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Combining a Sodium-Glucose-Cotransporter-2-inhibitor (SGLT2i) with metformin is recommended for managing
hyperglycemia in patients with type 2 diabetes (T2D) who have cardio-renal complications. Our study aimed to
investigate the metabolic effects of SGLT2i and metformin, both individually and synergistically. We treated
leptin receptor-deficient (db/db) mice with these drugs for two weeks and conducted metabolite profiling,
identifying 861 metabolites across kidney, liver, muscle, fat, and plasma. Using linear regression and mixed-
effects models, we identified two SGLT2i-specific metabolites, X-12465 and 3-hydroxybutyric acid (3HBA), a
ketone body, across all examined tissues. The levels of 3HBA were significantly higher under SGLT2i mono-
therapy compared to controls and were attenuated when combined with metformin. We observed similar
modulatory effects on metabolites involved in protein catabolism (e.g., branched-chain amino acids) and
gluconeogenesis. Moreover, combination therapy significantly raised pipecolate levels, which may enhance
mTORI1 activity, while modulating GSK3, a common target of SGLT2i and 3HBA inhibition. The combination
therapy also led to significant reductions in body weight and lactate levels, contrasted with monotherapies. Our
findings advocate for the combined approach to better manage muscle loss, and the risks of DKA and lactic
acidosis, presenting a more effective strategy for T2D treatment.

patients with T2D, metformin and sodium-glucose-cotransporter-2-
inhibitor (SGLT2i) are highly recommended: 70 % to 90 % of patients

1. Introduction

Type 2 diabetes (T2D) is a heterogeneous disease, which is associated
with complications such as cardiovascular and kidney diseases (also
termed cardio-renal diseases) [1,2]. Besides the strong hereditary
component [3], the development of T2D is mainly caused by unhealthy
lifestyles (e.g., physical inactivity) and excessive dietary intake [4]. The
drug treatment is an important component for the management of T2D,
in addition to the improvements of lifestyles and dietary habits [1,5].
According to the current trend and consensus on drug treatment for

with T2D have been prescribed metformin as first-line therapy world-
wide [6-8]. Then, SGLT2i is added to metformin as a combination
therapy for better glycemic control and to decrease cardiorenal risk
[1,7]. The cardiorenal-protective effect of SGLT2i is considered to be
achieved through the blockage of SGLT2 in the proximal tubules of the
kidney, enhancing the excretion of glucose from the circulating blood
into the urine, along with associated metabolic mechanisms [9]. How-
ever, the use of SGLT2i could also cause the progression of fatty acid
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oxidation and ketogenesis due to the glucose loss resulting in diabetic
ketoacidosis (DKA), which is a life-threatening complication of diabetes
[10]. In addition, SGLT2i may lead to the loss of skeletal muscles
[11,12]. To investigate mechanisms of the cardiorenal-protective effects
on SGLT2i, metabolomics studies have been performed with serum
samples from patients with T2D and cardiovascular disease (N = 25), as
well as from mice [13,14]. However, metabolic changes in multiple
organs, particularly in muscles, induced by SGLT2i monotherapy and its
combination therapy with metformin, have not been investigated.
Moreover, while metformin is associated with a risk of lactic acidosis, it
is important to note that this is a rare but serious medical condition,
which is of particular concern in patients with kidney disease [15,16].
Therefore, in pursuit of cardiorenal protective benefits and the reduction
of risk such as DKA and muscle loss associated with SGLT2i, as well as
lactic acidosis with metformin, it is essential to understand
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pathophysiological pathways influenced by each drug and their com-
bined regimen [17].

Herein, we investigate the metabolomic differences and relation-
ships in five tissues (kidney, liver, muscle, fat, and plasma) using
untargeted metabolomics data of leptin receptor-deficient (db/db) mice
treated with different regimens: vehicle-gavaged (VG) as the control,
SGLT2i as monotherapy (SGLT2i), SGLT2i and metformin as the com-
bination therapy (SGLT2i + MET), and metformin monotherapy (MET)
for a two-week duration. We further identify the organ-specific meta-
bolic pathways of monotherapy (SGLT2i), and the combination therapy
in order to better understand the underlying pathophysiological
mechanisms.

Leptin receptor -deficient db/db mice
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Fig. 1. Study design.

