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Abstract

Type-2 diabetes (T2D) worsens stroke recovery, amplifying post-stroke disabilities. Currently, there are no therapies
targeting this important clinical problem. Sodium-glucose cotransporter 2 inhibitors (SGLT2i) are potent anti-diabetic
drugs that also efficiently reduce cardiovascular death and heart failure. In addition, SGLT2i facilitate several pro-
cesses implicated in stroke recovery. However, the potential efficacy of SGLT2i to improve stroke recovery in T2D

has not been investigated. Therefore, we determined whether a post-stroke intervention with the SGLT2i Empagli-
flozin could improve stroke recovery in T2D mice. T2D was induced in C57BL6J mice by 8 months of high-fat diet
feeding. Hereafter, animals were subjected to transient middle cerebral artery occlusion and treated with vehicle

or the SGLTi Empagliflozin (10 mg/kg/day) starting from 3 days after stroke. A similar study in non diabetic mice

was also conducted. Stroke recovery was assessed using the forepaw grip strength test. To identify potential mecha-
nisms involved in the Empagliflozin-mediated effects, several metabolic parameters were assessed. Additionally,
neuronal survival, neuroinflammation, neurogenesis and cerebral vascularization were analyzed using immunohis-
tochemistry/quantitative microscopy. Empagliflozin significantly improved stroke recovery in T2D but not in non-
diabetic mice. Improvement of functional recovery was associated with lowered glycemia, increased serum levels

of fibroblast growth factor-21 (FGF-21), and the normalization of T2D-induced aberration of parenchymal pericyte
density. The global T2D-epidemic and the fact that T2D is a major risk factor for stroke are drastically increasing

the number of people in need of efficacious therapies to improve stroke recovery. Our data provide a strong incentive
for the potential use of SGLT2i for the treatment of post-stroke sequelae in T2D.
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Introduction

Stroke is the third-leading cause of death and disability
worldwide [1]. About 30% of ischemic stroke patients
have diagnosed type 2 diabetes mellitus (T2D) [2], which
is an established predictor of poor functional outcome
[3, 4] and hampered recovery after stroke [5-7], thereby
further amplifying the global disability burden. Although
both pharmacological and lifestyle change strategies can
reduce stroke risk in T2D [8-11], there are currently no
effective therapies targeting impaired post-stroke recov-
ery, emphasizing the necessity for new pharmacological
treatments.
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Hyperglycemia during acute ischemic stroke is an inde-
pendent predictor of worsened post-stroke recovery [7,
12, 13]. However, intensive interventions targeting acute
hyperglycemia did not result in improved functional out-
come [14], and clinical studies focused on chronic post-
stroke hyperglycemia regulation are lacking. Recently,
pre-clinical studies from our group have demonstrated
that the normalization of hyperglycemia by glucagon-like
receptor 1 (GLP-1R) activation or by dipeptidyl pepti-
dase-4 (DPP-4) inhibition in the chronic, post-acute
phase after stroke was associated with improved post-
stroke functional recovery in obese/diabetic mice [15,
16]. However, in these studies, attenuation of hypergly-
cemia was accompanied by the normalization of insulin
resistance and an overall improvement of glucose metab-
olism, making it impossible to determine whether the
chronic regulation of hyperglycemia per se bears thera-
peutic value. Additionally, the efficacy mediated by direct
neurotrophic properties of GLP-1R agonists and DPP-4
inhibition independently from metabolic regulation can-
not be excluded.

