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Dapagliflozin promotes browning of white adipose tissue
through the FGFR1-LKB1-AMPK signaling pathway
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Abstract

Background Obesity is associated with a wide variety of metabolic disorders that impose significant burdens on patients
and society. The “browning” phenomenon in white adipose tissue (WAT) has emerged as a promising therapeutic strategy
to combat metabolic disturbances. However, though the anti-diabetic drug dapagliflozin (DAPA) is thought to promote
“browning,” the specific mechanism of this was previously unclear.

Methods In this study, C57BL/6 J male mice were used to establish an obesity model by high-fat diet feeding, and 3T3-
L1 cells were used to induce mature adipocytes and to explore the role and mechanism of DAPA in “browning” through a
combination of in vitro and in vivo experiments.

Results The results show that DAPA promotes WAT "browning" and improves metabolic disorders. Furthermore, we discov-
ered that DAPA activated "browning" through the fibroblast growth factor receptors 1-liver kinase B 1-adenosine monophos-
phate-activated protein kinase signaling pathway.

Conclusion These findings provide a rational basis for the use of DAPA in treating obesity by promoting the browning of

white adipose tissue.
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Introduction

Obesity poses a pressing global health concern and leads
to severe consequences such as metabolic diseases [1]. The
underlying cause of obesity is an imbalance between energy
intake and expenditure in adipose tissue. As mammals,
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human beings have two types of adipose tissue: white adi-
pose tissue (WAT), which is the main energy storage organ
in the body; and brown adipose tissue (BAT) [2], which,
due to its high content of uncoupling protein-1 (UCP1), can
uncouple ATP to facilitate energy consumption. However,
recent research has revealed an intriguing finding: WAT
undergoes a transformation process known as browning,
converting it into beige adipose tissue (or “Brite”). This
newly identified type of adipose tissue also plays a critical
role in regulating energy metabolism. Moreover, increasing
evidence suggests that the browning of WAT and activation
of BAT can ameliorate metabolic disorders, bringing wide
attention to these phenomena as methods to combat obesity
[3-5].

Fibroblast growth factor 21 (FGF21) is a nonclassical
fibroblast growth factor that also plays a role in the treat-
ment of metabolic disorders. It is primarily secreted by
the liver in response to a ketogenic diet and fasting, and
FGF21 signaling requires an interaction between fibro-
blast growth factor receptors (FGFR) and the p-Klotho
(KLB) complex [6]. However, in the research of Leiluo
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Geng et al. [7], it was found that obesity can lead to an
increase in FGF21 levels, but it did not show its protective
effect on metabolic disorders. They called this “FGF21
resistance,” and their research also proved that “FGF21
resistance” may be related to the decrease of FGFR and
KLB. Adipose tissue expresses both FGFR and KLB [8],
with FGFR1 being the main one. Studies have shown
that long-term high-fat diet feeding significantly reduces
FGFR1 and KLB in mice [9]. Christopher J Lelliott et al.
[10] have shown that targeting FGFR1 can improve obesity
and glucose intolerance by activating the FGFR1 pathway.
Thus, it can be seen from this that activating the FGFR1/
KLB-mediated signaling cascade is very important for
improving metabolic disorders, but the specific mecha-
nism is still unknown.

Emerging evidence also suggests that dapagliflozin
(DAPA), a widely prescribed medication for diabetes, has
potential protective effects on the heart and kidneys and alle-
viates metabolic disorders in various ways [11-13]. The lat-
ter effect was observed in studies investigating the treatment
of metabolic syndrome, which established obesity models
in rodents and treated them with DAPA. The therapeutic
effects of DAPA on metabolism appear to be associated with
WAT browning [14]. Specifically, following DAPA treat-
ment, obese mice fed a high-fat diet experienced weight loss,
primarily through reduction in subcutaneous and visceral fat
pools. Additionally, DAPA treatment promotes mitochon-
drial biogenesis and increases cellular energy expenditure
[15, 16]. Notably, the expression of UCP1 in both WAT and
BAT was significantly elevated, indicating DAPA’s ability to
promote the activation of BAT and the “browning” of WAT
[14]. Collectively, these effects contribute to the regulation
of metabolic disorders. We thus hypothesized that DAPA
could induce WAT browning, though the precise mecha-
nisms underlying DAPA’s promotion of browning remain
unclear.

