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Background: Sodium-glucose cotransporter 2 (SGLT-2) inhibitors are currently used to treat patients with diabetes. Previous 
studies have demonstrated that treatment with SGLT-2 inhibitors is accompanied by altered metabolic phenotypes. However, it 
has not been investigated whether the hypothalamic circuit participates in the development of the compensatory metabolic phe-
notypes triggered by the treatment with SGLT-2 inhibitors.
Methods: Mice were fed a standard diet or high-fat diet and treated with dapagliflozin, an SGLT-2 inhibitor. Food intake and en-
ergy expenditure were observed using indirect calorimetry system. The activity of hypothalamic neurons in response to dapa-
gliflozin treatment was evaluated by immunohistochemistry with c-Fos antibody. Quantitative real-time polymerase chain reac-
tion was performed to determine gene expression patterns in the hypothalamus of dapagliflozin-treated mice.
Results: Dapagliflozin-treated mice displayed enhanced food intake and reduced energy expenditure. Altered neuronal activities 
were observed in multiple hypothalamic nuclei in association with appetite regulation. Additionally, we found elevated immuno-
signals of agouti-related peptide neurons in the paraventricular nucleus of the hypothalamus. 
Conclusion: This study suggests the functional involvement of the hypothalamus in the development of the compensatory meta-
bolic phenotypes induced by SGLT-2 inhibitor treatment.
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INTRODUCTION

As glucose is completely reabsorbed from proximal renal tu-
bules, urinary glucose excretion does not occur under euglyce-
mic conditions [1]. Sodium-glucose cotransporters (SGLTs) 
mainly participate in glucose reabsorption in the apical mem-

brane of proximal tubular epithelial cells. In particular, SGLT-2 
is responsible for 90% of renal glucose reabsorption under 
normal glucose homeostasis conditions [2]. In this context, 
patients retaining mutation of the SGLT-2 gene and a genetic 
mouse line with SGLT-2 deletion revealed elevated glycosuria 
[3,4]. Thus, the modulation of SGLT-2 functions can be con-
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sidered as an effective strategy for improving hyperglycemia 
[5]. SGLT-2 inhibitors are currently used as glucose-lowering 
drugs in the treatment of type 2 diabetes [6]. As the treatment 
with SGLT-2 inhibitors is accompanied by multiple physiologi-
cal alterations linked with whole-body energy homeostasis, 
much attention has been paid to identify the detailed mecha-
nisms underlying the pathophysiological effects of SGLT-2 in-
hibitors beyond their therapeutic effects on impaired glucose 
metabolism [7]. Several lines of evidence have shown that 
long-term treatment with SGLT-2 inhibitors leads to a hyper-
phagic response to compensate for the limited glucose avail-
ability. This might explain why patients with diabetes treated 
with SGLT-2 inhibitors do not display effective weight loss [8]. 
The hypothalamus is the central unit that controls whole-body 
energy metabolism by integration of the neuronal and endo-
crine systems [9,10]. Particularly, energy intake and expendi-
ture are tightly coupled with the activities of hypothalamic 
neurocircuitry and metabolic coupling between neurons and 
glial cells in the hypothalamic nuclei [11,12]. However, it is not 
yet clear whether hyperphagia triggered by SGLT-2 inhibitors 
is associated with altered activity of hypothalamic neurocir-
cuitry. In this study, we confirmed the metabolic phenotypes 
of mice treated with a SGLT-2 inhibitor using indirect calorim-
etry and feeding monitor systems. Furthermore, we investigat-
ed the patterns of neuronal activity in multiple hypothalamic 
nuclei involved in the regulation of appetite and energy expen-

diture by assessing the number of c-Fos-positive cells. Finally, 
we evaluated the projection of agouti-related peptide (Agrp) 
neurons into the paraventricular nucleus (Pvn) of the hypo-
thalamus. Overall, the current study determined the involve-
ment of the hypothalamus in compensatory behavioral out-
comes revealed during long-term treatment with SGLT-2 in-
hibitors.

