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INTRODUCTION

ABSTRACT

Aims/Introduction: Sodium—glucose cotransporter 2 inhibitor (SGLT2i) lowers blood
glucose and causes a whole-body energy deficit by boosting renal glucose excretion, thus
affecting glucose and energy metabolism. This energy deficit not only decreases body-
weight, but also increases food intake. This food intake increase offsets the SGLT2i-induced
bodyweight decrease, but the effect of the food intake increase on the SGLT2i regulation
of glucose metabolism remains unclear.

Materials and Methods: We administered SGLT2i (luseogliflozin) for 4 weeks to hep-
atic gluconeogenic enzyme gene G6pc reporter mice with/without obesity, which were
either fed freely or under a 3-hourly dietary regimen. The effect of feeding condition on
the gluconeogenic response to SGLT2i was evaluated by plasma Gaussia luciferase activity,
an index of the hepatic gluconeogenic response, in Gépc reporter mice. Energy expendi-
ture was measured by indirect calorimetry.

Results: In the lean mice under controlled feeding, SGLT2i decreased bodyweight and
plasma glucose, and increased the hepatic gluconeogenic response while decreasing
blood insulin. SGLT2i also increased oxygen consumption under controlled feeding. How-
ever, free feeding negated all of these effects of SGLT2i. In the obese mice, SGLT2i
decreased bodyweight, blood glucose and plasma insulin, ameliorated the upregulated
hepatic gluconeogenic response, and increased oxygen consumption under controlled
feeding. Under free feeding, although blood glucose was decreased and plasma insulin
tended to decrease, the effects of SGLT2i — decreased bodyweight, alleviation of the hep-
atic gluconeogenic response and increased oxygen consumption — were absent.
Conclusions: Food intake management is crucial for SGLT2i to affect glucose and
energy metabolism during type 2 diabetes treatment.

Another component of the therapeutic arsenal for type 2 dia-

Hepatic glucose production plays an important role in the reg-
ulation of blood glucose in type 2 diabetes. Indeed, increased
hepatic glucose production is highly correlated with elevated
fasting blood glucose'. Because this increase in hepatic glucose
production is caused by an increase in hepatic gluconeogenesis
in type 2 diabetes®, hepatic gluconeogenesis is a target of antidi-
abetic drugs, such as metformin.
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betes is sodium-—glucose cotransporter 2 inhibitor (SGLT2i),
which promotes renal glucose excretion®”. SGLT2i also
improves glucose tolerance through its effect on hepatic gluco-
neogenesis. SGLT2i enhances the inhibitory effect of insulin on
hepatic glucose production in both type 2 diabetes patients and
obese/insulin-resistant animals® °. Our recent evaluation of the
effect of SGLT2i on the hepatic gluconeogenic response in hep-
atic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice
also showed that SGLT2i alleviates the increase in the hepatic
gluconeogenic response caused by obesity/insulin resistance'.
These L-G6pc-GLuc mice express secreted Gaussia luciferase
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(GLuc) under the hepatic promoter of the gluconeogenic gene
Gé6pc. In these animals, the hepatic gluconeogenic response,
represented by the level of hepatic G6pc expression, can thus
be evaluated by measuring plasma GLuc activity'’. Two weeks
of SGLT2i administration to insulin-sensitive lean L-G6pc-GLuc
mice under controlled feeding increases plasma GLuc activity.
A high-fat diet (HFD) markedly increases plasma GLuc activity
together with obesity and insulin resistance in L-G6pc-GLuc
mice; this elevated plasma GLuc activity is reduced after 3-week
treatment with SGLT2i.

The hepatic glucose production-suppressing properties of
SGLT2i are reportedly due to alleviation of insulin resistance® °.
SGLT?2i not only improves glucose intolerance, but also induces
weight loss, resulting in the alleviation of insulin resistance''.
By stimulating renal glucose excretion, SGLT2i causes an
energy deficit, resulting in bodyweight loss by decreasing adi-
pose tissue weight'>'“. However, this persistent negative energy
balance and weight loss caused by SGLT2i induces compen-
satory hyperphagia®'”. In rats, food intake increases with the
SGLT2i dose, and calorie intake increases by approximately
30% in approximately 1 month'®. An increase in food intake
was also observed in both SGLT2i-administered mice and
SGLT2-deficient mice™"’. In a long-term SGLT2i trial in type 2
diabetes patients, food intake increased after 12 weeks'®,
Increased food intake clearly cancels out the weight loss effects
of SGLT2i'%, but it is unclear whether this altered food intake
also modifies the regulatory effects of SGLT2i on glucose meta-
bolism and hepatic gluconeogenesis. Therefore, in the present
study, lean and obese L-G6pc-GLuc mice were fed in accor-
dance with a strict feeding protocol in which food was rationed
every 3 h and the effects of food intake on the hepatic gluco-
neogenic response-regulating properties of SGLT2i were investi-
gated.