Adenosine monophosphate-activated protein kinase
(AMPK), a crucial regulator of lipid metabolism and an
energy sensor, also plays a significant role in the “brown-
ing” process [17]. AMPK responds to sympathetic signaling,
various kinases, and compounds to promote BAT biogenesis,
increase energy expenditure, and induce the browning of
white adipocytes in vivo [18]. Previous studies investigating
the relationship between BAT and AMPK have highlighted
the impact of various AMPK signaling pathways on BAT,
with the liver kinase B1 (LKB1)/AMPK pathway being
particularly important [19]. Research conducted by Jing
Yi Luo et al. [20] showed that DAPA primarily improves
hepatic steatosis by activating AMPK and increasing LKB1
expression in the liver. However, the specific role of DAPA
in browning and the associated signaling pathways remain
unclear. Further investigation is thus needed to clarify the
mechanisms through which DAPA promotes browning.
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This study aimed to replicate an obese mouse model
(C57BL/6 J) using a high-fat diet (HFD). By conducting
in vivo and in vitro experiments, we investigated the role
and signaling pathways in the browning process promoted by
shedding light on the mechanism by which DAPA promotes
the browning of adipose tissue in obese mice.

Materials and methods
Materials

The replication of the obese model necessitated the obtain-
ment of materials from various sources. Fetal bovine
serum (FBS; PYG0001), Dulbecco’s modified Eagle’s
medium (DMEM; PYGO0073), dimethyl sulfoxide (DMSO;
PYGO0040), an ELC western blot detection kit (AR1171),
penicillin/streptomycin (PYG0016), and trypsin (PYGO0015)
were all purchased from Boster Biotechnology (USA).
An Oil Red O staining kit (#1262) and Mito Tracker Red
CMXRos (M9940) were purchased from Solarbio (China).
A RIPA lysis buffer (HY-K1001), insulin (HY-P1156), dexa-
methasone (DEX; HY-14648), dapaglifiozin (HY-10450),
PD173074 (HY-10321), Compound C (HY-13418A) and
Pim1/AKK1-IN-1 (HY-10371) were purchased from Med-
ChemExpress (USA). Isobutylmethylxanthine (IBMX;
17018) was purchased from Sigma-Aldrich (USA).
Various antibodies were also obtained. p-FGFR1
(AF8210), p-LKB1 (AF8186), and p-AMPK (AF3423)
were purchased from Affinity (China). AMPK (BM4202)
and LKB1 (PB0257) were purchased from Boster Biotech-
nology. B-actin (AC038), UCP1 (A5857), FGFR1 (A21219),
and KLB (A12028) were purchased from ABclonal
(China). Mouse Tumor Necrosis Factor-a(TNF-a) ELISA
Kit (MU30030) and Mouse Interleukin6(IL-6) ELISA Kit
(MU30044) were purchased from Bioswamp (China).

Experimental animals

Four-week-old male C57BL/6 mice were purchased from the
Shanxi People’s Hospital (Taiyuan, China). These experi-
mental animals were reared in cages with a temperature
of 22-24°C, 50% humidity, and a light—dark cycle of 12 h,
with free access to food and water. Provided sufficient food
to the mice every morning at 8 o’clock and recorded the
weight of the food. Weighed the remaining food at the same
time the next day and repeated this process until the end of
treatment. Calculated the calories consumed based on the
amount of food intake. The mice were randomly divided
into three groups (n=26): (1) normal diet (ND) + injection
of physiological saline, (2) HFD containing 60% kilocaloric
fat (Medicine Ltd., Yangzhou, China)+ injection of physi-
ological saline, and (3) HFD containing 60% kilocaloric
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fat +injection of DAPA (HFD +DAPA, 1 mg/kg/day) [21,
22]. Treatment was initiated in the 5th week and ended in
the 10th week. Mice were weighed weekly, blood was col-
lected from their orbital cavities, and they were immedi-
ately euthanized by intraperitoneal injection of pentobarbital
after the experiment. Liver, epididymal white adipose tissue
(eWAT), inguinal white adipose tissue (iWAT), and BAT
were collected from each mouse for mRNA and western
blot experiments.

