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Abstract

Background: Obesity is primarily a consequence of food addiction. Drugs have been confirmed effective for weight loss more or less
related to the functional connectivity in neural networks and metabolic patterns. Recent studies have shown that some anti-diabetic drugs,
such as Metformin and Dapagliflozin have similar weight loss effects, however, their mechanisms are unclear. We hypothesized that the
functional connectivity and energymetabolismmight be associated with themechanisms. Methods: Male ob/obmice were fed with high-
fructose-fat-diet (HFFD) for 4 weeks to esteblish obesity model. Then mice were divided into normal saline (NS, as control), Metformin
(Metformin, 50 mg/kg/day by gavage), and Dapagliflozin (Dapagliflozin, 10 mg/kg/day by gavage) groups. Functional connectivity
amplitude of low-frequency signal fluctuations and regional cerebral blood volume (rCBV) quantification were statistically analyzed in
the linear mixed model, meanwhile, metabolic pattern of intestinal cells (IECs) were also tested. Results: Our results showed that Blood
Oxygen on Level Depending (Bold) signaling responses, functional connectivity, and rCBV quantification tended to be attenuated in the
Metformin group compared to the control and Dapagliflozin groups. While only Dapagliflozin prevented HFFD induced hyper survival
of intestinal cells and hypertrophy of intestinal villus by reducing glycolysis levels. Both Metformin and Dapagliflozin are effective for
weight loss. Conclusions: Our findings showed that Dapagliflozin and Metformin may inhibit bulimia induced obesity with different
mechanisms. We speculate that Metformin may affect appetite regulation, while Dapagliflozin can affect the survival and metabolic
patterns of intestinal cells, thus significantly affecting the absorption of nutrients. So, combining Metformin and Dapgliflozin may be
more beneficial for clinical improvement in bulimia induced obesity.
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1. Introduction

Obesity is a growing global health problem, with more
and more people dying from being overweight rather than
underweight [1,2]. Even though obesity is preventable, its
prevalence rate sustainedly rises, associated with increased
risk of cardiovascular disease, diabetes and cancer [3,4].
To combat obesity with appropriate treatment, it is neces-
sary to get more insights into the different mechanisms of
reasons underlying the development of overweight. Previ-
ously reported, the neural transmissions involved between
multiple brain areas are associated with the regulation in
disorders [5]. Wright and colleagues [6] have reported that
the measurement of resting-state functional magnetic reso-
nance imaging (rs-fMRI) indicated that the fasting and sati-
ation are associated with changes in functional connectivity
of insula and hypothalamus [6,7]. Avery et al. [7] has also
reported that starvation is associated with a significant func-
tional connectivity of the left orbitofrontal cortex (OFC) to
limbic regions [8–12]. According to these studies, brain ar-
eas are functionally implicated in the regulation of bulimia
[13–25].

Fructose has been proven to be associated with bu-
limia and the consumption has also been reported to be asso-
ciated with increased global morbidity and mortality lead-
ing by obesity and cancer. Dietary fructose is transported by
glucose transporter type 5 (GLUT5), and then phosphory-
lated to form fructose 1-phosphate (F1P) in the epithelium
of small intestine. When F1P accumulating to a high level,
it may enhance the survival of intestinal cells and increase
the length of intestinal villus in mouse models [26,27]. As
villus length increases, the surface area of nutrition and lipid
absorption in the intestine expands, leading to obesity in
mice.

Glycolysis is an important metabolic pathway to pro-
duce adenosine-triphosphate (ATP) under stress. It has been
reported that when glycolysis is inhibited, Pentose phos-
phate pathway (PPP) is upgraded and its function of anti-
reactive oxygen species (anti-ROS) also upregulated. Fruc-
tose metabolism is distinct from glucose, which is uniquely
metabolized to F1P, then F1P can be subsequently metab-
olized to glucose metabolism pathway. Previous studies
have indicated that fructose promotes hypoxic cell survival
in the intestine. The structure of F1P is similar to fructose
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1,6-bisphosphate (FBP), the endogenous regulator of Pyru-
vate kinase isozymes M2 (PKM2), therefore, F1P compet-
itively binds to the active site and stabilizes PKM2 in an
inactive state which improves cell survival by continuously
downregulating glycolysis and activating PPP to alleviate
ROS [28].

Diabetes is a major risk factor for heart disease, stroke,
renal failure, blindness and amputations. As reported,
nearly 90% of individuals with Type 2 diabetes (T2D) are
overweight or obese [2]. Although not all obese individuals
develop T2D and not all individuals with T2D are obese, the
current increase in the prevalence of obesity has been asso-
ciated with an increase in the prevalence of T2D [3,4]. The
metabolic abnormalities exacerbated in T2D, such as hy-
perinsulinemia, hyperglycemia, and dyslipidemia increases
insulin resistance and glucose intolerance which also in-
crease the risk of obesity, thus some anti-diabetic drugs can
alleviate metabolic abnormalities while with the additional
functions of reducing weight, such as Metformin, sodium-
glucose transporter 2 inhibitor (SGLT2i) and GLP-1 recep-
tor (GLP-1R) agonists (GLP-1RAs) what we already know
[22,23].