The study flow started with the mice experiment, and performed metabolomics analyses with collected tissues, continued with statistical and pathway analyses.
Abbreviations: HFD, high-fat diet; QC, quality control; MET, metformin-treated db/db mice; SGLT2i, SGLT2 inhibitor-treated db/db mice; SGLT2i + MET, SGLT2i
and metformin-treated db/db mice; VG, vehicle-gavaged db/db mice; w/wo, with or without.
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2. Materials and method
2.1. Study design

The flow of this study is shown in Fig. 1. We first conducted the mice
experiment (N = 40) and collected tissue samples (kidney, liver, muscle,
fat, and plasma) for each mouse after two weeks of treatment (VG, or
drugs). Second, we performed untargeted metabolomics analyses for
each collected sample of each mouse. After tissue-specific quality con-
trol (QC) and imputation of missing data, we statistically analyzed the
metabolomics data and performed pairwise comparisons to examine the
impact of monotherapy and the combination therapy (e.g., SGLT2i vs.
VG, SGLT2i + MET vs. SGLT2i, and SGLT2i + MET vs. MET). Third, the
relevance of the identified drug-specific metabolites was further inves-
tigated with tissue-specific pathway analyses. The details were
described below in each section, respectively.

2.2. Animal experiment

We performed the mice study using the C57BL6-based BKS.Cg-
Dock”™+/+ Lepr®®/J db/db mice, which is a common murine model of
T2D. The mice were maintained in a specific pathogen-free facility and
housed in a light- and temperature-controlled environment in compli-
ance with FELASA (the Federation of Laboratory Animal Science Asso-
ciations) protocols. Animal experiments were approved by the Upper
Bavarian government (Gz.55.2-1-54-2531-70-07, 55.2-1-2532-153-11).
Only male mice were included in this study. At the age of 3 weeks, mice
were started feeding on a high-fat diet (HFD, Ssniff Spezialdiaten, Soest,
Germany). Contents of HFD were as follows: palm fat (13.5 % of fat),
sunflower oil (13.5 %), starch (30 %), saccharose (10 %), casein (20 %),
lignocellulose (5 %), mineral plus vitamin mix (5 and 2 %, respectively),
safflower oil (0.5 %), and linseed o0il (0.5 %). From age 6 weeks (termed
as ‘start’, Table 1), mice were randomly divided into four groups: 1)
treated with vehicle (5 % solutol and 95 % hydroxyethylcellulose, VG, N
= 10); 2) treated with SGLT2i (AVE2268, 30 mg/kg; Sanofi AG,
Frankfurt, Germany [18], SGLT2i, N = 10); 3) treated with SGLT2i
(AVE2268, 30 mg/kg; Sanofi AG, Frankfurt, Germany) and metformin
(300 mg/kg; Sigma Aldrich, Taufkirchen, Germany) (SGLT2i + MET, N
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= 10); 4) treated with metformin (300 mg/kg; Sigma Aldrich, Tauf-
kirchen, Germany) (MET, N = 10). All mice treatment was performed
via gavage once daily between 5:00 and 6:00 P.M. before dark-phase
onset (6:00 P.M.) for 14 days (i.e., age 8 weeks, termed as ‘end’,
Table 1). After 4 h from the last treatment (i.e., 4-h fasting) mice were
sacrificed with an isoflurane overdose, and the kidney, liver, muscle
(skeletal muscle tissue), fat (epididymal adipose tissue), and blood were
immediately collected. Plasma sample was prepared from whole blood
by centrifugation at 4 °C, and the other tissues were freeze-clamped. All
samples were stored at —80 °C until further analyses. Details of the mice
study are described in previous studies [19-21].

2.3. Untargeted metabolomic analyses and quality control

All samples (each collected tissue of each mouse) were measured
with the untargeted Metabolon analytical platform (Metabolon Inc.,
Durham, North Carolina, USA). Metabolon applied a semiquantitative
liquid chromatography—tandem mass spectrometry (LC-MS/MS) and gas
chromatography-mass spectrometry (GC-MS) platform for the identi-
fication of structurally named and unknown small molecules [22,23].
We performed QC for each tissue and applied the same criteria as pre-
viously described [24,25]. In brief, metabolites with >20 % missing
values were excluded, as were samples with >10 % missing metabolites
[24]. All normalized relative ion counts were log-transformed, and the
remaining data were imputed with Multivariate Imputation by Chained
Equations (MICE) [26]. Of 1054 metabolites measured across five mu-
rine tissues, 861 metabolites passed QC. This resulted in 457, 389, 453,
231, and 351 metabolites in the kidney, liver, muscle, fat, and plasma,
respectively.

