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Abstract

Objective One of the major causes of diabetes and obe-
sity is abnormality in glucose metabolism and glucose
uptake in the muscle and adipose tissue based on an insuf-
ficient action of insulin. Therefore, many of the drug dis-
covery programs are based on the concept of stimulating
glucose uptake in these tissues. Improvement of glucose
metabolism has been assessed based on blood parameters,
but these merely reflect the systemic reaction to the drug
administered. We have conducted basic studies to investi-
gate the usefulness of glucose uptake measurement in vari-
ous muscle and adipose tissues in pharmacological tests
using disease-model animals.

Methods A radiotracer for glucose, '8F-2-deoxy-2-fluoro-
p-glucose (\®F-FDG), was administered to Wistar fatty rats
(type 2 diabetes model), DIO mouse (obese model), and
the corresponding control animals, and the basal glucose
uptake in the muscle and adipose (white and brown) tissues
were compared using biodistribution method. Moreover,
insulin and a B3 agonist (CL316,243), which are known to
stimulate glucose uptake in the muscle and adipose tissues,
were administered to assess their effect. "®F-FDG uptake in
each tissue was measured as the radioactivity and the distri-
bution was confirmed by autoradiography.
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Results In Wistar fatty rats, all the tissues measured
showed a decrease in the basal level of glucose uptake
when compared to Wistar lean rats. On the other hand, the
same trend was observed only in the white adipose tissue in
DIO mice, while brown adipose tissue showed increments
in the basal glucose uptake in this model. Insulin adminis-
tration stimulated glucose uptake in both Wistar lean and
fatty rats, although the responses were inhibited in Wistar
fatty rats. The same tendency was shown also in control
mice, but clear increments in glucose uptake were not
observed in the muscle and brown adipose tissue of DIO
mice after insulin administration. f3 agonist administration
showed the similar trend in Wistar lean and fatty rats as
insulin, while the responses were inhibited in the adipose
tissues of Wistar fatty rats.

Conclusion A system to monitor tissue glucose uptake
with '®F-FDG enabled us to detect clear differences in basal
glucose uptake between disease-model animals and their
corresponding controls. The responses in the tissues to
insulin or B3 agonist could be identified. Taken as a whole,
the biodistribution method with '®F-FDG was confirmed to
be useful for pharmacological evaluation of anti-diabetic or
anti-obesity drugs using disease-model animals.

Keywords 'F-FDG - Wistar fatty rat - DIO mouse -
Insulin - B3 agonist

Introduction

Diabetes mellitus type 2 (T2DM) is a metabolic disease
which is characterized by consistent high blood glucose
levels caused by insufficient amounts of the antihypergly-
cemic hormone insulin or its action [1, 2]. Since chronic
hyperglycemia causes serious complications to the blood
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vessels, heart, eyes, kidneys, and nerves, most anti-diabetes
drugs are designed to control blood sugar levels in diverse
mechanisms of action. T2DM is a complex disease and
supposed to be caused by a combination of lifestyle and
genetic factors [3, 4]. Among them, obesity and associated
chronic inflammation are known to induce a state called
“insulin resistance,” which is characterized by abnormali-
ties in glucose metabolism in diverse organs [5]. Skeletal
muscles and adipose tissues, major key players in glucose
metabolism, have been recognized as the main targets of
the anti-diabetes drugs [6]. Glucose transport is a rate-lim-
iting step for insulin-stimulated glucose utilization in skele-
tal muscles [7, 8] and adipose tissues [9, 10], and accelera-
tion of this process is one of the anticipated mechanisms of
action of anti-diabetic drugs. Therefore, a method to meas-
ure the in vivo glucose uptake in those tissues is important
in pharmacological research for anti-diabetic drugs.