Metformin is the first-line glucose-lowering medica-
tion recommended by almost all international guidelines
[29]. Several studies have demonstrated thatMetformin has
a positive impact on body weight by reducing appetite with
consequent decreased caloric intake [29–31].

The sodium-dependent glucose cotransporter proteins
1 and 2 (SGLT1/2) are in the proximal renal tubule of the
kidney and regulate renal glucose reabsorption. SGLT2
transporter has been reported to induce approximatively
the 90% of reabsorption, while the remaining 10% is re-
absorbed by SLGT1 transporter [32]. Through inhibiting
these co-transporters, such as using Dapagliflozin, a large
amount of glucose, ranging from 50 to 100 g daily, and
the corresponding caloric equivalent (200–400 kcal/diet)
are pharmacologically forced into urinary excretion. The
whole-body metabolismmust undergo adaptive changes in-
volving glucose fluxes, hormonal responses, fuel selection,
and energy expenditure which induces an increasing in the
glucagon/insulin ratio to result in an increased lipid mobi-
lization [33,34].

In our study, we designed a modified bulimia induced
obesity mouse model to explore more detailed mechanisms
in anti-diabetic drugs that inhibit bulimia induced obesity
by rs-fMRI studies and metabolomics.

2. Materials and Methods
2.1 Mice

All male ob/ob (Leptin, Lep) mice were purchased
from Shanghai Model Organisms Center and divided into
three groups at random. All mice were fed with HFFD
(D09100310 Rodent Diets with 40 kcal% Fat-Palm Oil 20
kcal% Fructose and 2% Cholesterol), free access to food
and water for 4 weeks to establish obesity model. Then

mice were divided into normal saline (NS, by gavage, as
control), Metformin (Metformin, 50 mg/kg/day by gavage),
and Dapagliflozin (Dapagliflozin, 10 mg/kg/day by gav-
age) groups. Functional connectivity amplitude of low-
frequency signal fluctuations and rCBV quantification were
statistically analyzed in the linear mixedmodel, meanwhile,
energy metabolism of intestinal cells was also tested after
another 4 weeks of anti-diabetic drugs treatments. All mice
were kept in a temperature (22 ± 1 °C), humidity (65%–
70%) controlled room, with a 12 h light-dark cycle. At the
end of the experiments, all mice were anesthetized by in-
halation of isoflurane (1.5%–2%) and then euthanized by
cervical dislocation. Only male mice were used in the study
because estrogen might affect the results of the experiment.

2.2 In Vivo MRI Acquisition
We performed in vivo Magnetic Resonance Imaging

(MRI) measurements using a Bruker 9.4T BioSpec 94/30
animal MRI (USR Bruker 9.4 T horizontal bore Magnetic
Resonance system, Karlsruhe, Germany) equipped with a
100 mT/m gradient coil (Agilent, Palo Alto, CA, USA).

2.3 Anatomical MRI Data
Non-uniformity correction was performed on anatom-

ical images using n3, and brain masks were obtained
by applying the Brain Extraction Tool to anatomical im-
ages, both provided by FSL (FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fsl, version 5.0.9, Oxford, UK).

2.4 Resting-State fMRI Data Processing
All rs-fMRI images were corrected for subject motion

using MCFLIRT (FMRIB Software Library, https://www.
semanticscholar.org/topic/FMRIB-Software-Library-FSL,
Oxford, UK), and image intensity non-uniformity cor-
rection was performed using n3 (solely for registration
purposes).

2.5 Resting-State fMRI Data Analysis-Whole-Brain
Connectivity Maps

The rs-fMRI data were band-pass filtered between
0.01 and 0.1 Hz using 3dFourier as provided by AFNI
(Functional Neuroimages Analysis, Version Debian-
16.2.07, https://afni.nimh.nih.gov/, Milwaukee, WI,
USA).

2.6 Resting-State fMRI Data Analysis-ROI Analyses
Functional connectivity matrices were obtained from

the Fisher-transformed z’ of Pearson correlation coeffi-
cients between ROIs using FSL and MATLAB (version
R2014a, MathWorks Inc., Natick, MA, USA).

2.7 Resting-State fMRI Data Analysis-Fractional
Amplitude of Low-Frequency Fluctuations

As a measure of the magnitude of brain activity, we
assessed the fractional amplitude of low-frequency fluctua-
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Fig. 1. Timeline for our experiments. Male ob/ob mice, aged 4 weeks, were fed with high-fructose-fat-diet (HFFD) (D09100310
Rodent Diets With 40 kcal% Fat (Palm Oil) 20 kcal% Fructose and 2% Cholesterol Formulated by: Research Diets, Inc.) for 4 weeks
to establish the obesity model. Then mice were divided into normal saline (NS, by gavage, as control), Metformin (Metformin, 50
mg/kg/day by gavage), and Dapagliflozin (Dapagliflozin, 10 mg/kg/day by gavage) groups, 5 mice per each group, for different medical
treatment for another 4 weeks. Then functional connectivity amplitude of low-frequency signal fluctuations and rCBV quantification
were statistically analyzed in the linear mixed model, meanwhile, metabolic pattern of IECs was also tested.

tions (fALFFs), calculated from the rs-fMRI Blood Oxygen
on Level Depending (Bold) signals as the ratio of the power
of each frequency in the low-frequency range (0.01–0.1 Hz)
to that of the entire frequency range. The fALFF has been
shown more sensitive than ALFF and can also correct for
physiological noise.