Cell culture

3T3-L1 cells were purchased from the National Cell
Resource Sharing Platform (1101MOU-PUMCO000155, Bei-
jing, China) and cultured in a basic growth medium (DMEM
containing 10 fetal bovine serum and 1% penicillin/strep-
tomycin) at 37 °C and 5% CO2. To initiate differentiation,
fully confluent cells (defined as day 0) were treated with
induction medium I (containing 10 pg/mL insulin, 0.5 mM
IBMX, and 1 pM DEX) for 2 days. After 48 h, induction
medium II (containing 10 pg/mL insulin) was used for an
additional 2 days. Thereafter, the basic growth medium was
replaced every other day for a total of 4 days (until the 8th
day). Process mature adipocytes with DAPA for 48 h; when
using FGFR1, LKB1, and AMPK inhibitors, treat cells with
inhibitors for 2 h first, then add DAPA for a total of 48 h of
treatment. DMSO was used as the vehicle for all treatments.

Histology and immunohistochemistry

The liver and adipose tissue collected immediately after the
euthanasia of the mice was fixed in 4% paraformaldehyde,
dehydrated, embedded in paraffin, and cut into 5-um thick
sections for histological analysis using hematoxylin and
eosin (H&E) staining. Immunohistochemistry was used to
detect the UCP1 content in the adipose tissue.

Plasma biochemical measurements

Total cholesterol (TC, A111-1-1), total triglycerides (TG,
A110-1-1), alanine aminotransferase (ALT, C009-2-1),
and aspartate aminotransferase (AST, C010-2-1) levels
in plasma were measured using commercial reagent kits
from the Nanjing Construction Institute of Bioengineering
Research (Nanjing, China).

Mitochondrial labelling

The cells were treated with different methods, and then
the basal culture medium was heated to 37 °C. Next, the
MitoTracker probe solution (M9940, Solarbio) was added
to a final concentration of 100 nM, following the manu-
facturer’s recommendations. The cells were then incubated

with the staining solution for 30 min. Next, the cell nuclei
were stained with DAPI (AR1176, Boster Biotechnology).
Cells were observed and photographed using a fluorescent
microscope.

Immunofluorescence

Seed cells at a density of 10° cells per plate were treated
using different methods. The treated cells were fixed using
4% paraformaldehyde in the cold for 20 min, followed by
permeabilization using 0.2% TritonX-100 at 4°C for 10 min.
They were then blocked with PBS containing 5% BSA, and
incubated with UCP1 primary antibody at a 1:200 dilution
overnight at 4°C. Finally, the treated cells were incubated
with fluorescent secondary antibodies (1:50, BA1127,
Boster Biotechnology) at room temperature for 2 h. After
staining with DAPI for 3 min, the fluorescence intensity was
observed using a fluorescence microscope, and photographs
were taken.

Cell cytotoxicity assay

3T3-L1 cells were seeded in a 96-well plate (701,001,
NEST) at a density of approximately 1500 cells per well.
The cells were treated with different DAPA concentrations
After 48 h, 10 pL CCK-8 (AR1199, Boster Biotechnology)
solution was added into each well and incubated at 37°C for
2 h. The absorbance (A) balance was measured at 450 nm
by the plate reader (AMG-2201-025, BioTek).

Oil red O staining

3T3-L1 cells were seeded onto a plate, and Oil Red O
staining was used to detect intracellular lipid accumulation
according to the manufacturer’s instructions.