Glucose transport and phosphorylation have been exten-
sively measured in vivo [11] and '*C-2-deoxyglucose has
been used as radiotracer [12]. However, a long half-life
radiotracer is not suitable for kinetic studies, especially
in in vivo settings. Recently, positron emission tomogra-
phy (PET) imaging was used to monitor regional uptake
of the glucose analog, 2-deoxy-2-18F-fluoro-b-glucose
('8E-FDG), which is a short half-life radiotracer with bet-
ter penetration depth in the tissues. This technology enables
us to monitor glucose uptake in situ in a non-invasive way
[13—15]. To date, there are many reports on glucose uptake
measurement in muscle and adipose tissues by '*F-FDG-
PET [9-11] in clinical practice; however, there are fewer
reports in the preclinical area. One of the reasons for this
would be that "®F-FDG-PET and its various applications
are already established as standard clinical measurement
tools. On the other hand, application to preclinical studies
would need specialized instruments for laboratory animals
and optimization of protocols especially for pharmacologi-
cal studies on metabolic diseases.

Rodents have widely been used to mimic human diseases
and test potential therapeutic interventions. The Wistar
fatty rat is known to develop obesity with diabetic compli-
cations such as hyperglycemia, hyperinsulinemia, hyperlip-
oidemia, and glucose intolerance; therefore, it has become
one of the standard models for studying obesity and insulin
resistance [16]. In fact, this model has been used in evaluat-
ing various anti-diabetic drugs, including a biguanide [17],
an o-glucosidase inhibitor [18], a thiazolidinedione [19],
and a dipeptidyl peptide-4 (DPPIV) inhibitor [20]. Diet-
induced obesity (DIO) mice, another obesity model with
co-morbidities such as T2DM, hypertension, and hyper-
cholesterolemia, have also been used in pharmacological
studies for anti-obesity drugs [21-23]. Insulin resistance is
generally measured as an important index to evaluate the
efficacy of anti-diabetic drugs using a homeostasis model
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assessment of insulin resistance (HOMA-IR), glycohemo-
globin (GHb), blood glucose, or insulin in preclinical stud-
ies [16-20]. Since these are blood parameters, they are not
suitable for monitoring direct effects of the drugs on the
target tissues, such as muscle and adipose tissues, in a real-
time manner.

Insulin stimulates glucose uptake and consumption in
these tissues via various mechanisms [24] including upreg-
ulation of glucose transporters (GLUT). In fact, the mus-
cle and adipose tissues are characterized with their high
expression of GLUT4, which is an insulin-responsive sub-
type [25]. Metabolic stimulation via p3-adrenergic recep-
tor (f3-AR) is another mechanism to stimulate glucose
uptake and consumption. The receptor is well known to
be expressed predominantly in brown adipose tissue [26],
but distributed in many other tissues. CL316,243, a selec-
tive P3-AR agonist, has already been shown to stimulate
glucose uptake in brown adipose tissue by a '*F-FDG-PET
study [27]. Therefore, insulin and CL316,243 are expected
to be valuable tools to assess insulin resistance and a drug’s
effects on glucose uptake in various muscle and adipose tis-
sues of rat and mouse models using a '®F-FDG biodistribu-
tion method.

Materials and methods
Materials

(R,R)-5-[2-[2,3-(3-chlorophenyl)-2-hydroxyethyl-amino]
propyl]-1,3-benzo-dioxole-2,2-dicarboxylate, disodium salt
(CL316,243) was purchased from Tocris Bioscience (Ellis-
ville, MO, USA). BEFDG was purchased from Nihon
Medi-Physics Co., LTD (Kurume, Japan). All the other rea-
gents were obtained from commercial suppliers.

Animals

Wistar fatty rats were established and bred in-house [28].
All animals used were male of 23 weeks old for insulin
and 25 or 28 weeks old for CL316,243 studies. As a refer-
ence animal, male Wistar lean rats (heterozygote or wild-
type, bred in-house) were used for both insulin (22 weeks
old) and CL316,243 (27 or 29 weeks old) studies. DIO
mice were prepared by feeding a high-fat diet (D12492,
Research Diets, Inc., NJ, USA) to male C57BL/6J mice
(Charles River Laboratories Japan, Inc., Yokohama, Japan)
from 4 to 49 weeks. C57BL/6J mice fed with normal diet
(11-12 weeks old) were used as controls. All the animals,
except the DIO mouse, were fed with standard chow (CE2,
Japan SCL, Inc., Hamamatsu, Japan) and water ad libitum
and kept under environmentally controlled conditions (12 h
normal light/dark cycles, 23 °C and 50% relative humidity).
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The Institutional Animal Care and Use Committees of Sho-
nan Research Center in Takeda Pharmaceutical Company
Limited approved all of the experiments.

