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Purpose: Sodium-glucose co-transporter-2 (SGLT2) inhibitors have various pleiotropic
effects, including body weight reduction, and therefore have the potential to be used in
various applications. However, such effects have not been fully investigated; thus, non-
clinical studies using animal models are needed. In animal experiments, SGLT2 inhibitors
are usually administered by oral or dietary methods. However, the detailed characteristics of
these dosing methods, especially to induce their pleiotropic effects, have not been reported.
Therefore, we compared the preventive effects of canagliflozin, an SGLT?2 inhibitor, on body
weight gain following oral gavage and dietary administration methods in a mouse model of
diet-induced obesity.

Methods: Canaglifiozin was dosed by oral gavage or dietary administration for 9 weeks to
6-week-old C57BL/6N mice fed a high-fat diet, and parameters related to obesity were
evaluated.

Results: The suppression of body weight gain, fat mass, and hepatic lipid content was
observed following both dosing methods, whereas the effect on body weight tended to be
stronger in the dietary administration group. In adipose tissue, fatty acid synthase expression
was significantly decreased in the dietary administration group, and its expression was
significantly correlated with fat mass. However, the expression of genes related to fatty
acid oxidation was unchanged, indicating that the preventive effect on body weight gain was
mediated mainly through the suppression of lipid synthesis rather than the promotion of lipid
oxidation.

Conclusion: Canagliflozin prevented body weight gain through the suppression of lipid
synthesis via both dosing methods, although there were some differences in the efficacy. The
findings of our study can help to identify new mechanisms of action of SGLT2 inhibitors and
potential applications.

Keywords: SGLT2 inhibitor, obesity, dosing method

Introduction

The prevalence of type 2 diabetes mellitus (T2DM) and obesity is increasing
globally. For patients with T2DM and obesity, the management of body weight is
important. Sodium glucose co-transporter 2 (SGLT2) inhibitors reduce blood glu-
cose levels through inhibition of renal glucose reabsorption in the proximal tubules,
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thereby increasing glucose excretion to the urine.' These
inhibitors exhibit pleiotropic effects, such as body weight
reduction, liver function improvement, and protection
against cardiovascular and renal disease.'> Owing to
these diverse effects, SGLT2 inhibitors have the potential
to be used for various applications other than blood glu-
cose management; however, the detailed mechanisms
underlying these effects have not been fully examined.
For a better understanding of the effects of SGLT2 inhibi-
tors, non-clinical studies using animal models are indis-
pensable. In previous studies, SGLT2 inhibitors have
usually been administered to animals by oral gavage or
through their diet.*> However, there are no reports com-
paring the efficacy of SGLT2 inhibitors administered by
these methods. Understanding the difference in dosing
methods and selection of the optimal method are crucial
steps for performing effective non-clinical studies to
enhance the understanding of drugs. Therefore, to obtain
useful information on the administration method of SGLT2
inhibitors in non-clinical studies, the present study com-
pared the preventive effect of canagliflozin on body weight
gain between oral gavage and dietary administration, by
focusing mainly on fatty acid metabolism.

Materials and Methods

Reagents
Canagliflozin was synthesized by Mitsubishi Tanabe Pharma

6

Corporation.” All other reagents were purchased from

Nacalai Tesque (Kyoto, Japan) unless stated otherwise.

Animals

Experimental procedures and the care of animals were
performed in accordance with the requirements of the
Animal Research Committee of Kyoto University (permis-
sion number: 27-87) and in compliance with “Guidelines
for Proper Conduct of Animal Experiments” created by
Science Council of Japan. C57BL/6N mice (Japan SLC,
Inc., Shizuoka, Japan) were housed in a temperature-
controlled room (25°C + 1°C) under a 12 h light/dark
cycle, and fed a 60 kcal% high-fat diet (HFD) (Research
Diets, New Brunswick, NJ, USA), which is used widely in
diet-induced obesity models.”®

Canagliflozin Administration

Following a 7-day acclimation period, 6-week-old mice
were divided into three groups: control (Cont), oral
gavage (Gav), and dietary administration (Food) groups

(n=5 per group). As the effect of canagliflozin on urin-
ary glucose excretion is nearly maximal at an oral dose
of 30 mg/kg,’ this dose was selected for this study. In
the Gav group, canagliflozin was suspended in 0.5%
carboxymethyl cellulose (CMC) solution and orally
administered once daily. In the other two groups,
a solution of 0.5% CMC was orally administered. In
the Food group, canagliflozin was mixed in with the
60 kcal% high-fat diet powder. Diets containing canagli-
flozin were prepared once weekly, based on the average
body weight and food intake from the previous week,
and adjusted to a dose of 30 mg/kg/day of canaglifiozin.
The other two groups were fed HFD powder without
canagliflozin. All food was available ad libitum; fresh
food were administered every other day and the amount
of food intake was measured.