 
METHODS

Animals
Six-week-old C57B/L6 male mice with an initial body weight 
of 20±2 g (Dae Han Bio Link, Eumseong, Korea) were main-
tained under specific pathogen-free conditions at 22°C and 
given access to food and water ad libitum. All animals were 
maintained in humidity-controlled room with a 12 hour-12 
hour light-dark cycle, with lights on from 7:00 AM to 7:00 PM. 
The timetable of animal experiment was described in Fig. 1. 

All animal care and procedures used were in accordance 
with the guidelines and approval of the Institutional Animal 
Care and Use Committee (IACUC) at the University of Ulsan 
(Permission number: ISN-20-010).

Measurement of O2 consumption, CO2 production, and 
energy expenditure
Four weeks after vehicle or dapagliflozin treatment in mice 

Age

Experiments

[Standard diet]

8-week-old 12-week-old 13-week-old

Dapagliflozin treatment
(1 mg/kg, oral injection)

Indirect calorimetry Tissue preparation
A

Fig. 1. (A) Experiment 1: To examine the effects of dapagliflozin (sodium-glucose cotransporter 2 inhibitor, Sigma-Aldrich) on 
metabolic phenotypes, mice were randomly divided into two groups and fed a standard diet (SD, 10% calories from fat, Research 
Diets Inc.). For treatment, SD-fed mice were administered with vehicle (0.9% saline, oral injection) or dapagliflozin (1 mg/kg/day, 
oral injection) for 5 weeks. (B) Experiment 2: To test the effects of dapagliflozin on metabolic phenotypes during overnutrition, 
mice were fed a high-fat diet (HFD, 60% of calories from fat, Research Diets Inc.) for 13 weeks. Eight weeks after the HFD treat-
ment, mice were treated with dapagliflozin (1 mg/kg/day, oral injection), while HFD treatment was continued.
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[High-fat diet]

6-week-old 18-week-old14-week-old 19-week-old

HFD treatment Indirect calorimetryDapagliflozin treatment
(1 mg/kg, oral injection)
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B
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during standard diet (SD) or high-fat diet (HFD) feeding con-
ditions, metabolic parameters, including oxygen consumption 
(VO2), carbon dioxide emission (VCO2), and energy expendi-
ture were measured using an indirect calorimetry system (Pro-
methion, Sable Systems, Las Vegas, NV, USA). Mice were accli-
mated to the metabolic cages for 48 hours prior to data collec-
tion under 12 hours light/dark cycle condition. During the 
measurement, saline or dapagliflozin were injected into the 
mice by oral gavage. The respiratory exchange ratio (RER) was 
calculated as the ratio of VCO2 to VO2. Data acquisition and in-
strument control were coordinated by the MetaScreen software 
version 2.3.12 (Sable Systems), and the obtained raw data were 
processed using Expe-Data version 1.9.14 (Sable Systems).

Immunohistochemistry
Mice were anesthetized and perfused transcardially with 0.9% 
saline (w/v), followed by fixation with 4% paraformaldehyde 
in phosphate buffer (PB, 0.1 M, pH 7.4). Fixative brains were 
harvested and post-fixed overnight with 4% paraformaldehyde 
in PB. The coronal section (thickness, 50 µm) was prepared us-
ing a vibratome (5,100 mz Campden Instruments, Leicester-
shire, UK). After several washes with PB buffer, the sections 
were preincubated with 0.3% Triton X-100 (Sigma-Aldrich) 
for 30 minutes at room temperature (RT). The sections were 
then incubated with primary antibodies against rabbit c-Fos 
(1:1,000, Santa Cruz Biotechnology, Dallas, TX, USA), and 
Rabbit Agrp (1:1,000, Phoenix pharmaceuticals Inc., Burlin-
game, CA, USA), overnight at 4°C. The next day, sections were 
washed in PB for 30 minutes and incubated with the following 
secondary antibodies at RT: goat anti-rabbit Alexa Fluor 488 
(1:1,000, Invitrogen, Carlsbad, CA, USA), goat anti-rabbit Al-
exa Fluor 594 (1:1,000, Invitrogen). The sections were then 
mounted onto glass slides and covered by coverslips with a 
drop of mounting medium (Dako North America Inc., Car-
pinteria, CA, USA).