Catheterization, dosing, and '®F-FDG injection

The experimental design, such as animal numbers, body
weights, interventions, and dose (including 18F-FDG), are
summarized as Table 1. The animals were fasted for at least
12 h, and then every animal was surgically catheterized
into the right femoral vein under 2-5% isoflurane anesthe-
sia. The animals were set on a heating pad (40 °C, KN-475,
Natsume Seisakusho Co LTD. Tokyo, Japan), and the rec-
tal temperature was monitored to maintain at more than
36°C. Vehicle (saline), insulin (0.25 or 0.50 U/mL/kg for
rats, 0.20 or 0.40 U/mL/kg for mice), or CL316,243 (0.7 or
2.0 mg/mL/kg) was administered through the catheter. Ten
minutes after insulin or 30 min after CL316,243 administra-
tions, '8F-FDG (3.7 MBq/300 pL for rats, 1.85 MBq/50 L
for mice) was injected via the vein catheter.

Blood glucose level and tissue uptake measurements

In case of insulin administration, blood glucose level was
monitored using ACCU-CHEK Compact Plus (Roche
Diagnostics K.K., Tokyo, Japan) just before insulin
administration and at 10 min ("*F-FDG injection) and

70 min. In case of CL316,243 administration, it was
monitored just before CL316,243 administration and
at 30 min ("*F-FDG injection) and 90 min. Then all the
animals were immediately sacrificed. Muscles (soleus,
gastrocnemius, and femoral), white adipose (mesen-
teric and subcutaneous), and brown adipose tissues were
excised and then their weights and radioactivity were
measured. '*F-FDG uptake in each tissue was expressed
as the percentage of the injected dose per gram of tissue
(%1ID/g), the generally used parameter for radioactivity
accumulation in tissue, which was calculated as follows:
%ID/g =radioactivity in tissue (Bq/g) divided by injected
dose (Bq) multiplied by 100%.

Autoradiography (ARG)

The interscapular tissues, consisting of muscle, white, and
brown adipose tissues, were excised with the same timing
as above. The tissues were held between two OHP film
sheets and set at 5 mm thickness and they were placed on
an imaging plate BAS SR-2040 (Fujifilm Co., Ltd., Tokyo,
Japan) and exposed for 1 h. The plates were scanned by
FLA7000 (GE Healthcare Japan, Tokyo, Japan). The
images were depicted using the same color range in order
to compare the '8F-FDG distribution among the rats and
mice. The exposed tissues were scanned as optical images.

Table 1 Animal number, body weight (g), and "*F-FDG injected dose (MBq) in insulin and CL316,243 studies

Study Animal Group Animal Body weight (g) BE.FDG
number injected dose
(MBq)

Insulin Rat Wistar lean Vehicle 3 398.4+12.5 3.78+0.07
Insulin (0.25 U/mL/kg) 3 4289+19.4 3.74+0.10
Insulin (0.50 U/mL/kg) 4 409.6+15.3 3.77+0.01
Wistar fatty Vehicle 3 611.3+24.5 3.63+0.11
Insulin (0.25 U/mL/kg) 4 602.7+32.8 3.70+0.13
Insulin (0.50 U/mL/kg) 4 623.0+17.0 3.76+0.08
Mouse Control Vehicle 8 23.0+1.5 1.94+0.02
Insulin (0.20 U/mL/kg) 7 24.0+1.2 1.92+0.03
Insulin (0.40 U/mL/kg) 7 23.0+1.3 1.94+0.03
DIO Vehicle 4 51.1+1.6 1.92+0.01
Insulin (0.20 U/mL/kg) 3 51.1+2.5 1.93+0.02
Insulin (0.40 U/mL/kg) 3 51.1+24 1.91+0.04
CL316,243 Rat Wistar lean Vehicle 7 420.1+16.2 3.75+0.03
CL316,243 (0.7 mg/mL/kg) 6 413.7+£16.3 3.76+0.13
CL316,243 (2.0 mg/mL/kg) 6 420.7£26.8 3.70+0.04
Wistar fatty Vehicle 6 626.8+52.8 3.75+0.02
CL316,243 (0.7 mg/mL/kg) 5 631.1+41.0 3.76 +0.05
CL316,243 (2.0 mg/mL/kg) 6 635.0+32.5 3.79+0.05