Sodium-glucose cotransporter-2 inhibitors (SGLT2i)
are emerging anti-diabetic drugs that normalize hyper-
glycemia by blocking renal proximal tubular glucose
reabsorption [17]. Furthermore, these drugs offer a broad
range of beneficial effects beyond glycemic control, such
as a reduction of weight [18] and of TD2-induced inflam-
mation [19, 20]. Moreover, SGLT2i decrease the risk of
hypoglycemic events [21] and exert beneficial effects on
the cardiovascular system, not only by lowering hyper-
tension [22] and ameliorating endothelial dysfunction
[23, 24], but also by significantly improving cardiovas-
cular outcomes [25, 26]. More specifically, in the EMPA-
REG OUTCOME trial, the SGLT2i Empagliflozin
exhibited significant cardiovascular benefits indepen-
dently of HbAlc levels [27], stemming the international
recommendations for T2D patients with cardiovascular
disease to receive SGLT2i treatment in addition to met-
formin, regardless of baseline HbAlc levels [28]. Even
though the effects of Empagliflozin on stroke risk were
neutral [27], SGLT2i could improve post-stroke recovery
in T2D due to their potent anti-glycemic effects as well
as their impact on several processes implicated in stroke
recovery. Indeed, recent literature demonstrated that a
pre-stroke treatment with SGLT2i induces ischemic tol-
erance after stroke [29]. Moreover, SGLT2i can positively
impact brain metabolism, even in non-diabetic condi-
tions, as evidenced by both pre-clinical [30-32], and clin-
ical studies [33].

Because of the above reported effects to modulate
important processes involved in stroke recovery, and
the well-known effects on attenuation of hyperglyce-
mia, we hypothesized that SGLT2 inhibition could play
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a beneficial role in stroke recovery in T2D. Therefore, the
aim of this study was to determine in a clinically relevant
murine model of T2D and stroke whether the SGLT2i
Empagliflozin improves post-stroke recovery when
administered chronically in the post-stroke recovery
phase. We also investigated whether potential recovery
effects of Empagliflozin were associated with the regula-
tion of glycemia and/or affected other factors involved in
stroke recovery, i.e. fibroblast growth factor 21 (FGF-21)
[34, 35], increased production of ketone bodies [36, 37],
stroke-induced neurogenesis [38, 39], neuroinflamma-
tion [40] and post-stroke neovascularization [41].

Materials and methods

Animals

Eighty C57BL/6]Rj mice (Janvier Labs, France) were used
in this study. Mice were housed in environmentally con-
trolled conditions (22+0.5 °C, 12/12 h light/dark cycle
with ad libitum access to food and water). The mice were
kept under pathogen free conditions in type III size indi-
vidually ventilated cages with wood chip bedding and
nest material.

Sample size calculation

Group sizes were determined based on &~ 20% effect size
between groups in functional recovery with a =0.05 and a
statistical power of 90%. Standard deviation used in sam-
ple size calculation was obtained from pilot experiments.
The analyses suggested the sample size of minimum n=5
per group. However, after taking into consideration the
success rate of stroke surgery, mortality and likelihood of
statistical outliers, the experimental groups were set at
n=10-15 each.

Experimental design
Diabetic study
Starting at four weeks of age, mice were kept on either
standard laboratory chow (n=20, hereafter referred
to as non-T2D group) or high fat diet (HFD; n=40,
60% energy from saturated fat, hereafter referred to as
T2D) for 8 months. Obesity and T2D were confirmed
by a body weight increase >20%, fasting glucose levels
>7 mmol/L, hyperinsulinemia, and decreased insulin
sensitivity. Then, mice were subjected to transient middle
cerebral artery occlusion (tMCAO) (n=15 for non-T2D
and n=30 for T2D) or sham surgery (n=5 for non-T2D
and n=10 for T2D). After tMCAOQ, all T2D mice were
switched to SD, to reflect the clinical situation of a bal-
anced post-stroke diet. 5 animals in the T2D group and
3 in the non-T2D group were euthanized shortly after
tMCAO because the humane endpoint was reached.
Three days after stroke, the remaining T2D mice were
randomized in two experimental groups and per orally
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b. Non-diabetic study
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Fig. 1 Experimental design of the studies. a 4-week-old male C57BL6/J mice were fed for 8 months with SD or HFD. Stroke was then induced
experimentally by 30 min tMCAQ and the mice on HFD were then changed to SD for the entire duration of the recovery phase. Three days

after stroke, T2D mice were randomized in two groups: a group receiving 10 mg/kg/day Empadliflozin and a VH-group. During the recovery phase,
behavioral tests were performed once weekly for 5 weeks. Serum was collected before stroke and at two and five weeks after stroke. The metabolic
state of the animals was characterized before stroke to confirm T2D, and at 2 weeks after stroke to confirm efficacy of Empagliflozin treatment.