Image capture and analyses
Stained brain slides (50 µm) were captured at 10 µm intervals 
using a fluorescence microscope (Axioplan2 Imaging, Carl 
Zeiss Microimaging Inc., Thornwood, NY, USA). The captured 
fluorescence images were Z-stacked and merged into one. For 
all immunohistochemical analyses, the slice sections were ana-
tomically matched with the mouse brain atlas (Pvn: between 
−0.82 and −1.06 mm from bregma, arcuate nucleus [Arc], ven-
tromedial hypothalamus [Vmh], dorsomedialhypothalamus 

[Dmh], lateral hypothalamus [Lh]: between −1.46 and −1.94 
mm from bregma). The number of c-Fos-positive cells was 
evaluated manually using ImageJ software version 1.47 (Na-
tional Institutes of Health, Bethesda, MD, USA; https://imagej.
nih.gov/ij/; accessed on 20 March 2021) by an unbiased ob-
server. Fiber intensity and particle number of Agrp-positive 
immunosignals in the Pvn were evaluated using the ImageJ 
software.

Quantitative real-time reverse transcription-polymerase 
chain reaction 
Total RNA was extracted from the hypothalamus according to 
the Tri-Reagent protocol (Invitrogen). cDNA was synthesized 
from total RNA using a high-capacity cDNA reverse transcrip-
tion kit (Intron Biotechnology, Seoul, Korea). Real-time poly-
merase chain reaction (PCR) amplification of the cDNA was 
detected using the SYBR Green Real-time PCR Master Mix 
(Toyobo Co. Ltd., Osaka, Japan) in a Light Cycler 480 (Roche 
Diagnostics Ltd., Rotkreuz, Switzerland). The results were ana-
lyzed by the Light Cycler 480 SW 1.5.1 and normalized to the 
levels of β-actin, a housekeeping gene. The primer sequences 
are as follows; Agrp, F-TGC AGA CCG AGC AGA AGA AG 
and R-ACT CGT GCA GCC TTA CAC AG; pro-opiomelano-
cortin (Pomc), F-TCC TAC TCC ATG GAG CAC TTC and R- 
CT CGT TCT CAG CAA CGT TG; suppressor of cytokine 
signaling 3 (Socs3), F-GCC TCA AGA CCT TCA GCT CC 
and R-TGT CGC GGA TAA GAA AGG TG; forkhead box 
protein O1 (Foxo1), F-TTT CTA AGT GGC CTG CGA GT 
and R-GGT GGA TAC ACC AGG GAA TG; neuropeptide Y 
(Npy), F-ATG CTA GGT AAC AAG CGA ATG G and R-TGT 
CGA AGA GCG GAG TAG TAT; β-actin, F-TGG AAT CCT 
GTG GCA TCC ATG AAA C and R-TAA AAC GCA GCT 
CAG TAA CAG TAA CAG TCC G.

Statistical analysis
The number of mice in each experimental group is indicated 
in the figure legends. Statistical analyses were performed using 
GraphPad Prism version 6.0 software (GraphPad Software, San 
Diego, CA, USA). Unpaired two-tail Student’s t-test was per-
formed to analyze the significance between the two experi-
mental groups. Comparisons of multiple groups were evaluat-
ed by one-way analysis of variance (ANOVA). P value ≤0.05 
was considered statistically significant. The values are repre-
sented as the mean±standard error of the mean.
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RESULTS

Dapagliflozin treatment increased food intake without a 
significant change in body weight
To confirm the effects of the SGLT-2 inhibitor on metabolic 
phenotypes, mice were treated with dapagliflozin, and changes 
in body weight and food intake were investigated. Long-term 
exposure to dapagliflozin did not induce a significant change 
in body weight under SD or HFD feeding conditions (Fig. 2A 
and B). However, dapagliflozin-treated mice displayed an in-
crease in food intake under SD or HFD feeding conditions 
(Fig. 2C and F). Additionally, dapagliflozin treatment led to a 
tendency of high meal frequency during the dark period and 
increased meal size during the light period under SD feeding 
conditions (Fig. 2D and E). In accordance with the feeding 
patterns observed in SD-treated mice, dapagliflozin-treated 
HFD-fed mice showed increased food intake and meal size 
compared with vehicle-treated control mice (Fig. 2F). More-
over, no alteration of meal frequency and a significant eleva-
tion of meal size were observed in dapagliflozin-treated mice 
under HFD feeding condition (Fig. 2G and H). These observa-
tions are consistent with previous findings showing increased 
appetite in human patients and rodent models treated with 
SGLT-2 inhibitors.