Data are shown as mean +SD
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Statistics

All values were shown as mean + SD. Statistical differences
between the groups in insulin and CL316,243 studies were
analyzed with a one-tailed William’s test and statistically
significant differences between control and disease models
were analyzed by student’s 7 test using SAS system Version
8.2 (SAS Institute Inc., NC).

Results

Comparison of baseline level of '¥F-FDG uptake
between model and control animals

As an initial step to know the characteristics of each model,
baseline levels of 'F-FDG uptake (vehicle group, 60 min
after '8F-FDG) were compared with the corresponding con-
trols. Wistar fatty rats (T2DM model) showed lower '®F-
FDG uptake than the Wistar lean (control) rats in all the
tissues measured (Fig. 1). Only femoral muscle showed no
significant difference (P> 0.05), but its trend was the same
as for the others. In the gastrocnemius muscle, both type
1 (slow twitch oxidative, Fig. 1a) and type 2 (fast twitch,
data not shown) fiber-rich regions showed the same trends
with statistical significance. On the other hand, there was
no significant difference in the glucose uptake in muscles
measured between the DIO (obesity model) and control
mice (Fig. 2a). In the white adipose tissues (mesenteric and
subcutaneous), the DIO mice showed lower glucose uptake
than the controls (Fig. 2b); however, the brown adipose tis-
sue showed the opposite result (Fig. 2c). These findings
for the brown adipose tissues were also confirmed by ARG
images of the interscapular region (Figs. 3, 4).
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Fig. 1 Comparison of baseline level of '®F-FDG uptake in muscle
(a), white (b), and interscapular brown (c) adipose tissues between
Wistar lean and fatty rats. *P<0.05 vs. Wistar lean rats (student ¢
test)
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Fig. 2 Comparison of baseline level of '*F-FDG uptake in muscle
(a), white (b), and interscapular brown (c) adipose tissues between
control and DIO mice. *P <0.05 vs. control mice (student # test)

Evaluation of the effects of insulin on glucose uptake

Insulin-dependent decreases in blood glucose were con-
firmed to continue until 60 min after '*F-FDG adminis-
tration in control rats (0.50 U/mL/kg) and mice (0.40 U/
mL/kg) (Table 2). In Wistar fatty rats and DIO mice with
insulin resistance, the significant decreases in blood glu-
cose were not shown in the lower insulin doses at the
timing of '"®F-FDG injection, which were clearly dif-
ferent from the responses in the corresponding con-
trol animals. Therefore, the effect of insulin on glucose
uptake was evaluated at this time point. In both Wistar
lean and fatty rats, all the muscles tested showed same
trend in a dose-dependent increment of glucose uptake
(Fig. 5a). Glucose uptake in the subcutaneous adipose
tissue of Wistar fatty rats showed statistical significance
in its increment (Fig. 5b), but the rates of change were
less than those seen in the brown adipose tissue of both
rats (Fig. 5c). The response to insulin in the brown adi-
pose tissue of Wistar fatty rats reached plateau at a lower
dose (0.25 U/mL/kg) in this study, but glucose uptake
stayed equivalent to the basal level in Wistar lean rats. In
DIO mice, insulin-stimulated glucose uptake was gener-
ally suppressed in all the muscles tested (Fig. 6a). Since
the basal glucose uptake in the adipose tissue itself was
lower in the DIO compared to the control mice, the incre-
ments stayed low even if they showed statistical signif-
icance (Fig. 6b). On the other hand, the brown adipose
tissue levels remained high and unchanged regardless of
the administration of insulin (Fig. 6¢). These trends in the
adipose tissues (white and brown) were also confirmed
by ARG images of the interscapular region (Figs. 3, 4).
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Fig. 3 Autoradiogram and optical images of interscapular tissue of Wistar lean and fatty rats by vehicle and insulin (0.50 U/mL/kg) administra-
tions. Dotted circles indicate the interscapular brown adipose tissue. All autoradiogram were depicted using the same color scale