At 5 weeks after stroke, mice were sacrificed to collect brains for immunohistochemistry and serum for assessment of metabolic parameters. b
3-month-old mice were subjected to tMCAQ surgery with a 30 min occlusion. Three days after tMCAQ, mice were randomized in 2 groups: a group
receiving 10 mg/kg/day Empagliflozin and a VH-group. Behavioral tests were performed once weekly for 3 weeks. HFD = high-fat diet, SD =standard
diet, ITT=insulin tolerance test, E=10 mg/kg/day Empagliflozin p.o., VH=vehicle (0.5% methylcellulose), tMCAO = transient middle cerebral artery

occlusion

treated daily with vehicle (0.5% methylcellulose solution,
n=12, hereafter referred to as T2D-VH) or the SGLT2i
Empagliflozin (Boehringer-Ingelheim, Germany) (n=13,
10 mg/kg of body weight, hereafter referred to as T2D-
E). We specifically chose this delayed treatment to rule
out potential acute neuroprotective effects mediated by
Empagliflozin. Non-T2D animals were also treated with
vehicle starting 3 days after stroke. Sham-operated ani-
mals were also randomized to either vehicle treatment
(n=5 for non-T2D and T2D-VH) or Empagliflozin treat-
ment (n=5). Forelimb sensorimotor function (Forelimb
grip test, see below) was measured weekly for 5 weeks
(timepoint where non-T2D mice were fully recovered).
Then, all mice were sacrificed, and brains and serum
samples were collected for analysis. See Fig. la for the
experimental design.

Non-diabetic study

In this experiment, 20 adult male C57BL/6 ] mice were
subjected to tMCAO surgery. Shortly after tMCAO, 6
mice were euthanized because the humane endpoint
was reached. Three days after stroke, mice were ran-
domized in two experimental groups and per orally
treated daily with either vehicle (0,5% methylcellulose
solution, n=7, hereafter referred to as SD-VH) or the
SGLT2i Empagliflozin (10 mg/kg of body weight, n=7,
hereafter referred to as SD-E). Forelimb sensorimotor
function was measured weekly during 3 weeks (time-
point where SD-VH mice fully recovered). See Fig. 1b
for the experimental design.

Transient middle cerebral artery occlusion

Stroke was induced by tMCAO using the intraluminal
filament technique as described previously [42]. Briefly,
mice were anesthetized by inhalation of 3% isoflurane
and throughout surgery, anesthesia was maintained
by 1.5% isoflurane. Using a heated pad with feedback
from a thermometer, body temperature of animals
was kept at 37-38 °C. Left external (ECA) and internal
(ICA) carotid arteries were exposed and a 7-0 silicone-
coated monofilament (total diameter 0.17-0.18 mm)
was inserted into the ICA until the origin of the MCA
was blocked. The occluding filament was removed after
30 min. Cerebral blood flow in the vicinity of MCA
was monitored by Laser Doppler Blood Flow Moni-
tor (Moor Instruments Ltd, UK), and no differences
between the groups were observed (data not shown).
Stroke induction was considered unsuccessful when
the occluding filament could not be advanced within
the internal carotid artery beyond 7-8 mm from the
carotid bifurcation, or if mice lacked symptoms of neu-
rological impairment based on the neurological severity
score [43]. After surgery, all mice were given analgesic
(Carprofen, 5 mg/kg) and soft food.