Dapagliflozin treatment reduced energy expenditure 
under HFD feeding conditions
To further investigate the impact of SGLT-2 inhibitors on en-
ergy expenditure, mice were subjected to measurement of VO2, 
VCO2, and RER after dapagliflozin treatment using an indirect 
calorimetry system. Under SD feeding conditions, dapa-
gliflozin-treated mice showed no alteration in VO2, VCO2, 
RER, or energy expenditure compared with the control mice 
(Fig. 3A-D). However, dapagliflozin treatment led to a signifi-
cant decrease in VO2, VCO2, and energy expenditure without a 
change in RER in HFD-fed mice (Fig. 3E-H). Collectively, 
these results indicate that the treatment with SGLT-2 inhibitor 
leads to reduced energy expenditure during the overnutrition.

Altered neuronal activities in the hypothalamic nuclei of 
dapagliflozin-treated mice
As the regulation of appetite and energy expenditure is mainly 
controlled by the hypothalamic neurocircuitry, we determined 
the activities of neurons in multiple hypothalamic nuclei in-
volved in the energy homeostasis of the dapagliflozin-treated 

mice by detecting immunosignals of c-Fos protein, a molecu-
lar marker for neuronal activity under both SD and HFD feed-
ing conditions. Consistent with the results, including feeding 
behaviors and energy expenditure, dapagliflozin treatment sig-
nificantly increased the number of c-Fos-positive cells in the 
Arc and Lh of SD-fed mice (Fig. 4A and B). In contrast, dapa-
gliflozin treatment decreased the number of c-Fos-positive 
cells in Vmh and Pvn of SD-fed mice (Fig. 4A and B). Under 
HFD feeding conditions, dapagliflozin treatment resulted in 
an increase in c-Fos immunosignals in the Arc and a decrease 
in c-Fos immunosignals in the Lh (Fig. 4C and D). This sug-
gests that altered activities of hypothalamic neurons are cou-
pled with metabolic phenotypes, including elevated food in-
take and decreased energy expenditure, as observed in dapa-
gliflozin-treated mice. 

Dapagliflozin treatment enhanced immunosignals of Agrp 
in the Pvn of HFD-fed mice
Hunger-promoting Agrp neurons in the Arc control energy 
intake and expenditure by releasing Agrp neuropeptide and 
gamma-aminobutyric acid to the Pvn [13]. Based on this and 
our results demonstrating altered c-Fos-positive cells in the 
hypothalamic Arc and Pvn, we evaluated the Agrp-positive 
immunosignals in the Pvn, one of the projection sites that me-
diate the effect of Agrp neurons on feeding. Under SD feeding 
conditions, dapagliflozin treatment did not alter fiber density 
or particle numbers of Agrp-positive immunosignals in Pvn 
(Fig. 5A-C). However, HFD-fed mice showed a significant in-
crease in fiber density and particle numbers of Agrp-positive 
immunosignals in Pvn in response to dapagliflozin treatment 
(Fig. 5D-F). These observations suggest that the hyperphagic 
response observed in dapagliflozin-treated mice was associat-
ed with the functions of hunger-promoting Agrp neurons in 
the hypothalamic Pvn.