Vehicle

Low

Insulin 0.40 U/mL/kg

Control DIO

Fig. 4 Autoradiogram and optical images of interscapular tissue of control and DIO mice by vehicle and insulin (0.40 U/mL/kg) administra-
tions. Dotted circles indicate the interscapular brown adipose tissue. All autoradiogram were depicted using the same color scale

Evaluation of the effects of f3-AR agonist on glucose affect the blood glucose (Table 3) also in Wistar lean
uptake and fatty rats and the direct effects on glucose uptake in

the tissues were explored. It has already been reported
Since f3-AR agonists are known to stimulate both lipoly-  to stimulate glucose uptake in brown adipose tissue by
sis in white adipose and thermogenesis in brown adipose ~ '®F-FDG-PET study [27], and this was also confirmed

tissues, CL316,243, a selective B3-AR agonist, did not  in this study using Wistar lean rats (Fig. 7c). Among the
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Table 2 Blood glucose (mg/dL) in insulin studies

Animal Group Pre 10 min 70 min
Just before insulin At '8F-FDG injection At the animal sacrifice
injection
Rat Wistar lean Vehicle - 146.0+17.4 157.7+12.7
Insulin (0.25 U/mL/kg) - 115.0+11.5% 123.0+15.4
Insulin (0.50 U/mL/kg) - 104.5+9.0%* 107.3£22.7*
Wistar fatty Vehicle 145.7+31.9 179.7+29.3 284.0+73.3
Insulin (0.25 U/mL/kg) 145.0+14.1 157.0+£6.2 215.7+£29.5
Insulin (0.50 U/mL/kg) 158.3+5.8 157.3+21.0 159.0+27.2*
Mouse Control Vehicle 127.8+24.8 118.5+21.5 165.5+36.9
Insulin (0.20 U/mL/kg) 132.1+37.8 81.0+£22.3* 128.1+48.9
Insulin (0.40 U/mL/kg) 123.6+22.7 69.6+8.3*% 75.7+23.0%
DIO Vehicle 209.3+39.6 170.3+£16.9 268.4+112.4
Insulin (0.20 U/mL/kg) 241.0+572 195.0£35.5 255.7+23.1
Insulin (0.40 U/mL/kg) 185.7+46.3 116.7+5.8%* 222.7+53.6

Data are shown as mean +SD. *P <0.025 vs. vehicle group (Williams test). The data just before insulin injection in Wistar lean rats were lost

Fig. 5 '8F-FDG uptake in rat

muscle (a) and subcutaneous A LI Vehicle B C
(b) and interscapular brown (c) 0.4 O Insulin 0.25 U/mL/kg 0.3 1 3.0
adipose tissues: comparison M Insulin 0.50 U/mL/kg *
between Wistar lean (WL) and 2.5 -
fatty (WF) rats after insulin 0.3 - %
administration. *P <0.025 vs. ’ * i
vehicle group (Williams test) 0.2 7 20
)
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X
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adipose tissues measured, the mesenteric adipose tissue  Discussion