2.4. Statistical analyses

We conducted pairwise linear regression analysis with the relative
metabolite concentration values as outcome and the grouping variables
as predictor [27]. For example, for the comparison between SGLT2i and
VG mice, mice treated with SGLT2i were defined as 1, whereas control
mice (VG) were assigned as 0. Each metabolite was assessed individu-
ally. Pairwise linear regression analyses were performed for each

Table 1
Characteristics of four db/db mice groups.
Clinical variables VG P-value® SGLT2i P-value” SGLT2i + MET P-value® MET
Blood glucose Start (6w) 443 £+ 65 461 + 58 439 + 62 455 + 60
(mg/dL) 0.52 0.44 0.57
End (8w) 422 + 41 163 + 32 130 + 46 323 £ 93
<0.001 0.21 <0.001
Insulin Start (6w) 7.2+3.0 7.2+24 8.0 +3.8 6.5+ 2.6
(ng/L) 0.98 0.54 0.27
End (8w) 7.8+ 23 6.0+ 1.4 6.8+ 2.4 79+1.7
0.06 0.38 0.23
Lactate Start (6w) 59+1.7 5.7 £ 0.9 5.5+ 0.9 5.4+0.7
(mmol/L) 0.78 0.71 0.87
End (8w) 88 +23 7.5+ 1.2 7.4+ 0.9 85+ 1.2
0.11 0.88 0.11
Body weight Start (6w) 49.2 +£ 2.8 49.6 + 2.5 48.8 £ 2.2 489 + 2.2
(€3] 0.78 0.48 0.88
End (8w) 479 + 2.4 46.8 + 2.2 46.8 + 1.7 47.8 £ 2.1
0.29 1.00 0.26
Kidney weight End (8w) 0.20 £+ 0.02 0.22 + 0.03 0.21 £+ 0.02 0.21 + 0.02
(€3] 0.34 0.77 0.87
Liver weight End (8w) 2.56 £+ 0.30 2.25 £ 0.10 2.36 £0.19 2.61 £ 0.09
@ 0.005 0.18 0.006

Clinical variables are shown as mean and standard deviation. The pairwise comparisons were performed by Student's t-test. A P-value <0.05 was considered statis-
tically significant (shown in bold). Abbreviations: VG, vehicle-gavaged db/db mice (N = 10); SGLT2i, SGLT2i-treated db/db mice (N = 10); SGLT2i + MET, SGLT2i and
metformin-treated db/db mice (N = 10); MET, metformin-treated db/db mice (N = 10); 6w, 6 weeks; 8w, 8 weeks.

@ Compared SGLT2i with VG.
b Compared SGLT2i + MET with SGLT2i.
¢ Compared SGLT2i + MET with MET.
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metabolite value (SGLT2 vs. VG, SGLT2 + MET vs. SGLT2i, and SGLT2i
+ MET vs. MET). To account for multiple testing for the linear models,
Bonferroni correction was first applied, this led to P-value <0.05/457 =
1.09 x 10~ for the kidney, P-value <0.05/389 = 1.29 x 10~ * for the
liver, P-value <1.10 x 10~* for the muscle, P-value <2.16 x 10~* for the
fat, and P-value <0.05/351 = 1.42 x 10~ for the plasma. Furthermore,
metabolites with P-value <0.05 were considered to be statistically
significantly different.

For clinical variables, we pairwise compared the values among four
db/db mice groups using Student's t-test (SGLT2 vs. VG, SGLT2 + MET
vs. SGLT2i, and SGLT2i + MET vs. MET). To evaluate the changes of
clinical phenotypes during the two week treatment, linear mixed effects
models were used.

All statistical analyses were performed in R (version 4.1.2).

2.5. Pathway analyses

Pathways analyses were performed using databases, such as the
Human Metabolome Database [28], and the Kyoto Encyclopedia of
Genes and Genomes [29], by considering tissue and organ specificity in
addition to literature research.