2.8 rCBV Quantification and Functional Connectivity
Analysis

Regional fMRI responses to the medicine treatments
were quantified in the form of rCBV in regions of interest
as Galbusera et al. [29] previously described.

2.9 Histological Analysis

Scanned H&E images of small intestine from each
trial were downloaded as .svs files (Aperio eSlide Man-
ager, https://www.medicalexpo.com.cn/prod/leica-biosyst
ems/product-95735-653613.html, Shanghai, China) and di-
vided into separate files for duodenum, proximal jejunum,
distal jejunum and ileum.

2.10 Immunohistochemistry and Immunofluorescence

Immunohistochemistry and TUNEL staining were
performed on formalin-fixed, paraffin-embedded tissues.
Hypoxyprobe, HP1-100Kit (Cat no.HP1-100 kit, Hy-
poxyprobe, Inc., Burlington, MA, USA) was used for Pi-
monidazole staining.

2.11 Biochemical Analysis

For themeasurement of hepatic triglyceride and serum
triglyceride, liver and serum were measured using calori-
metric assay (Cat no. OSR60118 kit, Beckman Coulter Life
Science Inc., Indianapolis, IN, USA).

2.12 Metabolomics Analysis

80% methanol (including 1000 ng/mL phenylalanine-
d5, 3-chloro-D-phenylalanine and octanoic-d15 acid inter-
nal standard) was added to the sample, which was then
placed in an ice water bath and subjected to five “sonica-
tion 1 min - stop 1 min” cycles. After standing at –40 °C)
for 30 min, the mixture was centrifuged at 15000 g at 4 °C)
for 15 min. The supernatant fluid was evaporated to dry-
ness undermild nitrogen and reconstituted in 10%methanol
prior to performingUHPLC-HRMS/MS analysis. A quality
control (QC) sample was obtained by isometrically pool-
ing all the amino acid. Chromatographic separation was
performed on a Thermo Fisher Ultimate 3000 UHPLC sys-
tem. The raw data of UHPLC-HRMS/MS were first trans-
formed to mzXML format using Proteo Wizard and then
processed using the XCMS (peak picking, alignment and
retention time correction) and CAMERA (annotations of
isotope peak, adducts, and fragments with default param-
eters) packages in the R software platform. The final data
were exported as a peak table file, including observations
(sample name), variables, and peak areas. Data on peak ar-
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Fig. 2. Bold signal responses of different treatments. (A) The Bold signal responses after treated with glucose by gavage of control
group were used for define the responding time of neural network system then three check points 10 mins, 20 mins and 30 mins were
chosen, n = 5. (B) The Bold signal responses across cortico-limbic region in Metformin group showed lower among PFC, Hypo, VTA,
and vHPC areas compared to control, Metformin and Dapagliflozin groups, for each group, n = 5. *p < 0.05, ns, not significant.

eas were normalized to internal standards before perform-
ing univariate or multivariate statistical analysis. The R
platformwas used for heatmap analysis and theMetabo An-
alyst for pathway analysis.

2.13 Statistics Analysis

At least three independent experiments were presented
as mean ± SD for each data. To determine the differences
among groups at a single time point, data were tested us-
ing either 2-tailed, unpaired, Student’s t test or One-way
ANOVA followed by Tukey’s multiple comparisons test.
To determine the differences groups at multiple time points,
data were tested using Two-way ANOVA followed by Bon-
ferroni’s multiple comparisons test. All analyses were per-

formed by GraphPad Prism software (GraphPad 8.0 Soft-
ware, GraphPad Software. Boston, MA, USA), and only
differences with p-value less than 0.05 were considered sta-
tistically significant.

3. Results
3.1 Metformin Treatment Reduced Bold Signal Responses
within Cortico-Limbic Region

To explore the effects of Metformin and Dapagliflozin
treatment in vivo, we quantified and compared the Bold sig-
nal responses in control group, Metformin group and Da-
pagliflozin group (Fig. 1). Firstly, we tested the Bold sig-
nal responses of glucose absorption after feeding glucose
by gavage. According to the change of Bold signal, we de-
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Fig. 3. The covariance-based inter-regional rCBV mapping within representative cortical and subcortical areas using voxel-
wise seed-based correlations (Schwarz et al. [18]) revealed a significant decrease in functional connectivity among PFC, Hypo,
VTA, vHPC, OFC, Thal and NAc areas in Metformin group compared to the control and Dapagliflozin groups. (A) Functional
connectivity mapping of the Hypo showed a decreased coupling with VTA, vHPC and NAc (t-test, p < 0.05, FWER cluster-corrected
with p < 0.05); (B) Functional probing of VTA showed low connectivity with vHPC (t-test, p < 0.05, FWER cluster-corrected with
p < 0.05); (C) vHPC revealed low connectivity with Thal; (D) Further seed-based mapping of the prefrontal cortex, revealed foci of
significant low connectivity between this region and OFC (t-test, p< 0.05, FWER cluster-corrected, with cluster defining threshold of p
< 0.05).

termined that obvious changes of the % BOLD appeared
around three time points 10mins, 20mins and 30mins in
certain brain areas as labeled, so we choose those three
time points as check points (Fig. 2A). The Bold signal
responses across cortico-limbic regions of control group
and Dapagliflozin group were significantly stronger than
Metformin groups, no matter quantified either at voxel-
level or in volumes of interests (Fig. 2B). Our results
suggested that Metformin treatment decreased Bold sig-
nal responses among prefrontal cortex (PFC), hypothala-
mus (Hypo), ventral tegmental area (VTA), and ventral
hippocampus (vHPC) areas compared to control and Da-

pagliflozin groups, so Metformin may functionally asso-
ciate with the regulation of bulimia by reducing the reward
system of cortico-limbic region within brain.