showed similar trends to those in the brown adipose but
the subcutaneous adipose tissue did not (Fig. 7b). These
results were well matched with the effect of f3-AR ago-
nists on lipolysis in different adipose tissues [29]. In
Wistar fatty rats, both brown and white adipose tissues
showed similar responses to CL316,243 in proportion to
the lower basal level than that of Wistar lean rats (Fig. 7b,
c¢). Glucose uptake was stimulated by CL316,243 in all
the muscle tissues measured in both Wistar lean and fatty
rats (Fig. 7a).
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In this study, we have successfully detected the differences
in glucose uptake between disease models and correspond-
ing control animals and investigated a drug’s effect on them
using '®F-FDG biodistribution methodology. Although the
resolution of the analysis was limited to the tissue level,
higher throughput has been achieved than with imaging
analysis. PET scanning with '8F-FDG has already been
applied to murine models of various diseases, and we have
also utilized it in the evaluation of the anti-cancer drug
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injection
Wistar lean Vehicle 128.4+28.9 125.2+31.7 131.1+24.4
CL316,243 (0.7 mg/mL/kg) 122.5+15.1 128.4+30.2 110.3+11.6
CL316,243 (2.0 mg/mL/kg) 133.3+16.7 130.5+15.1 125.6 +16.1
Wistar fatty Vehicle 183.0+76.4 227.8+50.9 292.0+71.6
CL316,243 (0.7 mg/mL/kg) 182.0+38.1 270.4+20.7 360.4+48.8
CL316,243 (2.0 mg/mL/kg) 194.5+42.1 288.8+42.3 360.0+47.9
Data are shown as mean + SD
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TAK-733, an inhibitor of mitogen-activated protein kinase
[30]. However, the application of PET to preclinical studies
needs customized instruments for small animals, and this
would generally hamper its establishment as a widely prev-
alent method. Therefore, we believe that this study would
be an important base for the characterization of the meta-
bolic status of diabetic and obese animal models which
could be easily followed by any standard laboratory.

In the preclinical research of the representative drugs
for diabetes and obesity, Wistar fatty rats and DIO mice
were frequently used. Wistar fatty rat is one of the stand-
ard disease models of obesity and insulin resistance [16]
and has been used in various anti-diabetic drugs such as a
biguanide [17], an a-glucosidase inhibitor [18], a thiazoli-
dinedione [19], and a dipeptidyl peptide-4 (DPPIV) inhibi-
tor [20]. DIO mice have also been used in pharmacologi-
cal studies for anti-obesity drugs [21-23]. There was no
report about the difference of the glucose uptake in various
muscle and adipose tissues affected by insulin in Wistar
fatty rats and DIO mice and the present study could pro-
vide important basic information. In diabetes and obesity
research, the drug effects have been usually evaluated by
the systemic parameters such as glucose, HbA1, and insulin
concentration in the blood, or the food intake or the body
weight change. However, the drug research has become
complicated and recently the target molecule expressed
in a specific tissue has been focused. For example, salt-
inducible kinase 2 (SIK?2) is abundant in adipose tissue and
regulate insulin signaling, and glucose uptake therefore has
been reported to be a protective factor for obesity-induced
insulin resistance [31, 32]. Skeletal muscle mitochondrial
function has become a possible target for whole-body insu-
lin resistance and sensitivity [33]. Therefore, the glucose
uptake should be differentiated among the tissues in order
to evaluate the effects of the new type drugs using the dis-
ease models. '®F-FDG is translatable PET tracer and the
biodistribution method would provide the useful informa-
tion in the drug research and development.