2.6. Data and resource availability

The data sets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

3. Results
3.1. Characteristics of mouse groups

All four groups of db/db mice studied here (VG, SGLT2i, SGLT2i +
MET, and MET) had comparable values of blood glucose, insulin, lactate,
and body weight at the start (i.e. pre-treatment, 6 weeks, Table 1). After
two weeks of treatment with vehicle and drugs, the mice with the post-
treatment (8 weeks) experienced a reduction in blood glucose levels of
approximately 21, 298, 309, and 132 mg/dL for the VG, SGLT2i, SGLT2i
+ MET and MET groups, respectively (Table 2). We observed similar
reductions in body weight of approximately 1.4 g in VG, 2.8 g in SGLT2i,
2.0 g in SGLT2i + MET, and 1.1 g in MET groups. Since the reductions
were also observed in the control group, we further pairwise evaluated
these changes using linear mixed effects models. We found significant
(P-value <0.05) reduction in blood glucose, insulin, and body weight
when comparing SGLT2i with the control VG mice. Moreover, the
combination therapy significantly decreased body weight compared to
that in SGLT2i monotherapy (Table 2). When comparing the combina-
tion therapy with metformin monotherapy (SGLT2i + MET vs. MET), we
observed significant decreases in blood glucose, insulin, and body
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weight, along with an increase in lactate level between post-treatment
and pre-treatment (Table 2).

3.2. Identification of SGLTZ2i-specific metabolites in five tissues

To identify metabolites altered by SGLT2i monotherapy, we con-
ducted pairwise comparisons between the SGLT2i group and the VG
control across each tissue using linear regression analysis. Significant
changes in metabolite profiles were observed. Specifically, in the kid-
ney, 113 metabolites significantly altered (P-value <0.05), with 6
meeting the Bonferroni correction threshold (P-value <1.09 x 10’4,
Fig. 2A). In the liver, muscle, fat, and plasma, there were 136, 31, 8, and
138 significantly changed metabolites, respectively, with 18 in the liver,
2 in the muscle, 1 in fat, and 17 in plasma also reaching Bonferroni
significance (Fig. 2A). Notably, two metabolites, 3-hydroxybutyric acid
(3HBA, a ketone body) and an unidentified compound designated as
metabolite X-12465, were found at consistently higher levels in the
SGLT2i group compared to VG across all five tissues (Fig. 2B, Table S1).

In the liver of SGLT2i-treated mice compared to VG controls, we
observed a significant reduction in glycogenolysis-related metabolites,
such as maltotriose and maltotetraose (Fig. 3A, Table S2). Conversely,
significantly higher levels of metabolites associated with the fatty acid
oxidation pathway, including malonylcarnitine and acetylcarnitine, as
well as free fatty acids-related metabolites (e.g., laurate, myristate,
palmitate, and oleate) were observed (Fig. 3B, Table S3). In the kidneys,
SGLT2i treatment correlated with elevated levels of metabolites in the
lipolysis pathway, including glycerol, glycerol-2-phosphate and
glycerol-3-phosphate (Table S3).

Across multiple tissues, the comparison between SGLT2i-treated
mice and VG controls revealed a consistent elevation in metabolites
involved in protein metabolism. Notably, the branched-chain amino
acids (BCAAs) such as leucine, isoleucine, and valine were significantly
higher in the kidney, liver, muscle, and plasma (Fig. 4, Table S4). The
plasma also showed significant higher levels in BCAA catabolites,
including isovalerylglycine and 3-methyl-2-oxovalerate, in the SGLT2i
group.

Our observations also revealed a metabolic profile consistent with
the clinically observed lower blood glucose levels in SGLT2i-treated
mice when compared to VG controls (Table 1). In line with these clin-
ical observations, glucose levels were significantly lower in the liver,
muscle, and fat tissues of the SGLT2i group (Fig. 3C, Table S5). On the
other hand, the kidneys of SGLT2i-treated mice exhibited a higher level
in metabolites associated with gluconeogenesis, such as phosphoenol-
pyruvate, 2-phosphoglycerate, and 3-phosphoglycerate, indicating a
tissue-specific response to the treatment (Table S5).