Western blotting

Cells and tissues were collected and lysated using RIPA
buffer (100:1:1 ratio of phosphatase inhibitor to protease
inhibitor). After 30 min of lysis on ice, the total protein was
extracted. After separation by SDS-PAGE (ARO0138, Boster
Biotechnology), the protein was transferred onto a nitrocel-
lulose membrane (AR0135-04, Boster Biotechnology). The
cells and tissues were then blocked with 5% skim milk at
room temperature for 2 h and incubated with an appropriate
concentration of primary antibody overnight at 4 °C. Finally,
the membranes were incubated with peroxidase-conjugated
goat anti-rabbit IgG (H+ L) antibody (abs20002ss; Absin
Bioscience) at room temperature for 2 h. The immunoreac-
tive bands were detected using western blotting.

@ Springer



562 Page 4 of 13

Molecular Biology Reports (2024) 51:562

GTT

After a 16-h fasting period, the fasting blood glucose levels
(defined as 0 min) of the mice were measured. Then, a 20%
glucose solution (1 g/kg) was injected into the abdominal
cavity, and blood glucose levels were measured at 30, 60,
90, and 120 min. Blood samples were collected from the tail
vein for all measurements. Data were recorded and a line
graph was plotted.

Real-time quantitative PCR

Total RNA was extracted from the collected tissue or cells
using the TRIzol reagent (DP424, Tiangen). Next, cDNA
was synthesized using the M5 Sprint qPCR RT kit with
gDNA remover (MF949, Polymerase Limited Company,
Beijing) according to the manufacturer’s instructions. gPCR
was then performed using 2 x M5 HiPer SYBR Premix
EsTaq (with Tli RNase H) (MF797-01, Polymerase Limited
Company, Beijing). Finally, the 2724¢T method was used to
determine the expression of the target gene with p-actin as
the internal reference. The primers used for the target genes
are listed in Table 1, All primers were designed and synthe-
sized by Sangon Biotech (Shanghai, China).

ELISA

Prepare adipose tissue into tissue homogenate and detect the
content of inflammatory factors according to the instructions
of the reagent kit.

Statistical analysis

Data were expressed as mean + SD and independent sam-

ples were statistically analyzed using the Student’s t-test or

Table 1 The primer sequences of the target genes

Gene Primer sequence 5' to 3'
Cox7al Forward, CCGTGTGGCAGAGAAGCAGAAG
Reverse, GCCCAGCCCAAGCAGTATAAGC
Cox8b Forward, CCCCTATCCTGCGGCTGCTC
Reverse, CGGCGGAAGTGGGAGTTTTGG
PPARy Forward, TGTTCGCCAAGGTGCTCCAG
Reverse, TGAAGGCTCATGTCTGTCTCTGTC
Ucp-1 Forward, AAACACCTGCCTCTCTCGGAAAC
Reverse, TGCATTCTGACCTTCACGACCTC
Pgc-la Forward, GCATGACCCTCCTCACACCAAAC
Reverse, TTGCGACTGCGGTTGTGTATGG
C/EBPa Forward, GCTGAGCGACGAGTACAAGATGC
Reverse, CTTGTGCTGCGTCTCCAGGTTG
p-actin Forward, GTGCTATGTTGCTCTAGACTTCG

Reverse, ATGCCACAGGATTCCATACC

@ Springer

one-way ANOVA. In all analyses, p <0.05 indicates a statis-
tically significant difference. GraphPad Prism 8.3.0 (Graph-
Pad Software, USA) is used for all analyses.

Results

DAPA shown to improve obesity induced in HFD-fed
mice

To investigate the potential benefits of DAPA use for obesity
treatment, we replicated the obesity model with a high-fat
diet and applied DAPA intervention in addition to obesity
treatment, and it had no effect on energy intake (Fig. 1A).
The results showed that, compared with the ND group, the
HFD group immediately exhibited a significant increase
in body weight (Fig. 1B). Additionally, disruption of lipid
metabolism and impaired liver function (Fig. 1D) were
observed in the HFD group. These metabolic changes were
evident in the increased weights of adipose tissues and the
liver as well as in hepatocellular ballooning (Fig. 1C, F,
G), and were very similar to those that occur at the onset
of human metabolic diseases. Furthermore, we found that
DAPA intervention significantly improved the aforemen-
tioned changes but had no significant effect on glucose tol-
erance (Fig. 1E). Finally, we evaluated the effect of DAPA
on inflammation in three types of adipose tissue, and the
results showed that DAPA intervention significantly reduced
the levels of inflammatory factors in iWAT and eWAT of
the HFD group, demonstrating anti-inflammatory proper-
ties (Fig. 1H, I). These results demonstrate the potential of
DAPA to treat metabolic disorders caused by obesity.