Fasting glycemia and ITT

Fasting glycemia was measured after an overnight (ON)
fasting via blood from a tail tip puncture and a glucom-
eter. For insulin tolerance tests (ITT), mice were fasted
for 2 h. Hereafter, baseline glucose levels were measured.
Then, mice were injected intraperitoneally (i.p.) with
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0.5 U/kg human insulin and blood glucose levels were
measured at 15, 30, 45, 60, 75 and 90 min after injec-
tion. Area under the curve was computed for statistical
analysis.

Assessment of sensorimotor function

To assess sensorimotor function, forelimb grip strength
was tested as previously described [44]. Briefly, mice were
held firmly by the body and allowed to grasp the grid
with the affected forepaw. Hereafter, they were dragged
backwards until their grip was broken. Grip strength was
measured using a grip strength meter (Harvard appa-
ratus, MA, USA) at 3 days and 1-5 weeks after stroke
induction. Ten trials were performed, and the highest
value was recorded.

Immunohistochemistry

Mice were anesthetized using an i.p. injection with an
overdose of sodium pentobarbital. Hereafter, blood was
collected via cardiac puncture and mice were perfused
transcardially using phosphate-buffered saline (PBS) fol-
lowed by a 4% ice-cold paraformaldehyde (PFA) solution.
Brains were harvested and stored ON in 4% PFA at 4 °C.
After 24 h of fixation, brains were transferred to PBS con-
taining 25% sucrose and stored at 4 °C until they sank.
Then, 30 pum thick coronal sections were cut using a slid-
ing microtome, and sections were stored at — 20 °C in
anti-freeze solution.

Immunohistochemical stainings were performed using
the free-floating method. Briefly, sections were washed in
PBS three times to remove anti-freeze solution. For visu-
alization with 3—3’-Diaminobenzidine (DAB), quenching
of endogenous peroxidases was performed by a 20 min
incubation at RT in a PBS-solution containing 3% H,O,
and 10% methanol. For immunofluorescent DCX/Ki67
staining, sections were subjected to antigen retrieval
by a 15 min incubation in citrate solution (pH=46.0)
at 95 °C. For immunofluorescent CD13, podocalyxin
(PDXL), and NG2 stainings, sections were blocked with
5% serum with 0.25% triton-X100-PBS for 1 h at RT. For
both DAB and immunofluorescent stainings, sections
were incubated ON at 4 °C in PBS containing primary
antibody, 3—5% normal serum and 0.25% Triton-X-100.
For NeuN staining, sections were incubated in primary
antibody solution for 48 h. The following primary anti-
bodies were used: mouse anti-NeuN, a neuronal marker
(1:500, #MAB377, Millipore, RRID:AB_2298772); goat
anti-Ibal, a marker for microglia (1:1000, Ab5076,
Abcam, RRID:AB_2220422); anti-DCX (doublecortin),
a marker for migrating neuroblasts (1:200, sc-271390,
Santa Cruz Biotechnology, RRID:AB_10610966); anti-
Ki67, a marker for cell proliferation (1:300, ab15580,
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Abcam, RRID:AB_443209); goat anti-PDXL, a marker
for endothelial cells (1:200, #AF1658, R&D Systems,
RRID:JLD0117051); rat anti-CD13, a marker for pericytes
(1:200, #MCA2183, Biorad, RRID:152021); rabbit anti-
NG2, a marker for activated pericytes (1:200, #AB5320,
Millipore, RRID:3517406); rabbit anti-albumin (1:200,
ab19196, Abcam, RRID:GR3271594-14); rabbit anti-
fibrinogen (1:400, ab27913, Abcam, RRID:GR28863-14).
After incubation in primary antibody solution, sections
were washed and then incubated 2 h at RT in PBS con-
taining secondary antibody, 3-5% normal serum and
0.25% Triton-X-100. The following secondary antibod-
ies were used: biotinylated horse anti-mouse (1:200,
#BA-2000, Vector Laboratories, RRID:AB_2313581);
biotinylated horse anti-goat (1:200, #BA-9500, Vector
Laboratories, RRID:AB_2336123); Alexa-488 conju-
gated horse anti-rabbit (1:200, DI-1088, Vector Labora-
tories, RRID:AB_2336403); Alexa-584 conjugated horse
anti-mouse  (1:200, DI-2594, Vector Laboratories,
RRID:AB_2336412); Alexa-488 conjugated donkey anti-
rabbit (1:500, #711-545-152, JacksonImmuno Research,
RRID:156009); Alexa-546 conjugated donkey anti-goat
(1:500, #A11056, Invitrogen, RRID:997810); Cy5 conju-
gated donkey anti-rat (1:500, #712-175-150, JacksonIm-
muno Research, RRID:148159). For DAB-visualization,
incubation with biotinylated secondary antibody was fol-
lowed by incubation with avidin—biotin complex accord-
ing to manufacturer’s instructions (Vectastain Elite ABC
kit, Vector Laboratories), followed by visualization by
DAB. For DCX/Ki67 staining, incubation with secondary
antibody solution was followed by a 30 s incubation with
PBS containing 1:10 000 DAPI.