Table 2
Pairwise comparison of phenotypic changes of db/db mice groups between the two weeks treatment.
Clinical variables VG P-value * SGLT2i P-value " SGLT2i + MET P-value ¢ MET
Changed blood glucose (mg/dL) —21 (49) —298 (51) —309 (37) —132 (66)
<0.001 0.57 <0.001
Changed insulin (pg/L) 0.5 (1.9) -1.2(1.8) -1.2(2.7) 1.3(1.6)
0.049 0.97 0.018
Changed lactate (mmol/L) 3.0 (1.9) 1.8 (1.8) 1.8 (0.9) 3.0 (1.0)
0.17 0.90 0.013
Changed body weight (g) —1.4 (0.7) —2.8 (0.6) —2.0 (0.6) -1.1(0.2)
<0.001 0.009 <0.001

Clinical variables are shown as changed mean and standard deviation between post-treatment (8 weeks) and pre-treatment (6 weeks). The changes between two groups
were evaluated with the linear mixed effects models. A P-value <0.05 was considered statistically significant (shown in bold). Abbreviations: VG, vehicle-gavaged db/
db mice; SGLT2i, SGLT2i-treated db/db mice; SGLT2i + MET, SGLT2i and metformin-treated db/db mice; MET, metformin-treated db/db mice.

@ Compared SGLT2i with VG.
b Compared SGLT2i + MET with SGLT2i.
¢ Compared SGLT2i + MET with MET.
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Number of overlapped significant metabolites, and comparisons of the relative concentration of X-12465 presented as boxplots in the kidney, liver, muscle, fat, and
plasma between SGLT2i and VG mice. Abbreviations: SGLT2i, SGLT2 inhibitor-treated db/db mice; VG, vehicle-gavaged db/db mice.

3.3. Identification of tissue-specific metabolites for the combination

therapy

To identify metabolites uniquely altered by combination therapy
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with SGLT2i and metformin, we compared the SGLT2i + MET group to
the SGLT2i monotherapy group across all five tissues. We found that 63,
45, 27, 17, and 47 metabolites were significantly altered (P-value

<0.05) in kidney, liver, muscle, fat, and plasma, respectively (Fig. 5B).
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For instance, pipecolate levels were significantly higher in the SGLT2i +
MET group compared to the SGLT2i group in the kidney, liver, muscle,
and plasma (Table S4). While the ketone body showed no significant
differences, their relative concentrations were generally lower in the
SGLT2i + MET group across all tissues examined (Fig. 2B, Table S1).

In terms of glycogenolysis, the metabolite levels were similar when
comparing combination therapy to SGLT2i monotherapy. However,
metabolites in the fatty acid oxidation pathway, such as malonylcarni-
tine and acetylcarnitine in the liver, and key gluconeogenesis in-
termediates  like  glucose,  phosphoenolpyruvate, and  3-
phosphoglycerate in the kidneys, were significantly lower under the
combination therapy (Fig. 3A, B, C, Tables S2, S3, S5). Furthermore,
combination therapy resulted in lower levels of various metabolites
related to protein catabolism. This included reductions in leucine in the
kidneys; valine in the liver, muscle, fat, and plasma; and leucine,
isoleucine, and isovalerylglycine in the plasma when compared to
SGLT2i monotherapy (Fig. 4, Table S4).

In a subsequent analysis, we compared the effects of combination
therapy with metformin monotherapy. Notably, levels of 3HBA were
significantly elevated in the combination therapy group across all five
tissues examined (Fig. 2B, Table S1). Additionally, plasma levels of

glucose, lactate, and pyruvate were significantly lower in the SGLT2i +
MET group compared to the MET group (Fig. 3C, Table S5), aligning
with the clinical phenotypic changes between the two weeks treatment
for both glucose and lactate (Table 2).

4. Discussion and conclusion

In our comprehensive study, we assessed the phenotypic and meta-
bolic consequences of SGLT2i both as a monotherapy and in conjunction
with metformin in four groups of db/db mice. This was facilitated by
analysis of 861 metabolites across five tissues, kidney, liver, muscle, fat,
and plasma. Our findings indicated that SGLT2i monotherapy promi-
nently amplified several metabolic pathways, such as lipolysis, glyco-
genolysis, protein catabolism, gluconeogenesis, fatty acid oxidation, and
notably, ketogenesis, with the liver showing particularly heightened
activity (Fig. 5A).

We then observed that the dual regimen of SGLT2i and metformin
markedly mitigated the activity within the protein catabolism and
gluconeogenesis pathways, most notably within the renal tissue
(Fig. 5C). This suggests that the combination therapy not only coun-
terbalances the potential adverse effects of SGLT2i monotherapy, such
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as DKA, but may also alleviate the risk associated with metformin
monotherapy, namely lactic acidosis.

