized uptake value. Values represent the mean ± standard
error of the mean. *p < 0.05, **p < 0.01 vs. the control group, ##p < 0.01 vs. 7-week-old db/db mice group.. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3. Long-term high-fat diet (HFD) intake affects glucose uptake in the skeletal muscle. (A) The insulin resistance index between normal chow diet (n ¼ 6) and high-fat diet
(n ¼ 6) mice (normal chow diet mice, ND: white bar; high-fat diet mice, HFD: black bar). (B) Visual positron emission tomography images showed each group’s hindlimb, which is
ND or HFD mice. Red circle indicates regions of interest. The radiation scale is expressed as a standardized uptake value. (C) Comparison of radioactivity (%ID/L) in the hindlimb
skeletal muscle between ND and HFD mice. The fold change calculated by dividing the HFD value by the ND value represents the mean ± standard error of the mean. *p < 0.05 and
**p < 0.01 vs. the ND group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.7. Statistical analyses

Results are expressed as the mean ± standard error of the mean.
Data from two groups were analyzed using Student’s t-test. Data
from more than two groups were analyzed using one-way analysis
of variance, followed by the Tukey-Kramer test. P-values <0.05
were considered statistically significant.

3. Results and discussion

3.1. FDG-PET is an effective tool to capture glucose uptake in the
skeletal muscle of mice

Intraperitoneal administration of insulin and exercise load in-
creases skeletal muscle glucose uptake [15,16]. We investigated
whether the promotion of glucose uptake by these stimuli can be
captured by PET/CT with FDG in C57BL/6J mice according to the
protocols presented in Fig. 1A and B. Intraperitoneal injection of
insulin and exercise load significantly increased FDG accumulation
in the hindlimb skeletal muscle of C57BL/6J mice (Fig. 1C and D).
Considering that we also administered nonradioactive 2-deoxy-D-
glucose (2DG) in the same protocol as in PET imaging (Fig. 1B) and
measured the 2DG content of the excised skeletal muscle, similar
2DG uptake was observed in the excised skeletal muscle of C57BL/
6J mice (data not shown).

3.2. Reduction of FDG accumulation in the skeletal muscle in 14-
week-old db/db mice exhibiting remarkable insulin resistance

We subsequently investigated the FDG uptake of the skeletal
muscle in db/db mice, described as DIO mice showing hyperglyce-
mia and hyperinsulinemia associated with leptin receptor defi-
ciency [17]. Although serum insulin (18.55 ± 3.45 ng/mL) and blood
glucose levels were significantly higher in 7-week-old db/db mice
compared with those of control db/ þ mice (6.83 ± 0.20 ng/mL),
circulating insulin concentrations spontaneously increased in 14-
week old db/db mice (56.32 ± 24.51 ng/mL). Glucose uptake in
the skeletal muscle is dependent on the translocation of glucose
transporter type 4 glucose transporters to the plasma membrane,
which is closely regulated by PI3K and Akt signaling in response to
insulin treatment [18]. As previously reported by Shoa J et al. [19],
insulin-induced Akt or S6K phosphorylation in the skeletal muscle
of 14-week-old db/db mice was markedly more attenuated
compared with those of 7-week-old mice (Fig. 2AeC). The FDG
uptake of the skeletal muscle was also significantly inhibited in 14-
week-old db/db mice despite the presence of hyperinsulinemia
(Fig. 2C and D). These data suggest that PET/CT could possibly
evaluate the changes in the FDG uptake of the skeletal muscle due



Fig. 4. Effect of exercise on glucose uptake in the skeletal muscle of diet-induced obese (DIO) mice. (AeB) Visual positron emission tomography (PET) images (A) and quantification
of radioactivity (%ID/L) in the hindlimb skeletal muscle (B). Quantifying graph showed each group’s hindlimb control (n ¼ 3) or insulin group (n ¼ 3) of 20-week-old DIO mice. Red
circle indicates regions of interest. The radiation scale is expressed as a standardized uptake value. *p < 0.05 vs. the control ND group, ##p < 0.01 vs. the control HFD group, $p < 0.05
the control ND group vs. the control HFD group. (CeD) Visual PET images (C) and quantification of radioactivity (%ID/L) in the hindlimb skeletal muscle (D). Quantifying graph
showed each group’s hindlimb control (n ¼ 6) or exercise group (n ¼ 6) of 17-week-old DIO mice. Values represent the mean ± standard error of the mean. Red circle indicates
regions of interest. The radiation scale is expressed as a standardized uptake value. *p < 0.05, ***p < 0.001 vs. sedentary, ###p < 0.001 insulin vs. exercise group. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Y. Miyatake et al. / Biochemical and Biophysical Research Communications 528 (2020) 499e505504
to the differences in the degree of insulin resistance in the same
individual.