METHODS

Mouse experiments

Mouse experiments were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals, eighth edi-
tion, and were approved by the Committee for Ethical Use of
Experimental Animals at Kanazawa University, Kanazawa,
Japan (approval nos. AP-194033 and AP-163742). L-G6pc-
GLuc male mice were generated by crossing liver-specific Cre
recombinase-expressing mice'>*° and G6pc-YFP/GLuc trans-
genic mice, which carry Gépc promoter and floxed yellow fluo-
rescent protein followed by GLuc, as described previously'.
Mice were housed in a temperature-controlled environment
under a 12-h light/dark cycle with free access to normal chow
(NGC; CRF-1; Oriental Yeast Co., Ltd., Kyoto, Japan) and water
under specific pathogen-free conditions. Obese mice were gen-
erated by feeding 7-week-old mice a HFD (60% fat; D12492;
Research Diets, Inc, New Brunswick, NJ, USA) for 14—
16 weeks. The macronutrient energy profile of the NC was
protein : fat : carbohydrate = 24.5:13.6:61.9, and that of the
HFD was protein : fat : carbohydrate = 17.9:60.7:21.4.

http://wileyonlinelibrary.com/journal/jdi

SGLT2i treatment with or without controlled feeding

Lean (10-12-week-old) and obese (21-23-week-old) mice were
allowed free access to diets with or without SGLT2i for
4 weeks. The diets containing SGLT2i (luseogliflozin, 100 mg/
kg diet; provided by Taisho Pharmaceutical Co., Ltd., Tokyo,
Japan) were produced based on NC and a HFD (HFD-60; Ori-
ental Yeast Co., Ltd.)*"**. We used an automatic feeding device
with a food intake monitoring system (cFDM-300AS and Fee-
dam V1.4.1; Melquest Ltd., Toyama, Japan) during a 1-week
acclimation period and 4-week administration period. Under
the controlled feeding condition, mice were fed a fixed amount
of food with or without SGLT2i every 3 h for 4 weeks. The 3-
hourly feeding dosages™ were determined according to the 5-
day average food consumption of 10-week-old NC-fed or 21-
week-old HFD-fed mice without SGLT2i administration, which
was measured by the food intake monitoring system. All mice
ate a fixed amount of food every 3 h. Locomotor activity was
measured by a passive infrared sensor in the cFDM-300AS
food intake monitoring system. Liver samples were harvested
from fed mice at the end of the 4-week administration of
SGLT2i.

Food intake measurement

Both lean and obese mice were acclimated to feeding from a
Multifeeder MF-1M (Shinfactory, Fukuoka, Japan) 1 week
before the initiation of the free feeding condition. Food intake
was measured daily during the 4-week experimental period.

Indirect calorimetry and respiratory measurements

After 4 weeks of free or controlled feeding, mice were housed
individually in chambers of the Oxymax Comprehensive Lab
Animal Monitoring System (Oxymax-CLAMS; Columbus
Instruments, Columbus, OH, USA). Oxygen consumption
(VO,), carbon dioxide production (VCO,) and the respiratory
exchange ratio (RER [VCO,/VO,]) were evaluated for two con-
secutive days. The rates of glucose oxidation, lipid oxidation
and energy production were calculated from the following for-
mulae: glucose oxidation rate (g/min) =4.55 VCO, (L/
min) — 3.21 VO, (L/min); lipid oxidation rate (g/min) = 1.67
(VO, — VCO,); and energy production rate (kcal/min) = 3.91
VO, + 1.10 VCO,***,