One of the key findings of our study is that 3HBA levels are signifi-
cantly higher across all five tissues in mice treated with SGLT2i mono-
therapy, indicating activation of tissue-specific metabolic pathways
(Fig. 5A). The metabolite 3HBA is one of the most abundant ketone
bodies, predominantly produced from fatty acid oxidation-derived
acetyl-coenzyme A (CoA) through hepatic ketogenesis during periods
of caloric restriction (e.g., fasting). Our observation of higher levels of
fatty acids suggests that SGLT2i monotherapy promoted hepatic fatty
acid oxidation (Figs. 3B, 5A). Ketone body's metabolism plays a central
role in physiological homeostasis as a source of energy for extrahepatic
tissues such as the brain, heart, muscle, or kidney, and functions as a
direct modulator of intracellular nutrient signals [30-33]. 3HBA was
found to suppress glycogen synthase kinase (GSK) 3f and resulted in
improved outcomes in terms of albuminuria and diabetic kidney disease
in a murine model (Fig. 6A) [30]. In addition, it has been shown to
suppress GSK3a [34]. It is widely recognized that the inhibition of
GSK3p and GSK3o promotes glycogen synthase in liver and muscle
[35,36]. However, it has been reported that SGLT2 inhibitors can acti-
vate the expression of phosphorylated GSK3 in renal proximal tubular
cells (Fig. 6A) [37]. Our findings indicate that mice treated with SGLT2i
exhibited lower levels of glycogens, specifically maltotriose and malto-
tetraose, in the liver (Fig. 3A). This can be attributed to the SGLT2i-
induced decrease in glucose levels, which subsequently leads to a
reduction in insulin levels (Fig. 6A, Table 2). The decrease in insulin
levels further enhances the activity of GSK3p and GSK3a [38]. As a

consequence, the glycogen level in the liver decreases (Fig. 6A).

Growing evidence from recent studies has demonstrated that
elevated ketone bodies resulting from SGLT2i have renoprotective ef-
fects. Our observation of raised 3HBA, attributed to enhanced lipolysis
and protein catabolism, including the metabolism of ketogenic amino
acids, by SGLT2i monotherapy, provides additional support to the sys-
temic organ protective mechanisms of the inhibitor. Tomita et al. re-
ported that SGLT2i led to an increase in the concentration of ketone
bodies, which subsequently inhibited mechanistic target of rapamycin
complex 1 (mTOR1) in the kidney [32]. mTOR1-associated epithelial
injury in the glomeruli was attenuated by ketone supplementation, and
SGLT2i-treated mice and ketone supplementation significantly pre-
vented tubulointerstitial fibrosis, inflammation, and apoptosis of prox-
imal tubular epithelial cells [32].

Despite the potential benefits of the inhibitor of SGLT2, it is impor-
tant to recognize that SGLT2i monotherapy can also have adverse ef-
fects. SGLT2i may lead to excessive progression of the protein
catabolism and lipolysis, resulting in skeletal muscle loss and significant
body weight loss, particularly in non-obese patients [11,12]. Given the
global trend of an aging society and the increasing prevalence of elderly
patients with T2D, it becomes important to address the physical chal-
lenges faced by this population, such as muscle weakness and sarcopenia
[39,40]. T2D can further exacerbate these physical dysfunctions
[39,41,42]. Therefore, it is necessary to find treatments that do not
contribute to muscle weakness and sarcopenia, especially in elderly
patients with T2D. Several previous studies have investigated changes in
body composition after SGLT2i therapy [11,12]. These studies have
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indicated that SGLT2i therapy can lead to changes not only in body
weight and fat mass, but also in muscle mass.

In the present study, we have shown that SGLT2i and metformin
combination therapy may attenuate the adverse effects of SGLT2i or
metformin monotherapy (Fig. 6B). We observed that the combination
therapy attenuated levels of the ketone body in all five tissues, as well as
metabolites associated with the protein catabolism, and gluconeogenesis
in the kidney when compared to SGLT2i monotherapy (Fig. 5A, B). Our
study provides additional evidence that the combination therapy may
have a potential benefit in reducing the risk of DKA. The use of SGLT2i
can cause DKA which is characterized by a functional state of starvation
associated with excessive production and accumulation of ketones [10].
The U.S. Food and Drug Administration has previously issued a warning
regarding the potential risk of euglycemic ketoacidosis associated with
SGLT2i use and a total of 73 cases of ketoacidosis in patients with dia-
betes using SGLT2i have been reported [10]. Our observation of atten-
uated levels of systemic ketone body in the combination therapy may be
due to the reduction in protein catabolism and the consequent ketogenic
amino acid metabolism (Fig. 5C).