Quantitative microscopy and image analysis

Ischemic stroke volume assessment

Ischemic volume was measured using all serial sec-
tions containing visual ischemic damage. Briefly, NeuN-
labelled sections were displayed live on a computer
monitor using a 1.25X lens. Volume of the whole con-
tralateral, non-damaged hemisphere, and of the intact
part of the ipsilateral, stroke-damaged hemisphere was
determined using the Cavalieri Estimator probe (Stere-
olnvestigator, MBF Bioscience, USA). The ischemic vol-
ume was then determined by subtracting the ipsilateral
volume from the entire contralateral volume, thus adjust-
ing for stroke-induced tissue shrinkage.

Assessment of neuroinflammation

The Fiji opensource image analysis software was used
to evaluate Iba-1 immunoreactivity [45]. Briefly, images
of Iba-1 staining in striatum were acquired at 20 X mag-
nification using the Olympus BX40 microscope. Images
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were then converted into grayscale (8-bit) mode and
thresholded. The lowest Iba-1 immunoreactivity in the
non-T2D group was used as baseline to determine the
threshold. For each hemisphere, 3 images containing
>90% of the striatum were analyzed, resulting in a total
of 9 pictures analyzed per hemisphere per animal. The
Iba-1* area was measured and expressed as percentage
of total area. Animals with an ipsilateral Iba-1 response
less than 1.5-fold compared to their contralateral hemi-
sphere were classified as non-responders and excluded
from analysis.

Assessment of neurogenesis

Manual counting of Ki67 in the subventricular zone and
of DCX in striatum was performed on three coronal
brain sections using the Olympus BX40 microscope. The
first section was selected based on its anatomical location
along the rostral-caudal axis (approximately 1 mm from
Bregma). The second and third sections were 300 and
600 pm caudal from the first section, respectively. The
number of Ki67 +cells in the subventricular zone and of
DCX in the striatum was manually counted in all three
sections using a dry 40 xlens. All counts were performed
by experimenters blinded for experimental groups.