8E_FDG biodistribution study in rats and mice needs
the precise setting of the experimental condition because
it is affected by a variety of physiological parameters and
conditions such as blood glucose levels, body temperature,
feeding, and anesthesia condition. Especially in the present
study, the experimental condition would lead an underes-
timation or overestimation of the insulin and CL316,243
effects. Firstly, blood glucose level could affect the 'SF-
FDG uptake. Some reports suggested the methodologies
to measure the glucose uptake in the tissues. Ferre et al.
reported that glucose clamping was performed to make a
steady state of blood glucose concentration [34], but this
method is complicated because the glucose infusion and
the serial blood glucose measuring with the serial blood
sampling are necessary. On the other hand, Virtanen et al.
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used a simple methodology without the glucose clamp [35],
which was applied in the present study for seeking a high-
throughput investigation. Secondly, the adjustment of the
room temperature and body temperature is important in the
BE_FDG biodistribution study. It has been reported that the
cold-stimulated condition increased the glucose uptake in
the brown adipose tissue because it is a thermoregulatory
organ and easily activated by a cold induction [36, 37]. The
animals were anesthetized with isoflurane, which decreased
the body temperature and then could give the underesti-
mation of the insulin and CL316,243 effects because the
basal uptake especially in the brown adipose tissue would
increase; therefore, the animals were kept warm on the
heating pad and the rectal temperature was maintained
at the steady (>36°C) in the present study. Thirdly, feed-
ing condition could affect the '*F-FDG uptake; it reduced
BE_FDG uptake in the brown adipose tissue [37] but did
not give a big difference in the muscle [38] compared with
fasting condition. However, it usually has high blood glu-
cose concentration, which leads the inhibition of '*F-FDG
uptake in the tissues. Therefore, the effects of insulin or
CL316,243 could be overestimated in case the basal uptake
would reduce although the detailed investigation is needed.
In the present study, fasting was performed to uniform the
blood glucose concentration among the animal groups.
Lastly, anesthesia is essential in preclinical studies to meas-
ure the glucose uptake especially in the muscle because the
movement under conscious condition during the *F-FDG
injection could affect the tracer uptake [37]. However, it
has been reported that the anesthesia itself affected the glu-
cose uptake in the tissues [39]. In our preliminary study,
the '8F-FDG uptake was fluctuated in the muscle in case
that the animals could move freely; therefore, the isoflurane
anesthesia was used to uniform the experimental condi-
tions among the animals in the present study. In limitation,
the animal strains were different from the previous reports;
therefore, further investigation will be needed to clarify the
effects of experimental conditions on '*F-FDG uptake in
the tissues of Wistar fatty rats and DIO mice.

The '8F-FDG uptakes by Wistar fatty rats were lower
than those of Wistar lean rats in most of the muscle and
adipose tissues tested (Fig. 1). These differences could be
due to insulin resistance in the Wistar fatty rats [16], but
the degrees of reduction were variable between the tissues
tested (Fig. 1). The Wistar fatty rat was the first rat model
for of T2DM established on the basis of the hypothesis that
both environment factors and genetic background for dia-
betes were needed to develop diabetes [28]. Thereafter, the
causative gene for obesity in Wistar fatty rat was reported
to be the ‘fatty’ (Glu269Pro) leptin receptor mutation and
it was believed to be related to its genetic background [40].
However, the pathophysiological pathway from obese to
insulin resistance in the Wistar fatty rat is still unclear. The
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Zucker fatty (ZF) and Zucker diabetic fatty (ZDF) are other
rat models to have the same mutation, being obese and
insulin resistant but not diabetic at a young age and then
progressively developing hyperglycemia with aging [41].
BE_FDG uptake measurement was also applied to ZF and
lean rats [35], but the results could not feasibly be directly
compared with our results due to the different administra-
tion protocol.

The DIO model has been developed to study non-genetic
obesity and its co-morbidities, and the animals become
obese, hyperglycemic, and develop impaired glucose tol-
erance. The 'SF-FDG uptake in the muscle tissues of DIO
mice was almost similar to that of the control mice, but that
of the mesenteric and subcutaneous adipose tissues of the
DIO mice was quite lower than in the control mice (Fig. 2a,
b). Moreover, glucose uptake was upregulated in the brown
adipose tissue compared with the control mice (Fig. 2c¢),
and these phenotypes were considered to be induced simply
by nutritional excess and not to be genetic in origin. It has
been reported that central GLP-1 receptor signaling, whose
effects on white adipose tissue is blunted in the DIO mice,
still increased sympathetic outflow towards brown adipose
tissue to increase its glucose uptake [42]. Our approach
was simply to measure basal glucose uptake, but the results
matched well with these findings.