Blood and hepatic parameter analysis

Blood glucose levels were measured using a Glucocard
G + Meter (Arkray, Kyoto, Japan). Plasma insulin concentra-
tions were determined using a mouse insulin enzyme-linked
immunosorbent assay kit (Fujifilm Wako Pure Chemical Co.,
Osaka, Japan). Plasma glucagon concentrations were deter-
mined using a Mercodia Glucagon enzyme-linked immunosor-
bent assay kit (Mercodia, Uppsala, Sweden). Plasma GLuc
activity was quantified using a Renilla Luciferase Assay System
(Promega, Madison, WI, USA). Plasma B-hydroxybutyrate con-
centrations were measured using a [B-hydroxybutyrate Colori-
metric Assay Kit (BioVision Inc., Milpitas, CA, USA). Plasma
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concentrations of free fatty acids were determined by NEFA C-
Test-Wako kits (Fujifilm Wako Pure Chemical Co.). Hepatic
triglyceride and glycogen contents were measured as described
previously' %,

Quantitative polymerase chain reaction

Ribonucleic acid extraction and complementary deoxyribonu-
cleic acid synthesis were carried out as described previously®.
Quantitative polymerase chain reaction was carried out with
the SYBR Select Master Mix (Thermo Fisher Scientific, Wal-
tham, MA, USA), and the results were normalized using the
Rplp0 gene as internal control. The sequence-specific primers
used in the present study were described previously'®*”** and
are available on request.

Immunoblotting

Immunoblotting was carried out using the following antibodies:
anti-phospho-Akt (Thr308; #9275, 1:1,000), anti-phospho-Akt
(Serd73; #9271, 1:1,000) and anti-Akt (#9272, 1:1,000). Immu-
noblot images are representative of at least three independent
immunoblot analyses and were quantified by densitometry on
a ChemiDoc Touch imaging system (Bio-Rad Laboratories,
Hercules, CA, USA).

Insulin tolerance test

Insulin tolerance tests were carried out in obese L-G6pc-GLuc
mice, which were administered a HFD without SGLT2i for
3 days as a wash-out period after 4-week administration of
HFD with or without SGLT2i under the free feeding or con-
trolled feeding condition. Mice were intravenously administered
insulin (0.75 U/kg bodyweight; Humulin R insulin; Eli Lilly,
Indianapolis, IN, USA) after a 4-h fast.

Statistical analysis

Data are presented as the mean + standard error of the mean.
Statistical analysis was carried out using IBM SPSS Statistics 24
(IBM Japan, Tokyo, Japan). Group comparisons in time-course
data were examined using one-way or two-way repeated-mea-
sures ANova followed by Bonferroni’s multiple comparison test.
Group comparisons were tested using Student’s t-test or two-
way aNova. Differences were considered statistically significant
at P < 0.05.

RESULTS

Glucose-lowering effects of SGLT2i in lean mice

We measured food intake under free feeding in lean L-G6pc-
GLuc mice with or without SGLT2i administration and found
that SGLT2i administration significantly increased food intake
(mean daily food intake during the administration period:
3.58 £ 0.05 g and 4.09 £ 0.16 g in control mice [#n = 5] and
SGLT2i-administered mice [n = 6], respectively; Figure la). We
then compared the effects of SGLT2i under controlled feeding
and free feeding. Because the daily food intake was 3.20 g under
controlled feeding in lean mice™, the given dose of SGLT2i under
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free feeding was approximately 128% of that under controlled
feeding. As described previously'’, under controlled feeding,
SGLT?2i significantly decreased bodyweight, blood glucose and
plasma insulin levels (Figure 1b—d). However, under free feeding,
SGLT?2i had an insignificant effect on bodyweight, blood glucose
levels and plasma insulin levels (Figure 1b—d). There were no dif-
ferences in the plasma levels of glucagon, B-hydroxybutyrate or
free fatty acids between the control and SGLT2i groups under
either the controlled and free feeding condition (Figure le,g).

Energy-regulating effects of SGLT2i in lean mice

Because the weight-decreasing effect of SGLT2i was diminished
under free feeding, we measured energy expenditure, the increase
of which results in energy deficit and bodyweight reduction®.
Therefore, we measured VO, and the RER in lean L-G6pc-GLuc
mice under free or controlled feeding with or without SGLT2i
administration. SGLT2i increased VO, under controlled feeding
in lean mice, but not under free feeding (Figure 2a). No differ-
ences were found in the RER, glucose oxidation rate or lipid oxi-
dation rate between the control and SGLT2i groups under either
teeding condition (Figure 2b,c). SGLT2i administration increased
the rate of energy production in the dark phase under controlled
feeding (Figure 2c). SGLT2i had no effect on locomotor activity
under controlled feeding (Figure 2d).