3.3. Long-term high-fat diet intake affects glucose uptake in the
skeletal muscle

To observe a decrease in FDG accumulation in the skeletal
muscle due to insulin resistance, we evaluated the glucose uptake
of the skeletal muscle in DIO mice. The body weight of DIO mice
was higher after these mice turned 11 weeks old compared with
that of normal chow diet (ND) mice and significantly increased
after the DIO mice turned 17 weeks old (data not shown). Fasting
blood glucose levels significantly increased after the DIO mice
turned 11weeks old (data not shown), and serum insulin levels also
significantly increased after the DIOmice turned 15weeks old (data
not shown). Based on the insulin resistance index, fasting glucose
and insulin levels significantly and markedly increased in 15- and
17-week old DIO mice, respectively (Fig. 3A). FDG accumulation in
the skeletal muscle started to decrease in 13-week-old DIO mice,
and significant reduction was observed in 17-week-old DIO mice
(Fig. 3B and C).

The FDG uptake of the skeletal muscle is well known to be
competitively inhibited by blood glucose increase. Therefore, the
decrease in the FDG uptake in DIO mice may be associated with
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hyperglycemia. To examine the effect of hyperglycemia on glucose
uptake, we temporarily corrected the blood glucose level of DIO
mice using the SGLT2 inhibitor dapagliflozin [20]. Although fasting
blood glucose level decreased from 277.67 ± 17.27 mg/dl to
186.00 ± 15.17mg/dl with the administration of dapagliflozin in 20-
week-old DIO mice, the reduction of glucose uptake was not
associated with an ND (data not shown). Thus, the decrease in the
skeletal muscle glucose uptake in DIO mice was visualized using
FDG-PET/CT independent of blood glucose levels.

3.4. Effect of exercise on glucose uptake in the skeletal muscle of
diet-induced obese mice

We finally examined the insulin-induced glucose uptake in the
skeletal muscle of 20-week-old DIO mice. At 17e20 weeks of age,
serum insulin and blood glucose levels were significantly higher in
DIO mice than those in NDmice (data not shown). Although fasting
blood glucose levels decreased from 219.33 ± 13.96 mg/dl to
72 ± 10.60 mg/dl and from 309.33 ± 29.18 mg/dl to 79 ± 10.69 mg/
dl in 20-week-old NC or DIO mice, respectively, by intraperitoneal
administration of insulin (1 U/kg Body Weight), insulin-activated
FDG uptake did not increase in DIO mice, but not in ND mice
(Fig. 4A and B). Exercise is a relevant stimulator of insulin-
independent glucose transport [21]. In 17-week-old DIO mice,
FDG accumulation in the skeletal muscle increased by insulin
stimulation or moderate exercise load, which was more pro-
nounced in the exercise load than in insulin stimulation (Fig. 4C and
D). These results suggest that exercise stimulation can more
strongly promote skeletal muscle glucose uptake than insulin
stimulation in DIO mice exhibiting insulin resistance.

In this study, we attempted to provide a noninvasive and
convenient method of determining skeletal muscle metabolism
changes using FDG-PET/CT and successfully established a method
used to measure glucose uptake in mouse hindlimb skeletal mus-
cles and observed changes in glucose metabolism in the skeletal
muscles of diabetic mice over time. However, these data need to be
compared with those obtained with conventional insulin resistance
evaluation methods, such as glucose clamping. Additionally, if we
use a compartment model in FDG-PET/CT, quantification with
higher accuracy becomes possible [22,23].

In conclusion, FDG-PET/CTmethods could noninvasively visualize
the effect of insulin administration and exercise load on the glucose
uptake of the skeletal muscle in insulin resistance mice models.
Although exercise therapy is recommended in diabetic patients, data
comparing the benefits of exercise therapy with those of insulin
therapy are relatively insufficient. The finding that moderate exercise
markedly increased the glucose uptake of the skeletal muscle in DIO
micemight provide new information about the role of exercise in the
prevention of skeletal muscle insulin resistance.
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