Hypothalamic mRNA expression patterns in response to 
dapagliflozin treatment
To obtain molecular evidence supporting the effect of dapa-
gliflozin on hypothalamic control of energy metabolism, we 
further investigated expression patterns of hypothalamic genes 
in association with appetite regulation by performing qPCR 
after treatment with dapagliflozin. Consistent with the findings 
showing increased food intake and elevated Agrp projection to 
the Pvn in response to dapagliflozin treatment, we observed 
that dapagliflozin-treated mice showed a significant increase 
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in the level of Agrp mRNA in the hypothalamus under SD 
feeding conditions (Fig. 6A). However, no altered mRNA lev-
els of Pomc, an anorexigenic peptide, or Npy, an orexigenic 
peptide, were observed in the hypothalamus of dapagliflozin-

treated mice under SD feeding conditions (Fig. 6B and C). Ad-
ditionally, dapagliflozin treatment did not affect the mRNA 
expression of genes involved in the signaling of appetite-regu-
lating hormones, such as Foxo1 or Socs3 in the hypothalamus 

Fig. 2. Effect of dapagliflozin on variations in food intake and body weight. Body weight and food intake were evaluated in vehi-
cle- or dapagliflozin-treated mice under standard diet (SD) or high-fat diet (HFD) feeding conditions using an indirect calorime-
try system. No significant alterations in body weight were found in dapagliflozin-treated mice under (A) SD or (B) HFD feeding 
conditions. (C) Cumulative food intake over 48 hours was enhanced in dapagliflozin-treated mice under SD feeding conditions. 
(D) Meal frequency during the dark period and (E) meal size during the light period were higher in dapagliflozin-treated mice 
than those in vehicle-treated mice under SD feeding conditions. (F) Cumulative food intake was increased in dapagliflozin-treat-
ed mice compared with that in vehicle-treated mice under HFD feeding conditions. (G) No significant difference in meal fre-
quency and (H) increased meal size were observed in dapagliflozin-treated mice under HFD feeding conditions. Data are pre-
sented as the mean±standard error of the mean (n=6 mice for SD group, n=7 mice for HFD group). aP<0.05.
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Fig. 3. Treatment with dapagliflozin leads to a decrease in energy expenditure in high-fat diet (HFD)-fed mice. The patterns of 
energy expenditure were measured in vehicle- or dapagliflozin-treated mice using an indirect calorimetry system. Under stan-
dard diet (SD) feeding conditions, dapagliflozin-treated mice displayed no alteration in (A) oxygen consumption (VO2), (B) car-
bon dioxide emission (VCO2), (C) respiratory exchange ratio (RER), or (D) energy expenditure compared with control mice. Un-
der HFD feeding conditions, dapagliflozin-treated mice showed reduced (E) VO2, (F) VCO2, and (H) energy expenditure with no 
alteration in (G) RER compared with control mice. Data are presented as the mean±standard error of the mean (n=6 mice for SD 
group, n=8 mice for HFD group). aP<0.05, bP<0.01.
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Fig. 4. Treatment with dapagliflozin alters the neuronal activities in the hypothalamic nuclei of mice. (A) Representative images 
showing immunosignals of c-Fos-positive cells in hypothalamic nuclei of vehicle- or dapagliflozin-treated mice under standard 
diet (SD) feeding conditions. (B) Dapagliflozin treatment resulted in an increasing number of c-Fos-positive cells in the hypotha-
lamic arcuate nucleus (Arc) and lateral hypothalamus (Lh) and a decreasing number of c-Fos-positive cells in the hypothalamic 
ventromedial hypothalamus (Vmh) and paraventricular nucleus (Pvn). (C) Representative images showing immunosignals of c-
Fos-positive cells in the hypothalamic nuclei of vehicle- or dapagliflozin-treated mice under high-fat diet (HFD) feeding condi-
tions. (D) Dapagliflozin treatment resulted in an increase in c-Fos-positive cells in the hypothalamic Arc and a decrease in c-Fos-
positive cells in the hypothalamic Lh in HFD-fed mice. Data are presented as the mean±standard error of the mean (n=5 mice 
for SD-vehicle-treated group, n=4 mice for SD-dapagliflozin-treated group, n=6 mice for HFD-vehicle-treated group; HFD-
dapagliflozin-treated group). Scale bar=100 µm. Dmh, dorsomedial hypothalamus. aP<0.05, bP<0.01.
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of SD-fed mice (Fig. 6D and E). No significant difference in the 
expression of hypothalamic genes involved in appetite regula-
tion was observed in dapagliflozin-treated mice compared to 
that in vehicle-treated control mice under HFD feeding condi-
tions. These observations further support that hypothalamic 
Agrp neurons mediate the hyperphagic response revealed dur-
ing long-term treatment with SGLT-2 inhibitors.