Overall, lactate levels were generally consistent across the four db/
db mouse groups in all the examined tissues. An exception was noted in
the plasma, where lactate levels were significantly lower in the group
receiving combination therapy compared to the group treated with
metformin alone (Table S5). This finding suggests that the risk of lactic
acidosis could potentially be lower with the combination therapy than

with metformin monotherapy, a hypothesis that gains support from the
accompanying reduction in plasma levels of glucose and pyruvate,
precursors to lactate, in the SGLT2i + MET group relative to the MET
group (Fig. 6B, Table S5). These results imply that the combination of
SGLT2i and metformin may exert a synergistic effect that not only en-
hances glycemic control but also reduces the substrate availability for
lactate production, thereby possibly diminishing the likelihood of lactic
acidosis.

The combination therapy may offer additional benefits beyond
improved glycemic control, as we previously reported [19]. In the cur-
rent study, we observed higher levels of pipecolate in kidney, liver,
muscle, and plasma of mice treated with the combination therapy
compared to those treated with SGLT2i monotherapy (Table S4). Pipe-
colate has been shown to possess antioxidant properties and promote
extended cell survival in various cell lines and in vitro experiments,
including HEK293 cells, RAW264.7 cells, oocytes, and myotubes
[43-46]. These findings suggest that the increased levels of pipecolate
resulting from combination therapy have multiple tissue-protective ef-
fects, including antioxidant, anti-inflammatory, and prolonged cell
survival [43,47]. One mechanism through which pipecolate exerts its
tissue-protective effects is by enhancing mTOR1 activity (Fig. 6A)
[43,46]. Pipecolate can stimulate protein synthesis rates and influence
lysine on protein turnover [46]. While mTOR1 inhibition by 3HBA in
SGLT2i monotherapy can be beneficial, excessive inhibition of mTOR1
may have adverse effects. The combination therapy may help mitigate
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these concerns by activating mTOR1 through increased pipecolate levels
(Fig. 6A).

While we have previously highlighted the synergistic benefits of this
combination therapy, it is indeed crucial to also consider its potential
limitations. Notably, SGLT2i are known to offer cardioprotective effects
through the activation of AMPK and SIRT1 pathways [48]. Metformin,
which also activates AMPK, may potentially dampen the SGLT2i-
dependent cardioprotective effects if AMPK is predominantly activated
by metformin in the combination therapy [49]. Furthermore, a meta-
analysis has indicated that combination therapy is associated with a
doubled risk of genital infections and diarrhea when compared to the
use of either metformin or SGLT2 inhibitors alone [50]. These consid-
erations are important for the clinical management of patients receiving
combined SGLT2i and metformin therapy.

The relationship between GSK3 and mTOR1 is intricate and varies
across different tissues and cells. Previous research has shown that GSK3
can activate mTOR1 by phosphorylating the regulatory-associated pro-
tein of TOR, while it can also inhibit mTOR1 through the tuberous
sclerosis complex 1/2 [51]. Conversely, mTOR1 can suppress GSK3
signaling in vitro [52]. Moreover, the close interaction between mTOR1
and GSK3 is associated with cell proliferation [53]. The cross-talk be-
tween GSK3 and mTOR1 may contribute to the phenotypic changes
observed in various tissues of patients with T2D based on different
treatments. Unraveling this complex issue represents a future challenge
in this field.

A limitation of the current study was that we did not have data on
changes in body composition. A long-term study is needed to determine
the effect of SGLT2i monotherapy and its combination therapy with

metformin in skeletal muscle.

In conclusion, SGLT2i monotherapy may lead to increased protein
catabolism and higher 3HBA levels, potentially causing muscle loss over
time. However, combining SGLT2i with metformin appears to mitigate
this effect, lower the risk of diabetic DKA, and reduce the chance of
metformin-associated lactic acidosis. Furthermore, the interaction be-
tween SGLT2i, metformin, and metabolic pathways involving GSK3 and
mTORCI suggests a complex mechanism that requires further investi-
gation. Our findings imply that combination therapy could offer ad-
vantages over monotherapy, specifically in reducing muscle weakness,
DKA, and lactic acidosis risks, but validation through studies with
human data is needed.
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