Body Composition

After 8 weeks of canagliflozin administration, body com-
position was measured using a body composition analyzer,
the EchoMRI 3-in-1 system (Hitachi, Tokyo, Japan).'’

Tissue Isolation

After 9 weeks of canagliflozin treatment, the mice were
anesthetized with isoflurane (Wako, Osaka, Japan); subse-
quently, blood and tissue samples were collected and
described
previously.!' Adipose tissue and liver samples were used

plasma characteristics were measured as

for histological and mRNA analyses.

Histological Analysis

The tissues were fixed in 4% paraformaldehyde. The fixed
adipose tissues were embedded in paraffin and the fixed
liver tissues were embedded in OCT compound (Sakura
Finetek Japan, Tokyo, Japan). The tissue blocks were
sliced into 5-um-thick sections. The adipose tissue and
liver sections were stained with hematoxylin/eosin and
0il Red O/hematoxylin, respectively.'”

mRNA Analysis

Total RNA extraction, reverse transcription and quantita-
tive polymerase chain reaction were performed as
described previously.'? All oligonucleotide primer sets
used were designed as previously reported.'®'* All
mRNA expression data were normalized to the expression
of 36b4.
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Table | Physiological Characteristics of Canagliflozin-Treated Mice

Cont Gav Food
Food intake (g/day)* 2.33£0.10 2.83+0.08* 2.76+0.17*
Fat mass/lean mass® 0.44+0.04 0.25+0.03* 0.19+0.02*
Tissue and organ weight
Interscapular BAT (mg) 112.2£7.7 80.4+2.3* 69.9+2.9%
Inguinal WAT (mg) 985.8+93.0 540.4+45.5* 454.2+68.1%
Epididymal WAT (mg) 1694.2+178.1 962.2+108.0% 839.6+150.5*
Liver (mg) 1066.6+17.9 1135.8+37.3 1017.4+46.7
Gastrocnemius (mg) 293.2+4.6 277.4£8.0 280.2+8.9
Plasma characteristics
Glucose (mg/dL) 172.5+8.4 164.0+£8.5 146.6+7.6
Triglyceride (mg/dL) 1189127 93.9£10.5 100.2+5.1
Free fatty acid (mEq/L) 2.21+0.21 1.98+0.18 1.86+0.08
Ketone body (umol/L) 40.7£13.2 380.7+104.9% 472.74£39.6%

Notes: *p<0.05 vs control. Data were obtained after 9 weeks of canagliflozin treatment, unless stated otherwise. *Data from the second week of
canagliflozin treatment. ®Data from MRI analysis after 8 weeks of canagliflozin treatment.

Statistical Analysis

Statistical analysis was performed using one-way analysis
of variance followed by the Fisher’s least significant dif-
ference test. A p value of <0.05 was considered statisti-
cally significant.

Results

Compared with the control group, the canagliflozin-treated
groups (Gav, Food) showed smaller body weight gains
despite greater food intake (Figure 1A, Table 1). There
was no difference in food intake between the Gav and
Food groups (Table 1). In the Gav group, body weight
gain was reduced significantly compared with the Cont
group at week 9 (Figure 1A). However, the Food group
showed a significantly smaller body weight gain than the
Cont group, starting from the second week of treatment
(Figure 1A). After 9 weeks of treatment, the Food group
tended to have a smaller body weight gain than the Gav
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group (Figure 1A). Body composition analysis at week 8
revealed significant reductions in fat mass in both the Gav
and Food groups, with no differences in lean mass, com-
pared with the Cont group (Figure 1B, Table 1). The Food
group had a lower mean fat mass than the Gav group;
however, only the Food group showed significantly smal-
ler body weight than the Control group in week 8 of
treatment (Figure 1B).