DAPA regulated the browning of WAT
and the activation of BAT in vivo

In the in vivo experiments, we observed a significant upreg-
ulation of UCP1 and p-AMPK expression in the iWAT,
eWAT, and BAT of the obese mice following DAPA admin-
istration (Fig. 2A, B, C). Additionally, our assessment of
UCP1 expression in adipose tissue revealed higher levels
in the HFD + DAPA group (Fig. 2D, E). Subsequently, the
gPCR was used to detect the effects of DAPA on adipo-
genic genes, including CCAAT/enhancer binding protein-a
(C/EBP-a) and peroxisome proliferator-activated receptor
vy (PPARYy), as well as thermogenesis-related genes such
as UCPI, peroxisome proliferator-activated receptor vy
coactivator-1a (Pgc-1a), Cytochrome C oxidase protein 7al
(Cox7al), and Cytochrome C oxidase subunit 8b (Cox8b).
Figures 2F, G, and H show that DAPA downregulated
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Fig. 1 Effects of DAPA on HFD-induced obesity in C57BL/6 mice.
After being fed a high-fat diet for 4 weeks, mice were injected with
or without DAPA. Subsequently, A energy intake; B body weight
was measured; C tissue weights of eWAT, iWAT, BAT, and liver
were determined; D levels of ALT, AST, TC, and TG in plasma were
measured for each group; E a glucose tolerance test was conducted;
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F H&E staining of eWAT, iWAT, BAT, and liver was performed, and
the size of adipocytes in WAT was quantified (magnification: 200X,
scale bar: 100.24 pm); G adipocyte size in WAT was quantified; H
TNF-a content in adipose tissue; I IL-6 content in adipose tissue, and
The data are presented as mean=+SD; **P <0.0001 vs. ND group;
#p <0.0001 vs. HFD group

expression of thermogenesis-related genes. These findings
suggest that DAPA enhanced WAT browning and BAT acti-
vation in vivo.
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Fig.2 Effects of DAPA on “browning” of HFD-induced C57BL/6
mouse adipose tissue. After being fed a high-fat diet for 4 weeks,
mice were injected with or without DAPA, and adipose tissue was
collected after euthanasia to measure: A eWAT, B iWAT, and C BAT
expression of thermogenic proteins; and D UCP1 immunoreactiv-
ity signals in eWAT, iWAT, and BAT tissues (brown color, magni-

DAPA promoted the browning process of 3T3-L1
cells

For the in vitro experiments, we treated 3T3-L1 cells with
different concentrations of DAPA. The results presented
in Fig. 3A show that different concentrations of DAPA
(<20 pM) had no discernible effects on cell viability.
Furthermore, we excluded any potential influence of the
vehicle, DMSO, on protein expression (Fig. 3B). Subse-
quently, we treated 3T3-L1 cells with different concentra-
tions of DAPA and observed a dose-dependent increase in
UCPI and p-AMPK expression (Fig. 3C). Unless stated
otherwise, all subsequent experiments employed a con-
centration of 10 uM DAPA. To further validate the effects
of DAPA, immunofluorescence assays were performed,
which revealed that DAPA increased UCP1 protein