DISCUSSION

In this study, we verified the effects of SGLT-2 inhibitors on 
energy metabolism beyond their beneficial effects on hyper-
glycemia, suggesting the potential therapeutic applications of 
SGLT-2 inhibitors in the pathogenesis of obesity. Much atten-
tion has been paid to identify the physiological and pathologi-
cal phenomena that occur during treatment with SGLT-2 in-

hibitors in patients with diabetes and in rodent models [14,15]. 
Particularly, it has recently been reported that long-term treat-
ment with SGLT-2 inhibitors leads to compensatory metabolic 
processes to maintain whole-body energy homeostasis [16]. In 
this study, we successfully confirmed the effects of SGLT-2 in-
hibitors on increased appetite and reduced energy expenditure 
in both, SD- and HFD-fed mice. In accordance with clinical 
data, dapagliflozin-treated mice did not show critical body 
weight loss due to the compensatory metabolic processes to 
prevent the negative energy balance induced by increased uri-
nary glucose output [17]. In this context, the modulation of 
hyperphagia observed in patients with diabetes treated with 
SGLT-2 inhibitors has been regarded as an effective strategy to 
expand its application in obesity pathogenesis [18].

The hypothalamic neurocircuitry dynamically participates 
in the regulation of energy intake and expenditure, and per-

Fig. 5. Dapagliflozin treatment enhances immunosignals of agouti-related peptide (Agrp) in the paraventricular nucleus (Pvn) of 
high-fat diet (HFD)-fed mice. (A) Representative images showing immunosignals of Agrp fibers in the hypothalamic Pvn of stan-
dard diet (SD)-fed mice. Treatment with dapagliflozin did not alter (B) fiber density and (C) particle numbers of Agrp-positive 
immunosignals in the Pvn of SD-fed mice. (D) Representative image showing immunosignals of Agrp fibers in the hypothalamic 
Pvn of HFD-fed mice. An increase in the (E) fiber density and (F) particle numbers of Agrp-positive immunosignals was ob-
served in the Pvn of dapagliflozin-treated mice under HFD feeding conditions. Data are presented as the mean±standard error of 
the mean (n=5 mice for SD-vehicle-treated group, n=4 mice for SD-dapagliflozin-treated group, n=6 mice for HFD-vehicle-
treated group; HFD- dapagliflozin-treated group). Scale bar=100 µm. aP<0.05, bP<0.01.
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turbed circuit activity in the hypothalamus is directly associat-
ed with the development of obesity [19]. Based on this evi-
dence, together with the current finding showing increased 
food intake in response to SGLT-2 inhibitor treatment, we fur-
ther investigated the responsiveness of the hypothalamic neu-
rocircuitry regulating whole-body energy metabolism to clari-
fy the underlying mechanisms of the hyperphagic response re-
vealed in the SGLT-2 inhibitor-treated models. Consistent with 
the feeding behavior patterns, dapagliflozin-treated mice dis-
played enhanced neuronal activity in the hypothalamic Arc 
and Lh, which are home to appetite-regulatory neurons [20]. 
Under SD feeding conditions, treatment with dapagliflozin re-

duces the activity of neurons in the hypothalamic Pvn, a nucle-
us retaining preganglionic neurons controlling the sympathet-
ic nerve activity [21]. These cellular data are in good agreement 
with the findings of elevated food intake and reduced energy 
expenditure in dapagliflozin-treated mice. 