3.2 Metformin Treatment Reduced Functional
Connectivity within Cortico-Limbic Region

To map the neural network among the three groups,
we performed covariance-based inter-regional rCBV map-
ping within representative cortical and subcortical areas us-
ing voxel-wise seed-based correlations [17]. After prob-
ing the functional connectivity among the three groups, our
analysis revealed a significant decreasing functional con-
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Fig. 4. Triglyceride (TG) and change percentage of body weight for each mouse from Metformin, Dapagliflozin and control
groups were tested to evaluate the level of weight loss. (A) Change percentage of body weight for each mouse from Metformin,
Dapagliflozin and control groups were tested to evaluate the level of weight loss. (B) Baseline of body weight for each mouse every
weeks from the time we bought-week four. (C,D) Triglyceride (TG) of both live tissues and serum from Metformin, Dapagliflozin and
control groups were tested to evaluate the level of TG. TG of both live tissues and serum increased significantly in control group while
the upward trend was curbed in Metformin group accompanied by reducing functional connectivity within cortico-limbic region. The
changes of weight gain and lipid level showed by TG in lives tissues and serum, for each group, n = 5, *p < 0.05.

nectivity among PFC, Hypo, VTA, vHPC, OFC, Thal and
Nac areas in Metformin group compared to control and Da-
pagliflozin groups. In details, the functional connectivity
mapping of Hypo showed a low connectivity to VTA, vHPC
and Nac (t-test, p< 0.05, FWER cluster-corrected with p<
0.05), simultaneously, functional probing of VTA showed a
low connectivity to vHPC (t-test, p < 0.05, FWER cluster-
corrected with p < 0.05) and vHPC showed a low con-
nectivity to Thal. Further seed-based mapping of the pre-
frontal cortex, showed foci of a significant low connectiv-
ity between this region and OFC (t-test, p < 0.05, FWER
cluster-corrected, with cluster defining threshold of p <

0.05) (Fig. 3, Ref. [18]). Collectively, these results showed
that Metformin treatment reduced the functional connec-
tivity between limbic and prefrontal regions within brain
which may functionally associate with the regulation of bu-
limia. After that, live tissues and serum from three groups
were tested for lipid level by biochemical analysis. In addi-
tion, the change percentage of body weight for each mouse

was tested to evaluate the level of weight loss among dif-
ferent groups. Our results indicated that the Triglyceride
(TG) of both live tissues and serum increased significantly
in control group while the upward trend was curbed in Met-
formin group accompanied by reducing functional connec-
tivity within cortico-limbic region. The rate of weight gain
was also simultaneously curbed (Fig. 4).

3.3 Dapagliflozin Treatment Enhances Intestinal Cell
Survival

Previously reported, fructose promotes IECs longer
survival through altering the metabolic pattern of IECs
[26,31–33]. To determine whether the anti-diabetic drugs
inhibit obesity is related to influence of the IECs, mean
length of intestinal villus was quantified using a high-
throughput, unbiased image-segmentation-based approach
in H&E staining slides separately in control, Metformin and
Dapagliflozin groups. After analysis, our results showed
that the intestinal villus in the duodenum and proximal je-
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Fig. 5. Stain-normalized H&E images of Swiss-rolled intestines were loaded into image-analysis software to manually measure
the length of the gut section. (A) Stain-normalized H&E images of Swiss-rolled intestinal villus. (B) Metformin group and control
group showed an increasing in intestinal villus length in the duodenum and proximal jejunum compared to Dapagliflozin group, for each
group, n = 5, **p < 0.01, ns, not significant.

Fig. 6. Apoptosis of intestinal tissues were tested by TUNEL.
(A) TUNEL of intestinal cells (IECs) apoptosis. (B) More IECs
apoptosis was showed in Dapagliflozin group thanMetformin and
control group, scale bars, 200 µm, for each group, n = 5, ***p <

0.001, ****p < 0.0001, ns, not significant.

junum were longer (Fig. 5) and less apoptosis were found
in Metformin group and control group compared to Da-
pagliflozin group (Fig. 6). The lipid level and weight of
each mouse was also tested and the results indicated that the
TG in both live tissue and serum decreased significantly in
not only Metformin but Dapagliflozin group compared to
the control group (Fig. 4). So, our results indicated that the
intestinal villi of Metformin group were similar to control
group, which were twice longer than Dapagliflozin group
and the longer intestinal villi may associate with increased
weight and lipid absorption.