SGLT2i effects on the hepatic gluconeogenic response in lean

mice

Feeding condition had a potent influence on the ability of
SGLT?2i to lower blood glucose and insulin, as well as energy
expenditure. Thus, we investigated its influence on the effect of
SGLT2i on hepatic glucose and lipid metabolism. We measured
plasma GLuc activity, an index of the hepatic gluconeogenic
response, and found that SGLT2i increased plasma GLuc activ-
ity until 2 weeks after SGLT2i administration, while decreasing
plasma insulin, under controlled feeding (Figure 3a). SGLT2i
also decreased hepatic glycogen and triglyceride levels at
4 weeks after administration under controlled feeding (Fig-
ure 3b,c). However, SGLT2i produced an insignificant change
in plasma GLuc activity and hepatic levels of glycogen and
triglyceride under free feeding (Figure 3a—). We also measured
the hepatic expression of genes associated with glucose metabo-
lism, lipid metabolism and pro-inflammatory cytokines at
4 weeks after administration. Among these genes, hepatic Pckl
and G6pc expressions showed an increasing tendency in the
SGLT2i-administered group under controlled feeding, but not
under free feeding (Figure 3d). SGLT2i administration upregu-
lated hepatic Akt phosphorylation under controlled feeding, but
induced only an insignificant marginal increase in the phospho-
rylation of Thr-308 of Akt under free feeding (Figure 3e).

Glucose-lowering and energy-regulating effects of SGLT2i in
obese mice

Next, we investigated the gluco-regulating effects of SGLT2i in
HFD-induced obese mice, which had mild glucose intolerance
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Figure 1 | The glucose-lowering effects of sodium—glucose cotransporter 2 inhibitor (SGLT2i) are attenuated in lean mice under free feeding
conditions. (a) Food intake in lean hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice with normal chow (NC) with or without
SGLT2i for 4 weeks under free feeding (FF). (b—g) L-G6pc-GlLuc mice were administered NC with (+) or without (=) SGLT2i for 4 weeks under
controlled feeding (CF) or FF. (b) Body weight. (c) Blood glucose levels. (d) Plasma insulin levels. (e) Plasma glucagon levels. (f) Plasma -
hydroxybutyrate levels. (g) Plasma FFA levels. Values are the mean + standard error of the mean (n = 5-6 mice/group). *P < 005, **P < 001 and
***p < 0001. D, drug effect; D x F, drug and feeding condition interaction; F, feeding condition effect; T, time effect; T x D, time and drug
interaction; T x F, time and feeding condition interaction; T x D x F, three-way interaction.
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Figure 2 | The energy-regulating effects of sodium-glucose cotransporter 2 inhibitor (SGLT2i) are diminished in lean mice under free feeding
conditions. Hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice were administered normal chow (NC) with (+) or without () SGLT2i
for 4 weeks under controlled feeding (CF) or free feeding (FF). (@) Oxygen consumption rate (VO.; left) and its areas under the curve (AUG; right).
(b) Respiratory exchange ratio (RER; left) and its AUCs (right). (c) AUCs of the glucose oxidation rate (GoxR; left), lipid oxidation rate (LoxR; middle)
and energy production rate (EPR; right). (d) Locomotor activities (left) and their AUCs (right). Values are the mean = standard error of the mean

(n = 5-6 mice/group). *P < 0.05 and **P < 001. D, drug effect; F, feeding condition effect; T, time effect; T x D, time and drug interaction; T x F,
time and feeding condition interaction.
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Figure 3 | The hepatic gluconeogenic response increase induced by sodium—glucose cotransporter 2 inhibitor (SGLT2i) is attenuated in lean mice
under free feeding conditions. Hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice were administered normal chow (NCO) with (+) or
without (—) SGLT2i for 4 weeks under controlled feeding (CF) or free feeding (FF). (@) Plasma GlLuc activities. (b) Hepatic glycogen contents. (c)
Hepatic triglyceride contents. (d) Hepatic messenger ribonucleic acid (mRNA) expression levels of genes related to glucose metabolism (Pck1, Gépc,
Gys2), lipid metabolism (Fasn, Srebf1, Acaca, Cptla, Ppara) and inflammation (Tnf, 16). () Immunoblotting analysis of phosphorylated Akt (pAkt) and
total Akt protein (left). pAkt levels were normalized to total Akt levels (middle and right). Values are the mean * standard error of the mean