Analysis of the plasma characteristics revealed that
levels of ketone body were increased significantly in
both canagliflozin-treated groups compared with the Cont
group following 9 weeks of treatment (Table 1). Of the
tissue masses measured, adipose tissue mass was signifi-
cantly lowered by canagliflozin treatment (Table 1). In
brown adipose tissue (BAT), the adipocytes were smaller
in both the canagliflozin-treated groups than in the Cont
group, and the Food group had the smallest size among the
groups (Figure 2A). Ucpl mRNA expression in BAT was
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Figure | Changes in the body weight and biological characteristics of canagliflozin-treated mice. (A) Weekly changes in the body weight of mice in each group. (B) Fat mass,
lean mass, and body weight of mice in each group detected using MRI analysis performed on week 8 of treatment. The data are expressed as the mean + SEM. *p<0.05 vs

control. N=5 for each group.
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Figure 2 Analysis of BAT, WAT, and liver tissue isolated from mice treated with or without canagliflozin. (A) Hematoxylin and eosin (H&E) staining of BAT isolated from
mice in each group. Scale bar = 200 pm. (B) The relative mRNA expression of Ucp | in BAT of mice in each group. (C) H&E staining of WAT isolated from mice in each group.
Scale bar = 200 pum. (D) Relative mRNA expression of Fasn, Adipog, and Ccl2 in WAT isolated from mice in each group. (E) Oil Red O staining and triglyceride (TG) content
of liver tissue isolated from mice in each group. Scale bar = 200 um. (F) Relative mRNA expression of Fasn and Cptla in the liver tissues from mice in each group. (G)
Correlation between inguinal WAT (iWAT) mass and WAT Fasn expression (left) and liver triglyceride levels and liver Fasn expression (right). (H) Correlation between the
total fat mass detected using MRI analysis and WAT Fasn expression. For (G) and (H), the correlation coefficients were calculated based on Pearson’s correlation. The data

are expressed as the mean * SEM. *p<0.05 vs control. N=4-5 for each group.

significantly lower in the Food group and tended to be
lower in the Gav group than in the Cont group
(Figure 2B).

Adipocyte size in the white adipose tissue (WAT)
also appeared to decrease more in the canagliflozin-
treated groups than in the Cont group (Figure 2C). In
WAT, canagliflozin reduced the expression of fatty acid
synthase (Fasn) (Figure 2D). Fasn expression was sig-
nificantly lower in the Food group than in the Cont

group and tended to be lower than that in the Gav
group (Figure 2D). In WAT, mRNA expression of adi-
ponectin (4dipoq), an anti-inflammatory adipokine, was
increased, and that of C-C motif chemokine 2 (Ccl2), an
inflammatory adipokine, was decreased in both canagli-
flozin-treated groups compared with the Cont group
(Figure 2D). There were no significant differences in
the mRNA expression of these adipokines between the
Gav and Food groups.
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The histological analysis of liver sections showed that
the Oil Red O-stained areas were reduced in canagliflozin-
treated groups, and the measurement of triglyceride con-
tent showed significant reductions (Figure 2E). The Fasn
mRNA expression in liver was significantly lower in the
canagliflozin-treated groups than in the Cont group (Figure
2F). However, mRNA expression of carnitine palmitoyl-
transferase 1A (Cptla), an enzyme related to mitochon-
drial fatty acid B-oxidation was unchanged (Figure 2F).
There were no differences in hepatic characteristics in the
Gav and Food groups (Figure 2E and F). There was
a positive correlation between WAT mass and WAT Fasn
expression and between liver triglyceride and liver Fasn
expression (Figure 2G). The total fat mass, including lipids
in the adipose tissue and the liver, was also positively
correlated with WAT Fasn expression (Figure 2H).

Discussion

In this study, canagliflozin suppressed body weight gain
and reduced the expression of a representative lipogenic
gene,14 Fasn, in the liver and WAT. The correlation ana-
lysis revealed a positive correlation between fat mass and
Fasn expression. In contrast, the expression of fatty acid
oxidation-related genes, such as Ucpl, the primary protein
responsible for thermogenesis in BAT'® and Cptla in the
liver was decreased or unchanged by canagliflozin, respec-
tively. These results suggested that suppression of lipid
synthesis, rather than promotion of fatty acid oxidation,
was responsible for the reduction in body weight caused
by canagliflozin in this study.