3.4 Dapagliflozin Treatment Change Metabolic Pattern of
Intestinal Cells

As previous study, Dapagliflozin was related
to metabolic reprogramming. So, we performed
metabolomics in the three groups. The results indi-
cated that ratio of pyruvate to phosphoenolpyruvate (PEP)
which indirectly reflected the activity of PKM2 increased
while F1P decreased in Dapagliflozin group. Simultane-
ously, the abundances of intermediate metabolites related
to glycolysis increased. As the hallmark metabolite of
glycolysis, lactate was obviously increased compared to
the other two groups (Fig. 7). Pimonidazole staining which
indicated the hypoxic areas (O2 less than 10 mmHg within
tissue) showed an increasing in intestinal tissues from
Dapagliflozin group (Fig. 8). To further confirm our hy-
pothesis, the O2 consumption rate (OCR) and extracellular
acidification rate (ECAR) of IECs isolated from intestinal
tissue in three groups were tested. The outcomes were
consistent with our hypothesis that more glycolysis and
less ATP linked respiration were found in Dapagliflozin
treatment group than the other two groups (Fig. 9), which
may relate to the reduction of longer survival of IECs
caused by HFFD.

4. Discussion
Obesity is a growing global health problem, more and

more people die from over-weight than under-weight, so, a
multidisciplinary clinic was established for the treatment of
severe obesity and its related comorbidities. The treatment
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Fig. 7. Metabolic pattern of intestinal cells. (A) Pathway Analysis. The metabolites Analysis resulted in a metabolome overview map.
The vertical coordinate [–log (p)] of the metabolome view represents the correlation between the metabolic pathway and the grouping
(inter-group differences),The redder the color, the greater the correlation; Path impact value based on path topology, indicating that this
pathway affects the occurrence of this , the greater the circle, the greater the importance. All the results showed that metabolic pathway of
glycolysis, tricarboxylic acid cycle (TCA) and pentose phosphate pathway (PPP) changed obviously in Dapagliflozin group compared to
the other two groups. (B,C) Heatmap Analysis indicated the ratio of pyruvate to PEP and abundances of lactate increased in Dapagliflozin
group than the other two groups, for each group, n = 5, *p< 0.05, ns, not significant. Using online software MetaboAnalyst (version 5.0
http://www.metaboanalyst.ca/).

Fig. 8. The pimonidazole staining was used to label tissue hypoxia areas. (A) Intestines were fixed and examined for pimonidazole
intensity by IHC (with percentage of O2 less than 20%). (B) The less percentage of Pimonidazole staining indicated the less hypoxic
areas within intestinal tissue of Dapagliflozin group, Scale bars: 500 µm, for each group, n = 5, *p < 0.05, ns, not significant.

of obesity includes lifestyle modification, surgery and phar-
macological intervention, as several anti-obesity drugs have
been approved in recent years. Among anti-obesity drugs,
some (GLP1-RA) have already been used in the treatment
of T2D, while other drugs approved specifically only for
the treatment of T2D have shown beneficial effects on body

weight (e.g., Metformin, SGLT2-i) and are therefore to be
preferred in patients with obesity and T2D [34].

For a long time, the primary approach to treat obesity
is lifestyle modification that support people to modify their
diet, and increase physical activity [34]. Pharmacological
intervention is recommended as adjunctive therapy if the
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Fig. 9. OCR and ECAR of IECs in Dapagliflozin, Metformin and control groups and relationship between glycolysis and PPP
pathway showed by metabolic pathway. (A) OCR and ECAR of IECs in Dapagliflozin, Metformin and control groups were tested.
The outcomes indicated more glycolysis and less ATP linked respiration were in Dapagliflozin treatment group than the other two groups.
(B) Graphical abstract of metabolic changes. The OCR&ECAR of IECS in three groups, for each group, IECs numbers, 107 for each
sample, n = 5, *p < 0.05, ****p < 0.0001, ns, not significant.

target weight loss has not been reached through diet and
exercise alone [26]. For pharmacological intervention, Nal-
trexone/bupropion is licensed, as an adjunct to a reduced-
calorie diet and increased physical activity, for the manage-
ment of weight in adults who are obese (BMI ≥30 kg/m2)
or overweight (with a BMI ≥27 kg/m2) with at least one
weight-related comorbidity. Each prolonged-release tablet
contains 8 mg of Naltrexone hydrochloride and 90 mg of
Bupropion hydrochloride. Bupropion, is originally an an-
tidepressant which inhibits dopamine and noradrenaline re-
uptake [35]. Naltrexone is an opioid antagonist for the treat-
ment of alcoholism and opioid dependence [35,36]. It has
been suggested that Naltrexone and Bupropion have a syn-
ergistic effect on the hunger center located in the hypotha-
lamus which leads to appetite suppression [37]. However,
Naltrexone/bupropion should be given with caution to pa-
tients with uncontrolled hypertension, food disorders, renal
and hepatic impairment [12], which are normally the com-
plications or the inducement of obesity. In addition, T2D
patients who undergo anti-diabetes treatment are at risk of
hypoglycemia if Naltrexone/bupropion is used at the same
time. Therefore, many obese people cannot use Naltrex-
one/bupropion to assistant their management of weight.