(n = 5-6 mice/group). *P < 005, **P < 001 and **P < 0.001. T, time effect; D, drug effect; D x F, drug and feeding condition interaction.
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and an overt increase in plasma GLuc activity with marked
obesity”’. We measured food intake in obese L-G6pc-GLuc
mice under free ‘feeding with or without SGLT2i administra-
tion. SGLT2i also increased food intake in obese mice from
1 week after the start of administration (mean daily food intake
during the administration period: 3.00 £ 0.08 g and
3.39 + 0.13 g in control mice [n = 7] and SGLT2i-administered
mice [n = 7], respectively; Figure 4a). Because the daily food
intake was 2.80 g under controlled feeding in obese mice™, the
given dose of SGLT2i under free feeding was approximately
121% of that under controlled feeding. Bodyweight decreased
significantly under controlled feeding in obese mice, but
remained unaltered by SGLT2i administration under free feed-
ing (Figure 4b). Blood glucose levels were decreased by SGLT2i
administration under both controlled and free feeding condi-
tions (Figure 4c). SGLT2i administration significantly decreased
plasma insulin levels under controlled feeding, and showed an
insignificant tendency to decrease plasma insulin under free
feeding (Figure 4d). Plasma levels of glucagon, B-hydroxybu-
tyrate and free fatty acids remained unaltered by SGLT2i under
either feeding condition (Figure 4e—g).

SGLT2i increased VO, in controlled feeding obese mice, but
not in free feeding obese mice (Figure 5a). SGLT2i resulted in
no change in the RER under controlled feeding, but decreased
the RER under free feeding (Figure 5b). SGLT2i administration
decreased the glucose oxidation rate and increased the lipid oxi-
dation rate only under free feeding (Figure 5¢). There was no
difference in the energy production rate between the control
and SGLT2i groups (Figure 5¢). SGLT2i had no effect on loco-
motor activity under either feeding condition (Figure 5d).

SGLT2i effects on the hepatic gluconeogenic response in
obese mice

Finally, we evaluated the effects of SGLT2i on hepatic parame-
ters of glucose and lipid metabolism under both feeding condi-
tions in obese L-G6pc-GLuc mice. Under controlled feeding,
SGLT2i decreased plasma GLuc activity from 3 weeks after
inhibitor initiation, and also decreased hepatic levels of triglyc-
erides, but not glycogen, at 4 weeks after administration (Fig-
ure 6a—). However, under free feeding, there was no difference
in plasma GLuc activity, hepatic glycogen and hepatic triglyc-
erides between control and SGLT2i treatment in obese mice
(Figure 6a—). Hepatic expression of G6pc and the lipogenic
enzymes, Fasn and Acaca, decreased in the SGLT2i-adminis-
tered group under controlled feeding, but not under free feed-
ing (Figure 6d). There was no difference in the hepatic
expression of the other genes, including Tnf and II6, between
the control and SGLT2i groups under either feeding condition
(Figure 6d). Hepatic Akt phosphorylation at Thr308 was
increased in SGLT2i-administered obese mice under controlled
feeding, but not under free feeding (Figure 6e). Finally, we
investigated whole-body insulin sensitivity with insulin tolerance
tests in obese L-G6pc-GLuc mice with or without SGLT2i
administration under controlled feeding or free feeding. SGLT2i
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enhanced the insulin-dependent blood glucose decrease under
controlled feeding, but not free feeding (Figure 6f).

DISCUSSION

SGLT?2i plays a prominent role in the treatment of obese type 2
diabetes patients because of its blood glucose-lowering and
weight loss-inducing effects, which are due to increased renal
glucose excretion. At the same time, the sustained negative
energy balance caused by SGLT2i increases food intake™'”',
which undermines the weight loss-inducing properties of the
drug'®. Tt has been suggested that the effects of SGLT2i on glu-
cose metabolism might also be altered by the increased food
intake. Indeed, the plasma insulin-reducing effect of SGLT2i is
lower in rats without controlled feeding'®. However, it was
unclear how increased food intake influences the effect of
SGLT2i on glucose metabolism regulation, particularly that of
hepatic gluconeogenesis, which is closely linked to the blood
glucose level. We thus compared the glucose metabolism-regu-
lating effects of SGLT2i under controlled and free feeding con-
ditions, and found that feeding condition has a significant
impact on the effects of SGLT2i. As we have previously
reported'’, SGLT2i decreased bodyweight and blood glucose in
lean mice under controlled feeding, and the hepatic gluco-
neogenic response (i.e., blood GLuc activity) increased with the
decrease in plasma insulin. These SGLT2i effects were absent in
mice under free feeding. Bodyweight, blood glucose, insulin
level and the hepatic gluconeogenic response are all decreased
under controlled feeding in obese mice'®. However, under free
feeding, the weight loss- and hepatic gluconeogenic response-al-
leviating effects of SGLT2i disappeared, even though the blood
glucose level still decreased and the insulin level trended down-
ward.