@ Springer

fication: 200 %, scale bar: 100 pm). E quantification of IHC. Addi-
tionally, qPCR was used to measure F thermogenic and lipogenic
gene mRNA expression in eWAT, G iWAT, and H BAT. f-actin
was used for normalization. The data are presented as mean=+SD;
##P <0.0001 vs. ND group; #P <0.0001 vs. HFD group

expression compared to that in the undifferentiated and
differentiated groups (Fig. 3D, F). Because it is widely rec-
ognized that mature brown adipocytes are characterized by
a higher mitochondrial content [23], we used MitoTracker
probes to detect whether DAPA affected mitochondrial
quantity in 3T3-L1 cells. The results indicated that the
cellular mitochondrial content was elevated following
DAPA treatment, as shown in Fig. 3E, G. Similarly, to
verify the effects of DAPA on lipid accumulation through
in vitro experiments, Oil Red O staining was performed.
Figure 3H shows a significant reduction in lipid accumu-
lation in the DAPA-treated cells. The qPCR results were
consistent with the findings from the in vivo experiments,
demonstrating that DAPA reduced the expression of adi-
pogenesis-related genes and increased the expression of
thermogenesis-related genes (Fig. 31).
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ated 3T3-L1 cells were treated with or without DAPA. Subsequently,
A CCK-8 assay was performed; B expression of thermogenic protein
in cells treated with DMSO were measured; C expression of thermo-
genic proteins was detected; D UCP1 antibody immunostaining was
conducted, and DAPI counterstaining was used to observe cell nuclei
(magnification: 200X, scale bar: 100 pm); E mitochondrial staining
with MitoTracker Red was performed (magnification: 200X, scale

DAPA regulated “browning” by promoting
the FGFR1/KLB complex

The action of FGF21 in target organs requires binding with
FGFR and the co-factor KLB, and fibroblast growth factor
receptors 1 (FGFR1) played a major role in energy expendi-
ture [24]. Therefore, to explore the effects of DAPA, we
performed western blot analysis and observed that HFD
suppressed the expression of, p-FGFR1, and KLB proteins;
however, DAPA treatment restored their protein levels
(Fig. 4A, B, C). These findings imply that DAPA enhances
FGF21’s effectiveness in combating obesity-induced resist-
ance by increasing the expression of the complex protein
formed by p-FGFR1 and KLB. Consistent with the in vivo
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bar: 100 pm); F Relative fluorescence intensity of UCPI staining; G
Relative fluorescence intensity of Mitochondrial staining; H neutral
lipid staining with oil red O was conducted (magnification: 200x,
scale bar: 100 pm); and I mRNA expression of thermogenic and lipo-
genic genes were analyzed and normalized to fB-actin. The data are
presented as mean + SD; *#P <0.0001 vs. control group, *#*P <0.0001
vs. DAPA treatment group. DM, differentiation medium

experiments, we first showed that DMSO did not affect the
expression of p-FGFR1 and KLB(Fig. 4D). Subsequently,
we evaluated the effects of DAPA treatment on key mol-
ecules involved in FGF21 signaling in 3T3-L1 cells. Our
results indicated that DAPA increased the protein expression
of p-FGFR1, and its co-receptor KLB in a dose-dependent
manner (Fig. 4E). To further explore the involvement of
FGFR1 in the “browning” process of 3T3-L1 cells, we used
the FGFR1 receptor inhibitor, PD. Western blot analysis
showed that, after inhibitor treatment, the protein expres-
sion of p-FGFR1 decreased, while the protein concentration
of UCP1 was also reduced simultaneously (Fig. 4F), indi-
cating the important role of FGFR1 in this process. In con-
clusion, our study provided evidence that DAPA treatment
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Fig.4 Effects of DAPA on FGFRI/KLB complex in vitro and
in vivo. After feeding mice a high-fat diet for 4 weeks, DAPA was
either injected or not injected, and the mice were sacrificed. p-FGFR1
and KLB protein expressions were detected by western blot in eWAT
(A), iWAT (B), and BAT (C) of each group of mice; 3T3-L1 cells
induced to differentiate were treated or not treated with DAPA.
p-FGFR1 and KLB protein expression were measured after treat-

facilitates the “browning” of adipose tissue via activation of
the FGFRI1 signaling pathway.