Metformin is the first-line glucose-lowering medica-
tion recommended by almost all international guidelines
[38]. Several studies have demonstrated that Metformin
has a positive impact on body weight by reducing ap-
petite with consequent decreased caloric intake. The im-

pact on appetite regulation depends on the directly cen-
tral effect of the drug and indirectly on its gastrointestinal
side effects, such as nausea, bloating, diarrhea and dysgeu-
sia [30]. Dapagliflozin, discharges a large amount of glu-
cose, ranging from 50 to 100 g daily and the correspond-
ing caloric equivalent (200–400 kcal/diet) are pharmaco-
logically forced into urinary excretion, therefore the whole-
body metabolismmust undergo adaptive changes involving
glucose fluxes, hormonal responses, fuel selection and en-
ergy expenditure. These two anti-diabetes drugs can reduce
weight while avoiding the adverse drug reaction of Nal-
trexone/bupropion. However, the weight-loss mechanism
of Metformin has not been deeply studied with respect to
which regions in brain and the connections between them.
As for the weight loss mechanism of Dapagliflozin, there is
no research related to IECS metabolism at present.

In our results, Metformin treatment may functionally
associate with the regulation of bulimia by reducing the re-
ward systemwithin cortico-limbic region and the functional
connectivity between limbic and prefrontal regions within
brain compared to control and Dapagliflozin groups. Along
with the reduction of the TG and rate of weight gain, we
think Metformin may has a positive impact on body weight
loss by reducing appetite with consequent decreased caloric
intake. When metabolites F1P accumulates to a high level
in IECS, they competitively bind to the active site and stabi-
lizes PKM2 in an inactive state because of its similar struc-
tural to FBP [14–16]. So, F1P continuously activates PPP
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pathway by downregulating glycolysis [28]. PPP pathway
is carried out in the cytoplasm to convert glucose into ri-
bose 5-phosphate and generate NADPH at the same time.
Ribose is used for the synthesis of nucleic acid and some
coenzymes, while NADPH is called reducing power which
is used for biosynthesis and anti-oxidation, such as ROS.
Therefore, more IECS survive longer and increase length
of intestine villus in mouse models by protection of more
NADPH [26]. As the length of intestinal villus increases,
the surface area for nutrient and lipid absorption expands in
the intestine. For Dapagliflozin treatment, more glycolysis
and less PPP pathwaywere found than the other two groups,
therefore, we considered that Dapagliflozin may reduce the
longer survival of IECs caused by HFFD through similar
mechanisms.

GLP1-RAs, which have been widely reported to act
on satiety and cause weight loss have been approved by the
FDA for the treatment of obesity in obese non-diabetic pa-
tients. We believe that it should be excellent in management
of weight in mouse model, however, in GLP1-RAs group
(Liraglutide, 150 µg/kg/day subcutaneous injection in the
back for 4 weeks after being fed with HFFD 4 weeks), the
mice showed an unusual weight loss accompanying appear-
ance of depressive symptoms (Supplementary Fig. 1). Af-
ter repeating experiments 3 times, 5 mice in each group, 11
mice in total had depressive symptoms, therefore, we ex-
cluded this group. Through analyzing the side effects of Li-
raglutide, we speculated that this depressive symptom may
be related to the thyroid dysfunction. Next, we will con-
duct fMRI of brain in Liraglutide group to further analyze
the changes in brain regions related to emotion. At the same
time, the thyroid dysfunction will also be further studied.

Our study reveals the possible mechanism on howDa-
pagliflozin and Metformin inhibit bulimia induced obesity,
however, few clinical data can support our explorations
till now. Meanwhile, the effects of anesthesia on intrin-
sic functional connectivity and amplitude were inevitable in
our study when process the fMRI, even we combined use
of medetomidine and isoflurane recommended by Joanes
Grandjean et al. [29].

5. Conclusions
In conclusion, our findings showed the possible mech-

anism on how Dapagliflozin and Metformin inhibit bu-
limia induced obesity. Therefore, we consider that use Da-
pagliflozin and Metformin in combination might be more
beneficial in improving bulimia induced obesity because
of their different mechanisms. Moreover, because Da-
pagliflozin has a special effect on revoking increasing ab-
sorption induced by fructose, it may be especially useful for
those obese people who are addicted to sweets.

Availability of Data and Materials
All the data and materials are available from the cor-

responding author on reasonable request.

Author Contributions
ZL, LK and BX: substantial contributions to concep-

tion and design of the work; ZL: drafting the work; ZL, JJ,
HH, SQ and QZ: acquisition of data; ZL, JJ, HH, XZ, YQ,
XS, KW, RG: analysis and interpretation of data; All au-
thors contributed to revising the work critically for impor-
tant intellectual content; All authors review and approved
the final manuscript to be published; All authors have par-
ticipated in integrity of any part of the work are appropri-
ately investigated and resolved. All authors agreed to be
accountable for all aspects of thework in ensuring that ques-
tions related to the accuracy.

Ethics Approval and Consent to Participate
All protocols in this study were approved by the Com-

mittee on the Ethics of Animal Experiments of Nanjing
University Medical School Affiliated Nanjing Drum Tower
Hospital (Approval No. 20011141), in compliance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (Eighth Edi-
tion).

Acknowledgment
Not applicable.