In the lean mice, which possess insulin sensitivity, SGLT2i
enhances the hepatic gluconeogenic response by reducing the
plasma insulin level under controlled feeding, as described pre-
viously'®. However, under free feeding, the hepatic gluco-
neogenic response was unaffected by SGLT2i, because SGLT2i
had little influence on plasma insulin levels. SGLT2i was associ-
ated with a decreasing tendency of plasma insulin levels under
controlled feeding, which was statistically significant until
2 weeks after the start of administration. Partly because con-
trolled feeding itself showed a non-significant tendency for a
decrease in plasma insulin levels in the control group of lean
mice, as reported previouslyw, this significant decrease in
plasma insulin was lost after 3 weeks. Although plasma insulin
showed an increasing tendency in mice with SGLT2i adminis-
tration after 1 week, this increase was not evident in a previous
study carried out using the same regimen'’. Under controlled
feeding, SGLT2i increased the hepatic gluconeogenic response
while decreasing plasma insulin. The difference in the hepatic
gluconeogenic response between the SGLT2i and control
groups disappeared after 3 weeks under controlled feeding. One
reason for its disappearance might be that enhanced insulin
sensitivity compensated for the reduction in hepatic insulin
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Figure 4 | The glucose-lowering effects of sodium—glucose cotransporter 2 inhibitor (SGLT2i) are attenuated in obese mice under free feeding
conditions. (@) Food intake in obese hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice fed a high-fat diet (HFD) with or without
SGLT2i for 4 weeks under free feeding (FF). (b—e) Obese L-G6pc-GlLuc mice were administered a HFD with (+) or without (=) SGLT2i for 4 weeks
under controlled feeding (CF) or FF. (b) Body weight. (c) Blood glucose levels. (d) Plasma insulin levels. (e) Plasma glucagon levels. (f) Plasma B-
hydroxybutyrate levels. (g) Plasma FFA levels. Values are the mean + standard error of the mean (n = 7 mice/group). *P < 0.05, **P < 001 and
***p < 0001. D, drug effect; T, time effect; T x D, time and drug interaction; T x F, time and feeding condition interaction.
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Figure 5 | The energy-regulating effect of sodium-glucose cotransporter 2 inhibitor (SGLT2i) is diminished in obese mice under free feeding
conditions. Obese hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice were administered a high-fat diet (HFD) with (+) or without
(=) SGLT2i for 4 weeks under controlled feeding (CF) or free feeding (FF). (@) Oxygen consumption rate (VO,; left) and its areas under the curve
(AUGs; right). (b) Respiratory exchange ratio (RER; left) and its AUCs (right). (c) AUCs of the glucose oxidation rate (GoxR; left), lipid oxidation rate
(LoxR; middle) and energy production rate (EPR; right). (d) Locomotor activities (left) and its AUC (right). Values are the mean % standard error of
the mean (n = 7 mice/group). *P < 0.05, **P < 001 and **P < 0.001. D, drug effect; D x F, drug and feeding condition interaction; F, feeding
condition effect; T, time effect; T x F, time and feeding condition interaction.

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 1 January 2021 43



ORIGINAL ARTICLE
Hashiuchi et al.