DAPA regulated “browning”
through the FGFR1-LKB1-AMPK pathway

In previous experiments, we established that DAPA
increased the content of KLB on one hand, and on the
other hand, it promoted the activation of p-FGFR1, ena-
bling promote “browning”. To elucidate the underlying
mechanisms involved in this process, we conducted further
investigations using specific inhibitors in 3T3-L1 cells.
Specifically, we used the FGFR1 receptor inhibitor, PD,

@ Springer

ment with DMSO (D); protein expression of p-FGFR1 and KLB after
DAPA treatment (E); After treatment with FGFR1 receptor inhibitor
PD, the expression of pFGFRI1, and heat shock protein were meas-
ured (F). Data are presented as mean+SD; **P<0.0001 vs. ND
group; #P <0.0001 vs. HFD group; **P <0.0001 vs. control group;
#P <0.0001 vs. PD treatment group; **P <0.0001 vs. DAPA treat-
ment group. DM: differentiation medium.

to inhibit FGFR1 activity in 3T3-L1 cells. As shown in
Fig. 5A, PD treatment significantly inhibited the protein
expression of p-FGFR1, p-LKB1, p-AMPK, and UCP1.
We also used the LKB1 inhibitor, Pim1, to interfere with
LKBI1 function in 3T3-L1 cells (Fig. 5B). Notably, the
protein expression levels of p-LKB1, p-AMPK, and UCP1
were all significantly reduced by Pim1 treatment. Finally,
we used the AMPK inhibitor, CC, which led to a decrease
in the protein expression of p-AMPK and UCP1 (Fig. 5C).
Importantly, DAPA reversed the inhibitory effects of both
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Fig.5 Effects of DAPA on AMPK pathway in 3T3-L1 cells. After
treatment with PD, Pim1, CC, and treatment with DAPA, heat shock
protein levels and the protein expression of p-FGFR1, p-LKB1, and
p-AMPK were measured (A). Heat shock protein expression and the
protein expression of p-LKB1, and p-AMPK were also measured

FGFR1, LKB1, and AMPK inhibitors. Collectively, our

(B). Heat shock protein expression and the protein expression of
p-AMPK were also measured (C). Data are presented as mean +SD;
“P<0.0001 vs. control group; P <0.0001 vs. inhibitor group;
AAP <0.0001 vs. DAPA treatment group, DM: differentiation medium

findings provided compelling evidence that the FGFR1-
LKB1-AMPK pathway may be one of the mechanisms
through which DAPA regulates the “browning” of adi-
pose tissue.
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Discussion

The activation of BAT or induction of WAT “browning”
has been shown to improve obesity and obesity-related
metabolic syndrome [25]. Consequently, the identification
of safe and effective approaches to promote browning has
become an important focus of subsequent studies. In this
study, we preliminarily validated the protective effect of
DAPA on obesity and related metabolic disorders. DAPA,
as the first approved SGLT2 inhibitor on the market,
has a lower risk of inducing hypoglycemia compared to
other traditional antidiabetic drugs [26]. Despite the lack
of relevant data on this class of drugs, they can only be
approved as second or third-line treatment options. Our
findings provided some theoretical basis for the clinical
application of SGLT2 inhibitors. BAT is considered to
have sexual dimorphism [27], as studies in humans and
animals have shown that female mice and women exhibit
stronger energy expenditure capabilities in BAT, which
is closely related to estrogen [28, 29]. Considering the
gender differences in elucidating the regulatory effect of
DAPA in promoting the “browning” of adipose tissue on
metabolic disorders is also meaningful. Additionally, the
application of various obesity models, such as ob/ob mice
[30], is equally important in clarifying the role of DAPA
in adipose tissue. However, it is undeniable that our study
using a high-fat diet-induced obese male mouse model
excluded the influence of gender and genetic factors on
adipose tissue, making it more convincing to preliminar-
ily clarify the role of DAPA in the “browning” of adipose
tissue.