Funding
This work was supported by the grants from the Natu-

ral Science Foundation of China (grant number 82070366),
and the Key Project supported by Medical Science and
Technology Development Foundation, Nanjing Depart-
ment of Health (grant number ZKX20018).

Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/j.fbl2805097.

References
[1] Bray GA, Nielsen SJ, Popkin BM. Consumption of high-

fructose corn syrup in beverages may play a role in the epidemic
of obesity. The American Journal of Clinical Nutrition. 2004;
79: 537–543.

[2] Joh H, Lee DH, Hur J, Nimptsch K, Chang Y, Joung H, et
al. Simple Sugar and Sugar-Sweetened Beverage Intake Dur-
ing Adolescence and Risk of Colorectal Cancer Precursors. Gas-
troenterology. 2021; 161: 128–142.e20.

[3] Miller M, Craig JW, Drucker WR, Woodward H. The
metabolism of fructose in man. The Yale Journal of Biology and
Medicine. 1956; 29: 335–360.

[4] Jang C, Hui S, Lu W, Cowan AJ, Morscher RJ, Lee G, et al.
The Small Intestine Converts Dietary Fructose into Glucose and
Organic Acids. Cell Metabolism. 2018; 27: 351–361.e3.

10

https://doi.org/10.31083/j.fbl2805097
https://doi.org/10.31083/j.fbl2805097
https://www.imrpress.com


[5] Anagnostou E, Soorya L, Brian J, Dupuis A, Mankad D, Smile
S, et al. Intranasal oxytocin in the treatment of autism spectrum
disorders: a review of literature and early safety and efficacy
data in youth. Brain Research. 2014; 1580: 188–198.

[6] Benekareddy M, Stachniak TJ, Bruns A, Knoflach F, von Kien-
lin M, Künnecke B, et al. Identification of a Corticohabenular
Circuit Regulating Socially Directed Behavior. Biological Psy-
chiatry. 2018; 83: 607–617.

[7] Bertero A, Liska A, Pagani M, Parolisi R, Masferrer ME, Gritti
M, et al. Autism-associated 16p11.2 microdeletion impairs pre-
frontal functional connectivity in mouse and human. Brain.
2018; 141: 2055–2065.

[8] Born J, Lange T, Kern W, McGregor GP, Bickel U, Fehm HL.
Sniffing neuropeptides: a transnasal approach to the human
brain. Nature Neuroscience. 2002; 5: 514–516.

[9] Brandão ML, Zanoveli JM, Ruiz-Martinez RC, Oliveira LC,
Landeira-Fernandez J. Different patterns of freezing behavior
organized in the periaqueductal gray of rats: association with
different types of anxiety. Behavioural Brain Research. 2008;
188: 1–13.

[10] Brodmann K, Gruber O, Goya-Maldonado R. Intranasal Oxy-
tocin Selectively Modulates Large-Scale Brain Networks in Hu-
mans. Brain Connectivity. 2017; 7: 454–463.

[11] Chen P, HongW.Neural CircuitMechanisms of Social Behavior.
Neuron. 2018; 98: 16–30.

[12] WorsleyKJ, EvansAC,Marrett S, Neelin P. A three-dimensional
statistical analysis for CBF activation studies in human brain.
Journal of Cerebral Blood Flow andMetabolism. 1992; 12: 900–
918.

[13] Choleris E, Clipperton-Allen AE, Phan A, Kavaliers M. Neu-
roendocrinology of social information processing in rats and
mice. Frontiers in Neuroendocrinology. 2009; 30: 442–459.

[14] Ditzen B, Schaer M, Gabriel B, Bodenmann G, Ehlert U, Hein-
richs M. Intranasal oxytocin increases positive communication
and reduces cortisol levels during couple conflict. Biological
Psychiatry. 2009; 65: 728–731.

[15] Ferrari L, Crestan V, Sabattini G, Vinco F, Fontana S, Gozzi A.
Brain penetration of local anaesthetics in the rat: Implications
for experimental neuroscience. Journal of Neuroscience Meth-
ods. 2010; 186: 143–149.

[16] Goodson JL, Kingsbury MA.What’s in a name? Considerations
of homologies and nomenclature for vertebrate social behavior
networks. Hormones and Behavior. 2013; 64: 103–112.

[17] Gozzi A, Schwarz AJ. Large-scale functional connectivity net-
works in the rodent brain. NeuroImage. 2016; 127: 496–509.

[18] Gozzi A, Ceolin L, Schwarz A, Reese T, Bertani S, Crestan V, et
al. Amultimodality investigation of cerebral hemodynamics and
autoregulation in pharmacological MRI. Magnetic Resonance
Imaging. 2007; 25: 826–833.

[19] Gozzi A, Colavito V, Seke Etet PF, Montanari D, Fiorini S, Tam-
balo S, et al. Modulation of fronto-cortical activity bymodafinil:
a functional imaging and fos study in the rat. Neuropsychophar-
macology. 2012; 37: 822–837.

[20] Haak KV, Marquand AF, Beckmann CF. Connectopic mapping
with resting-state fMRI. NeuroImage. 2018; 170: 83–94.