http://wileyonlinelibrary.com/journal/jdi

() (b) D:P <005 (@
3 100 100
- .
s 1
gz , P=0085 - oo | M —
g5 - rm O $e 5%
3z 8550 8% 50
© S 20 =3
£ 1 =E SRS
LR =
a
0 0 0
SGLT2i —+ —F o~ - - - — -4 -+ o SGLT2i —+ —+  sGLT2i —t+ —
Conditon CF FFCF FFCF FF CF FF CF FF  Condition CF FF  Condition CF FF
Time ow Tw 2w 3w 4w
(d)
20 Pck1 Gépc Gys2 Fasn Srebf1 Acaca Cptla Ppara Tnf 116
95 a L L
2 2104
z £
o)
E=R
04
SGLT2i —+ —+ —+ —+ 4+ -4+ _4—F —F—F -+ -+ -+ -+ —+ -+
Conditon 'CF FF CF FF CFFF CF FF CF FF CF FF CF FF CF FF CF FF CF FF
D: P < 0,001
DxF: P < 0.001
(e 30 . 20
pAkt ) M )
(7308) [I— 3 | £
% 2 201 ¢
[} . [}
| | E s e
(5473) g E¢ 8g 197
A M £c ' it
0 0
L= + -+
S6LT2I sGlm2i -+ -+ sal2i -+ -+
Condition cF FF Condition CF FF Condition CF FF
(f) O CF-HFD B CF-HFD-SGLT2i
2507 © FF-HFD W FF-HFD-SGLT2i 15 min 30 min
ANC 200 200
3 200 3 3 < ac
> > aa >
£ £ a £ a
o 1501 b <
s g 100 £ 1004 [P b
g g N EEE
S 1001 2 =S
8 T.P <0001 3 T
2 501 D:P < 0001 S o
T*D: P < 0.01 0 0
0 SGLT2i -+ -+ - SGLT2i -+ -+ -
0 15 30 45 &0 Condition CF  FF Condition CF FF
Time (min) HFD NG HFD NC

Figure 6 | The effects of sodium—glucose cotransporter 2 inhibitor (SGLT2i) on the hepatic gluconeogenic response and steatosis are diminished in
obese mice under free feeding conditions. Obese hepatic gluconeogenic enzyme gene reporter (L-G6pc-GLuc) mice were administered a high-fat
diet (HFD) with (+) or without (-) SGLT2i for 4 weeks under controlled feeding (CF) or free feeding (FF). (a) Plasma GLuc activities. (b) Hepatic
triglyceride contents. (c) Hepatic glycogen contents. (d) Hepatic messenger ribonucleic acid (mRNA) expression levels of genes related to glucose
metabolism (Pck1, Gépc, Gys2), lipid metabolism (Fasn, Srebf1, Acaca, Cptia, Ppara) and inflammation (Tnf, ll6). (€) Immunoblotting analysis of
phosphorylated Akt (pAkt) and total Akt protein (left). pAkt levels were normalized to total Akt levels (middle and right). (f) Blood glucose levels
during insulin tolerance tests (left), at 15 min (middle) and at 30 min (right). Values are the mean + standard error of the mean (n = 7 mice/
group). *P < 005, **P < 001 and **P < 0001. D, drug effect; D x F, drug and feeding condition interaction; T, time effect; T x D, time and drug

interaction.
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action induced by a plasma insulin decrease. Indeed, SGLT2i
increased hepatic Akt phosphorylation despite the tendency for
decreased plasma insulin, suggesting that SGLT2i would
enhance insulin sensitivity even in lean mice. Although there
was no difference in plasma glucagon levels between the
groups, it seems likely that some other factor, such as the sym-
pathetic nervous system, was also involved in neutralizing the
effect of SGLT2i on hepatic gluconeogenesis.

In obesity and type 2 diabetes, SGLT2i decreases blood glu-
cose levels by not only increasing renal glucose excretion, but
also ameliorating insulin resistance. Indeed, SGLT2i enhances
the suppressive effects of hepatic glucose production on
insulin®®. The present results also showed that hepatic Akt
phosphorylation was increased and that the increased hepatic
gluconeogenesis response was alleviated in insulin-resistant
obese mice under controlled feeding after 2-week treatment
with SGLT2i, despite the lower plasma insulin level. However,
SGLT?2i failed to induce hepatic Akt phosphorylation or ame-
liorate the exacerbated hepatic gluconeogenic response in the
obese mice under free feeding. This suggests that the effect of
SGLT2i on the hepatic gluconeogenic response was lost under
free feeding because of insufficient amelioration of hepatic insu-
lin resistance.

The ability of SGLT2i to improve hepatic insulin resistance
is considered to be due to the suppression of hepatic triglyc-
eride accumulation and hepatic inflammation, the loss of body-
weight, and the relief of glucose toxicity'". The suppression of
hepatic triglyceride accumulation could be related to the effects
of SGLT2i on hepatic insulin resistance in these HFD-induced
obese mice. Indeed, SGLT2i administration resulted in
enhanced insulin sensitivity (ie, a lowered gluconeogenic
response and increased Akt phosphorylation), and decreased
hepatic lipogenic gene expressions and triglyceride levels under
controlled feeding. However, free feeding negated all of these
effects of SGLT2i.