In a previous study, the dietary administration of
SGLT?2 inhibitors increased the expression of genes related
to fatty acid oxidation.* The principal difference between
the previous study and this study was the feeding condi-
tions: pair-feeding in the previous study vs ad libitum
feeding in this study. The SGLT2-inhibitor-mediated sup-
pression of glucose reabsorption appeared to affect the
whole-body energy metabolism, including feeding
behavior.!®!” Indeed, an increase in food intake levels
was observed in the canaglifiozin-treated groups in this

8 and

study. Feeding condition affects lipid metabolism,'
the difference in feeding condition may be the cause of the
difference between the results of previous studies and this
study. In addition, a clinical study showed that canagliflo-
zin treatment increased the caloric intake of patients.'”
Thus, ad libitum feeding in mice may more accurately

reflect the clinical condition.

In this study, Fasn expression in WAT tended to be
lower in the Food group than in the Gav group. Fasn
expression in WAT is reported to play a significant role
in body weight regulation.'* Thus, this difference in Fasn
expression may be one of the causes of the difference in
the preventive effect of canagliflozin on body weight gain
between oral gavage and dietary administration. In addi-
tion, although WAT mass and Fasn expression in WAT
were numerically lower in the Food group than in the Gav
group, there were no differences in hepatic triglyceride
content and hepatic Fasn expression. Several reports
have indicated that there are different transcriptional reg-
ulatory systems of Fasn expression in the liver and WAT.
It has been reported that metabolic stimuli, such as fasting
and refeeding, affected Fasn expression in both the liver
and WAT, and that these tissues showed different respon-
siveness to those stimuli.'® Another study has suggested
that there was a WAT-specific transcriptional factor that
regulated Fasn expression in WAT.?* In humans, a clinical
study also showed that the effect of an SGLT2 inhibitor on
the improvement of hepatic dysfunction was independent
of body weight reduction.® A better understanding of the
effects of SGLT2 inhibitors on Fasn expression in WAT
and the liver may allow the discovery of a novel mechan-
ism of the action of SGLT2 inhibitors. Collectively, the
suppression of fatty acid synthesis in WAT may play an
important role in the preventive effects of canagliflozin on
body weight gain.

In this study, there were some differences in the effects
of canagliflozin following oral gavage and dietary admin-
istration. Body weight gain and Fasn expression in WAT
tended to be lower in the Food group than in the Gav
group. Ucpl mRNA expression in BAT was also numeri-
cally lower in the Food group than in the Gav group.
Compared with the Gav group, in which canagliflozin
was administered per day, in the Food group, it was con-
tinually administered in smaller amounts throughout
the day. Some reports showed that SGLT2 inhibitors
induced a fasting-like state.”’ During fasting, lipogenesis-
related genes decreased and increased after refeeding,*
and such phenomena may occur during SGLT2 inhibitor
treatment. As the half-life of canagliflozin was relatively
short (24 h) in mice,” continuous administration could
maintain blood canagliflozin levels and the Food group
could therefore have higher renal glucose excretion rates
compared with untreated controls for a longer duration
than the Gav group. The maintenance of higher blood
canagliflozin levels will prolong the duration of the

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13

submit your manuscript

4357

Dove


http://www.dovepress.com
http://www.dovepress.com

Kawarasaki et al

Dove

fasting-like state, which could lead to a stable reduction of
Fasn expression in WAT. These continued effects of cana-
gliflozin may also exert a somewhat stronger suppressive
effect on body weight gain, as observed in the Food group.
However, the specific mechanisms underlying such differ-
ences were still uncovered.

In the present study, we showed that the dosing method
was an important factor for the determination of the effi-
cacy of one of the pleiotropic effects of canagliflozin. To
obtain more information about the dosing method of cana-
gliflozin, it is necessary to evaluate the dose-response
relationship and the effect of different administration per-
iods in a larger sample size. In addition, we only assessed
the preventive effect on body weight gain as a pleiotropic
effect of canagliflozin in this study. To deepen the under-
standing of SGLT2 inhibitors, experiments focused on
other pleiotropic effects of canagliflozin, such as hepatic
functional improvement and renal and cardiovascular pro-
tection, will be needed. However, our results will provide
a new basis for non-clinical studies focused on the pleio-
tropic effect of SGLT2 inhibitors.

Conclusion

In summary, dietary administration tended to result in
a stronger preventive effect on body weight gain than admin-
istration by oral gavage, although both dosing methods
resulted in a significant reduction in body weight gain. Our
results suggested that lipid synthesis suppression in WAT,
rather than lipid oxidation promotion, was responsible for
canagliflozin-induced body weight gain suppression. Our
study supports further non-clinical studies on SGLT2 inhibi-
tors, which may reveal new mechanisms of action and support

the potential use of SGLT?2 inhibitors in various applications.
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