[21] Ko J. Neuroanatomical Substrates of Rodent Social Behavior:
The Medial Prefrontal Cortex and Its Projection Patterns. Fron-
tiers in Neural Circuits. 2017; 11: 41.

[22] Liska A, Galbusera A, Schwarz AJ, Gozzi A. Functional con-
nectivity hubs of the mouse brain. NeuroImage. 2015; 115: 281–
291.

[23] Pagani M, Bifone A, Gozzi A. Structural covariance networks
in the mouse brain. NeuroImage. 2016; 129: 55–63.

[24] Pagani M, Damiano M, Galbusera A, Tsaftaris SA, Gozzi A.
Semi-automated registration-based anatomical labelling, voxel
basedmorphometry and cortical thicknessmapping of themouse
brain. Journal of Neuroscience Methods. 2016; 267: 62–73.

[25] Razoux F, Baltes C,Mueggler T, SeuwenA, RussigH,Mansuy I,
et al. FunctionalMRI to assess alterations of functional networks
in response to pharmacological or genetic manipulations of the
serotonergic system in mice. NeuroImage. 2013; 74: 326–336.

[26] Bu P, Chen K, Xiang K, Johnson C, Crown SB, Rakhilin
N, et al. Aldolase B-Mediated Fructose Metabolism Drives
Metabolic Reprogramming of Colon Cancer Liver Metastasis.
Cell Metabolism. 2018; 27: 1249–1262.e4.

[27] Goran MI, Martin AA, Alderete TL, Fujiwara H, Fields DA.
Fructose in Breast Milk Is Positively Associated with Infant
Body Composition at 6 Months of Age. Nutrients. 2017; 9: 146.

[28] Luo W, Hu H, Chang R, Zhong J, Knabel M, O’Meally R, et
al. Pyruvate kinase M2 is a PHD3-stimulated coactivator for
hypoxia-inducible factor 1. Cell. 2011; 145: 732–744.

[29] Grandjean J, Schroeter A, Batata I, Rudin M. Optimization of
anesthesia protocol for resting-state fMRI in mice based on dif-
ferential effects of anesthetics on functional connectivity pat-
terns. NeuroImage. 2014; 102: 838–847.

[30] Yerevanian A, Soukas AA. Metformin: Mechanisms in Human
Obesity and Weight Loss. Current Obesity Reports. 2019; 8:
156–164.

[31] Yang H,Wang X, Xiong X, Yin Y. Energy metabolism in intesti-
nal epithelial cells during maturation along the crypt-villus axis.
Scientific Reports. 2016; 6: 31917.

[32] Parikh NI, Pencina MJ, Wang TJ, Lanier KJ, Fox CS,
D’Agostino RB, et al. Increasing trends in incidence of over-
weight and obesity over 5 decades. The American Journal of
Medicine. 2007; 120: 242–250.

[33] Israelsen WJ, Vander Heiden MG. Pyruvate kinase: Function,
regulation and role in cancer. Seminars in Cell &Developmental
Biology. 2015; 43: 43–51.

[34] Santo MA, Riccioppo D, Pajecki D, Cleva RD, Kawamoto F,
Cecconello I. Preoperative weight loss in super-obese patients:
study of the rate of weight loss and its effects on surgical mor-
bidity. Clinics. 2014; 69: 828–834.

[35] Booth K, Clements JN. Role of Bupropion Plus Naltrexone for
the Management of Obesity. The Journal of Pharmacy Technol-
ogy. 2016; 32: 125–132.

[36] Christou GA, Kiortsis DN. The efficacy and safety of the nal-
trexone/bupropion combination for the treatment of obesity: an
update. Hormones. 2015; 14: 370–375.

[37] Caixàs A, Albert L, Capel I, Rigla M. Naltrexone sustained-
release/bupropion sustained-release for the management of obe-
sity: review of the data to date. Drug Design, Development and
Therapy. 2014; 8: 1419–1427.

[38] Apovian CM, Aronne LJ, Bessesen DH,McDonnell ME,Murad
MH, Pagotto U, et al. Pharmacological management of obesity:
an endocrine Society clinical practice guideline. The Journal of
Clinical Endocrinology and Metabolism. 2015; 100: 342–362.

11

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Mice
	2.2 In Vivo MRI Acquisition
	2.3 Anatomical MRI Data
	2.4 Resting-State fMRI Data Processing
	2.5 Resting-State fMRI Data Analysis-Whole-Brain Connectivity Maps
	2.6 Resting-State fMRI Data Analysis-ROI Analyses
	2.7 Resting-State fMRI Data Analysis-Fractional Amplitude of Low-Frequency Fluctuations
	2.8 rCBV Quantification and Functional Connectivity Analysis
	2.9 Histological Analysis
	2.10 Immunohistochemistry and Immunofluorescence
	2.11 Biochemical Analysis
	2.12 Metabolomics Analysis
	2.13 Statistics Analysis

	3. Results
	3.1 Metformin Treatment Reduced Bold Signal Responses within Cortico-Limbic Region
	3.2 Metformin Treatment Reduced Functional Connectivity within Cortico-Limbic Region
	3.3 Dapagliflozin Treatment Enhances Intestinal Cell Survival 
	3.4 Dapagliflozin Treatment Change Metabolic Pattern of Intestinal Cells 

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