In the present study, it took 2-3 weeks for SGLT2i to show
the alleviation of an increased hepatic gluconeogenic response
under controlled feeding. The effects of SGLT2i might require
this long duration in order to reduce hepatic triglyceride levels
and enhance hepatic insulin sensitivity. Indeed, 1-week SGLT2i
administration to the rat is reported to alleviate insulin resis-
tance in muscle, but to have an insignificant effect on triglyc-
eride levels and insulin sensitivity in the liver’’. SGLT2i is
reported to reduce hepatic inflammation, which results in hep-
atic insulin resistance. Indeed, Xu et al”* reported that 16-week
administration of SGLT2i decreased the hepatic expression of
pro-inflammatory cytokines. However, 4-week SGLT2i adminis-
tration had little impact on the hepatic expression of pro-in-
flammatory cytokine genes in obese mice in the present study.

SGLT2i decreased bodyweight under controlled feeding, but
not under free feeding. This SGLT2i-induced bodyweight loss
might also have caused the amelioration in insulin sensitivity.
Several articles have shown that much of the weight loss
induced by SGLT2i is caused by the loss of adipose tissue'* '*,
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An adipose tissue expansion results in an increase in pro-in-
flammatory cytokines, which induce hepatic insulin resis-
tance”™. Given that Obata et al'” showed that 8-week
SGLT2i administration decreased the adipose gene expression
of pro-inflammatory cytokines, SGLT2i administration might
have caused the attenuation of adipose inflammation in the
present study.

In contrast, the contribution of the glucose toxicity-alleviating
component to the ameliorating effects of SGLT2i on hepatic
insulin resistance was limited in these high-fat models, which
only show mild hyperglycemia®. Indeed, in these obese mice,
SGLT2i lowered blood glucose levels, even under free feeding,
but there was no clear amelioration of the hepatic insulin resis-
tance or the increased hepatic gluconeogenic response. Similar
levels of hyperglycemia to the HFD models in the present study
were shown by 90% partial pancreatectomy rats, which are not
obese®®, Skeletal muscle and adipose tissue insulin resistance
is ameliorated in these animals with pancreatectomy when glu-
cose toxicity is alleviated by the SGLT inhibitor phlorizin, but
their hepatic insulin resistance is not’°. However, phlorizin
improves hepatic insulin resistance in Zucker diabetic fatty rats,
which show a postprandial blood glucose level of nearly
500 mg/dL”. Advanced glucose intolerance models are thus
required to evaluate the hepatic glucose toxicity-ameliorating
properties of SGLT2i.

SGLT2i decreased the bodyweight of mice under controlled
feeding, regardless of the presence of obesity. This effect was
lost under free feeding, which shows that the negative energy
balance caused by SGLT2i is offset by the increased food intake
under free feeding. SGLT2i results in a negative energy balance
by increasing energy consumption, as well as by increasing
renal glucose excretion. Indeed, SGLT2i increased the oxygen
consumption per bodyweight under controlled feeding in both
lean and obese mice, although there was no difference in the
oxygen consumption per body between the SGLT2i-adminis-
tered group and the control, even under controlled feeding
SGLT?2i is reported to result in a shift in fuel utilization toward
fat in type 2 diabetes patients®. The RER and glucose oxida-
tion decreased, whereas lipid oxidation showed a tendency to
increase under free feeding in obese mice, but not under con-
trolled feeding. Daniele et al.” reported that 2-week SGLT2i
administration to type 2 diabetes patients resulted in similar
phenotypic changes to these free feeding mice. Given that less
insulin action induces greater utilization of lipid*, the SGLT2i-
induced decrease in plasma insulin can reduce muscular and
hepatic insulin action, and increase lipid oxidation in insulin-re-
sistant mice under free feeding, but not in insulin-sensitive
mice under controlled feeding.

In conclusion, SGLT2i alters the bodyweight, blood glucose,
plasma insulin, energy consumption and hepatic gluconeogenic
response, but these effects are all lost under free feeding in lean
mice. In obese mice, SGLT2i decreases bodyweight and the
hepatic gluconeogenic response, and increases energy consump-
tion under controlled feeding. However, although blood glucose
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was decreased and plasma insulin tended to decrease, free feed-
ing diminishes these effects of SGLT2i. The present findings
directly show the influence of diet intake control on the effects
of SGLT2i. Considering the importance of increased hepatic
gluconeogenesis and decreased energy consumption in obese
type 2 diabetes, diet intake control is indispensable during
SGLT?2i treatment of type 2 diabetes.
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