It is well known that SGLT2 inhibitors primarily
lower blood sugar by inhibiting renal glucose reabsorp-
tion [31]. The coding genes for SGLT1 and SGLT?2 are
Scl5al and Scl5a2, respectively. Research indicates that
in T2DM patients using SGLT2 inhibitors, the expres-
sion of the Scl5al gene in the pancreatic islets remains
elevated while Scl5a2 gene expression is lower. This is in
line with increased glucagon gene expression, suggesting
that SGLT1/2 may play different roles in obesity, warrant-
ing further exploration [32]. Although there are no reports
explicitly stating the direct relationship between SGLT2
and adipose tissue, As pointed out by Xuping Yang et al.
[33], Canagliflozin can directly affect primary adipocytes,
promoting mitochondrial biogenesis and thermogenesis.
Our findings also confirmed that DAPA could activate
BAT, promote “browning” of WAT, and increase fat tis-
sue thermogenesis. While DAPA acting on SGLT2 may
be involved in the body’s glucose and lipid metabolism
processes, it cannot be denied that DAPA’s improvement
in obesity and metabolic disorders partly stems from the
“browning” of WAT, consistent with reports on other
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SGLT?2 inhibitors [34, 35]. Due to the lack of the Oxy-
max Lab Animal Monitoring System, we were unable to
record energy expenditure, which is a limitation on our
part. Simon A. et al. point out that SGLT2 inhibitors do
not activate AMPK in adipose tissue during acute treat-
ment, which contradicts our experimental results. We
speculate that this may be related to the duration of treat-
ment. Our intervention is a short-term treatment, but for
a medication, the body’s tolerance to long-term use, side
effects, and maintenance of effectiveness are all key con-
cerns. Long-term studies will help us clarify the effects of
DAPA on the body, whether positive or negative, and this
is worth exploring. Our study encountered a surprising
result where DAPA did not significantly improve glucose
tolerance in mice, possibly due to limitations in the HFD
model’s glucose increase aspect [36]. However, this does
not negate DAPA’s role in improving insulin resistance in
the body [32]. Additionally, our research found that DAPA
can improve WAT inflammation, suggesting a potential
link between DAPA’s improvement of metabolic disorders
and inflammation, which warrants further exploration.
FGF21 is a key factor in the fibroblast growth factor
family involved in glucose and lipid metabolism, control-
ling blood sugar, lipid levels, and weight reduction [37].
Liang Xu et al. [34] find that Empagliflozin can increase the
levels of FGF21 in the liver and systemic circulation, and
FGF21 can promote the “browning” of WAT and directly
act on BAT. This suggests that SGLT2 inhibitors promoting
the utilization of FGF21 by adipose tissue is one possible
mechanism for inducing “browning,” although the specific
mechanism is not yet fully understood. Yingzhe Xiong et al.
[38] observe that elevated FGF21 in obese individuals does
not exhibit its protective effects, possibly due to reduced
FGFR1 and KLB receptors, leading to a loss of FGF21 sign-
aling cascade. Our research indicated that DAPA could acti-
vate the FGF21 signaling cascade, promote adipose tissue
“browning,” and suggest that SGLT?2 inhibitors may act as
FGFR1 agonists, demonstrating for the first time the asso-
ciation between SGLT?2 inhibitors and FGFR1. Given the
superior role of FGF21 in improving metabolic disorders,
developing FGF21 analogs is also a strategy to combat obe-
sity. Existing long-acting FGF21 analogs essentially act as
FGFR agonists but have not yet been approved for clinical
use [39]. Our findings enriched the clinical applications of
SGLT inhibitors. AMPK, as an energy regulator, is closely
related to the FGF21 signaling cascade and plays a crucial
role in regulating energy in the body [40]. Previous reports
have shown that Momordica charantia enhances liver FGF21
and AMPK/Sirtl signaling to alleviate hepatic steatosis in
mice [41]. Our study suggests that the potential mechanism
by which SGLT2 inhibitors promote the “browning” of
WAT involves the FGFR1-LKB1-AMPK signaling path-
way, but correlation does not imply causation. In subsequent
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developments, we will generate FGFR1 gene knockout mice
to elucidate the role of FGFR1 signaling cascade in SGLT
inhibitors promoting WAT “browning” and the molecular
mechanisms involved.

In summary, our findings suggest that DAPA effectively
improved metabolic disorders caused by HFD. The benefi-
cial effects of DAPA were attributed to its ability to induce
“browning” of adipose tissue, and the FGFR1-LKB1-AMPK
signaling pathway might play an important role in mediating
this browning process.
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