The hypothalamic melanocortin system regulates energy 
homeostasis by integrating various afferent metabolic signals, 
including hormonal, neuronal, and nutritional inputs [22]. 
Agrp neurons coexist with Pomc neurons in the hypothalamic 
Arc and promote hunger signals by interrupting the melano-
cortin pathway [23,24]. In this study, we observed that dapa-
gliflozin-treated mice displayed enhanced Agrp fiber signals in 

Fig. 6. The expression patterns of hypothalamic mRNA in response to dapagliflozin treatment. The levels of mRNA involved in 
appetite regulation were analyzed in the hypothalamus of vehicle- or dapagliflozin-treated mice under standard diet (SD) or high-
fat diet (HFD) feeding conditions. (A) The agouti-related peptide (Agrp) mRNA level shows an elevation in the hypothalamus of 
dapagliflozin-treated mice compared with that in control mice under SD feeding conditions. The mRNA levels of (B) pro-opi-
omelanocortin (Pomc) and (C) neuropeptide Y (Npy) did not respond to dapagliflozin treatment under SD or HFD feeding con-
ditions. Dapagliflozin treatment did not affect the mRNA expression of (D) suppressor of cytokine signaling 3 (Socs3) and (E) 
forkhead box protein O1 (Foxo1) in the hypothalamus of SD- or HFD-fed mice. Data are presented as the mean±standard error 
of the mean (n=4 mice for SD-vehicle-treated group; HFD-vehicle-treated group; n=5 mice for SD-dapagliflozin-treated group; 
HFD-dapagliflozin-treated group). aP<0.05. 
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Pvn and elevated Agrp mRNA in the hypothalamus, suggest-
ing that dapagliflozin-induced hyperphagia might be coupled 
with the enhanced function of Agrp neurons. Interestingly, the 
metabolic phenotypes and the reactivity of neurons in the hy-
pothalamus were observed in different patterns between the 
SD- and the HFD-fed groups. It has been well documented 
that the insensitivity of appetite-regulating hypothalamic neu-
rons in response to the metabolic shifts were observed in the 
HFD-induced obesity models [25]. For instance, HFD-in-
duced obesity models display sensitivity reduction of the hy-
pothalamic neurocircuitry to the circulating leptin, thereby 
disrupting the homeostatic behaviors, including increased 
food intake and reduced energy expenditure [25,26]. There-
fore, we assumed that the results showing different patterns 
between SD- and HFD-fed groups might be due to different 
responsiveness of the hypothalamic neurocircuitry to the re-
duced glucose availability triggered by dapagliflozin.

 Glucagon-like peptide-1 receptor agonists (GLP-1 RAs), an-
tidiabetic medicines, are widely used to lower body weight due 
to their anorexigenic effect [27]. It has recently been highlight-
ed that the clinical applications of SGLT-2 inhibitors in combi-
nation with GLP-1 RAs can lead to the concomitant synergic 
effect on the modulation of weight loss and hyperglycemia 
[28]. Thus, the current findings provide insights into the phar-
macological and physiological basis of SGLT-2 inhibitor treat-
ment for establishing effective strategies that can be used for 
the treatment of obesity in patients with diabetes. In consider-
ation of our findings showing decreased energy expenditure in 
response to dapagliflozin treatment, we suggest that exercise 
interventions in combination with SGLT-2 inhibitor treatment 
can be a useful guideline for better patient care. 

In view of SGLT-2 inhibitors altering systemic glucose avail-
ability, it is a compelling hypothesis that the glucose-sensing 
cells in the brain participate in the development of compensa-
tory metabolic phenotypes triggered by SGLT-2 inhibitors. It 
has recently been established that cells in circumventricular 
organs (CVOs) play a critical role in sensing the circulating 
level of glucose [29]; distinct glucose-sensing neurons and glial 
cells are present in multiple hypothalamic nuclei, including the 
Vmh, Dmh, Lh, Pvn, and Arc [30,31]. Therefore, further stud-
ies in the core glucose-sensing sites, such as CVOs and hypo-
thalamic nuclei, are required for better understanding of the 
underlying mechanism of the compensatory metabolic pheno-
types revealed during the treatment with SGLT-2 inhibitors.

Collectively, this study confirms that treatment with SGLT-2 

inhibitors leads to increased food intake and reduced energy 
expenditure accompanied by altered activities of the hypotha-
lamic neurons, including Agrp neurons. This study addresses a 
gap in our understanding of the metabolic effects of SGLT-2 
inhibitors beyond their antidiabetic properties and provides 
insight into the expanded application of SGLT-2 inhibitors for 
patients with diabetes accompanied by obesity risks.
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