The major effects of insulin on muscle and adipose tis-
sue are the regulation of carbohydrate, lipid, and protein
metabolism [24]. In more detail concerning the carbohy-
drate metabolism, insulin increases the rate of glucose
transport and glycolysis, stimulates the rate of glycogen
synthesis, and decreases its utilization. In Wistar fatty
and lean rats, insulin-stimulated glucose uptake in all the
muscle and adipose tissues tested but the rate of change
varied (Fig. 5). On the other hand, all the tissues tested
in the DIO mice showed suppression of the response to
insulin when compared with the control animals (Fig. 6),
and these would be one of the typical differences between
diabetic status and obese-induced insulin resistance.
Brown adipose tissue is a specialized thermoregulatory
organ that has a critical role in the regulation of energy
metabolism [43], and our system also highlighted its
distinct status, the difference in the response to insu-
lin, between these two models (Figs. 5c, 6¢). Detailed
pharmacological analysis would be required to clarify
their mechanism, but some of them might be able to
be explained by differential expression of their energy
metabolism machineries, such as uncoupling proteins
[44], and glucose transporters [45, 46]. CL316,243 is a
murine-selective f3-adrenoceptor agonist and is reported
to correct obesity and elevated blood glucose in diabetic
rodents [26]. The significance of the P3-adrenoceptor
agonist-induced brown adipose tissue activation in obe-
sity was explored in ZF and corresponding lean rats with

BE_FDG-PET [47], and a similar trend was observed in
Wistar fatty and lean rats (Fig. 7c). On the other hand,
the effect of insulin was more prominent than CL316,243
in Wistar lean rats, but both of them were equivalent and
remained low in Wistar fatty rats (Figs. 5c, 7c). There-
fore, an appropriate combination of interventions would
need to be utilized in subsequent studies on the physi-
ological mechanisms of obesity and insulin resistance
based on the glucose uptake as index.

BE.FDG biodistribution method enables to measure
the glucose uptake of the tissue directly and clarify the
responses depending on the tissue types. These could be
recognized as an advantage and applied to various drug
researches. For example, a recent report said the brown
adipose recruitment in white adipose tissue by B3 agonist
administration [27] and the biodistribution study com-
bined with the related factor measuring could be used to
clarify the mechanism. In a translational aspect, the glucose
uptake can be measured using '*F-FDG-PET in clinical
study; therefore, the BE_FDG preclinical biodistribution
data could provide a translational path on drug research.
In case a drug target expression or function in a tissue are
different between animal and human, the preclinical biodis-
tribution method can be used to predict the drug effects in
human based on the animal data. Also in a technical aspect,
BE.FDG biodistribution study has practical advantages
on preclinical pharmacological test. The direct measure-
ment of 8F-FDG radioactivity in the tissues can provide a
high-throughput preclinical pharmacological test, although
14C-2-deoxyglucose or '“C-FDG methodologies need a
long time and complicated procedures in the whole experi-
ments, especially in the solution of the tissue in the solvent
buffer.

There are some limitations in this study. Firstly, this
study did not measure the factors related to a pathway of
glucose uptake and expenditure. Glucose transporter 4
(GLUT4) and uncoupling protein 1 (UCP1) measurement
could add the more detailed information about drug effects
on glucose uptake and expenditure. Secondly, there are
other animal disease models for type 2 diabetes and obe-
sity. Each model strain has different pathogenesis, genetic
background, and disease characteristics. The present data
can be applied to the study using the Wistar fatty rats and
DIO mice. Further investigations are needed in case of
other models and the comparison of naive glucose uptake
among the models should provide valuable information for
a selection of animal models suitable for the drug evalu-
ation. Third, the present study did not include the results
of CL316,243 effects in DIO mice. Some mechanisms of
CL316,243 have been reported in diabetes mice [48, 49]
and DIO mice are non-genetic disease model; therefore, it
was not simple to compare the results with that of control
mice. Further investigation will clarify these points.
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Conclusion

We have successfully detected basal level and glucose
uptake changes in insulin- and CL316,243-administered
small animals by '8F-FDG biodistribution method, and
identified the differences between the control and disease
models. This study is expected to be valuable as a cue for
following studies for the mechanistic analysis of obesity
and insulin resistance in small animal models. Since glu-
cose uptake and utilization represent the cellular physi-
ological status, this methodology would be feasible to be
applied to a variety of pharmacological studies for meta-
bolic diseases such as diabetes and obesity.
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