Assessment of vascularization and blood-brain barrier
leakage

Two brain sections were selected for assessing vasculari-
zation, and one brain section was selected for assessing
blood-brain barrier (BBB) leakage. Confocal images were
obtained using a Leica DMi8 confocal microscope. One to
two images per section were taken at 20 X magnification
from the dorsolateral and medial striatum depending on
the dimension of the brain (image size: 775 pm X 775 pm;
z-stack size =10 pum; step size=0.5 pm). The same acqui-
sition settings were applied for each image. Immunohis-
tochemical images were compared to the images from
the NeuN staining to visualize the ischemic core, and the
images from regions outside of the ischemic core were
excluded. Quantification of the vascularization param-
eters and BBB leakage were performed on the maxi-
mum projected and automatically thresholded images
using the area fraction measurement tool of Fiji open-
source image analysis software [45]. The area density
was expressed as the percentage of PDXL and CD13 of
the total image area. Pericyte coverage of the vessels was
obtained by calculating the area of the colocalizing CD13
and PDXL signals and normalizing it to the total PDXL
area of the same image. Activated pericytes were iden-
tified by NG2 [46]. The area of the activated pericytes
was obtained by calculating the area of the colocalizing
NG2 and CD13 signals and normalizing it to the total
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CD13 area of the same image. The density of parenchy-
mal pericytes was calculated on the maximum projected
and automatically thresholded images by subtracting the
colocalizing PDXL/CD13 pixels from the CD13 ones.
For vessel length and branch counts, the maximum pro-
jected images were binarized by automatic thresholding
and skeletonized, and the skeletons were analyzed using
the AnalyzeSkeleton plugin [47] as previously described
[48]. Extravascular fibrinogen and albumin were quanti-
fied to evaluate BBB leakage. PDXL vessels were outlined
to exclude intravascular plasma proteins. Then, by apply-
ing an automatic image threshold, the area covered by
extravascular fibrinogen and albumin was quantified and
expressed as the percentage of the total image area using
the area fraction measurement tool. The image analysis
was scripted and automated using the programming lan-
guage Image] Macro minimizing the potential for human
error or bias.

Quantification of serum insulin, FGF-21

and B-hydroxybutyrate

Serum  concentrations of insulin, FGF-21 and
B-hydroxybutyrate (BHB) were quantified according to
manufacturer’s instructions in serum samples obtained
before stroke and at 2 and 5 weeks after tMCAO (90080,
CrystalChem for insulin; R&D Systems MF2100, R&D Sys-
tems for FGF-21, ab93380, Abcam for B-hydroxybutyrate).

Data and statistical analysis

Data were checked for statistical outliers by using the
ROUT method, and for normality by using the Shapiro—
Wilk normality test.

Parametric tests: For pre- and post-stroke metabolic
parameters and NeuN analysis, Brown-Forsythe and
Welch ANOVA test, followed by two-stage linear step-
up procedure of Benjamini, Krieger, and Yekutieli was
used. For behavioral tests, two-way repeated measures
ANOVA with Geisser-Greenhouse’s correction fol-
lowed by Dunnett T3 was used. For neuroinflammation,
neurogenesis and vascular analysis, two-way repeated
measures ANOVA followed by two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli was used.
All data were analyzed by GraphPad Prism Version 9.0.
Data are expressed as mean * SD. p-values less than 0.05
were considered statistically significant.
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Results

Empagliflozin significantly improves post-stroke functional
recovery in T2D mice in association with the normalization
of glycemia.

As recently published [15, 16, 39], 8 months of HFD-feed-
ing induced obesity (Fig. 2a), decreased insulin sensitivity
(Fig. 2b, c), hyperinsulinemia (Fig. 2d) and hyperglycemia
(Fig. 2e).

To assess the potential efficacy of Empagliflozin to
improve stroke recovery, forepaw grip strength recov-
ery was followed up for 5 weeks after tMCAO. After
tMCAO, non-T2D mice recovered fully within 5 weeks
while T2D-VH mice remained significantly impaired
(Fig. 2f, g). Importantly, Empagliflozin treatment com-
pletely normalized the T2D-induced worsening of stroke
recovery (Fig. 2f, g). No differences in stroke volume
were observed between groups (Fig. 2h), demonstrat-
ing that the improved recovery was not due to differ-
ences in infarct size mediated by Empagliflozin-induced
neuroprotection.

To investigate the potential association between Empa-
gliflozin-induced improved recovery and metabolic
changes, we analyzed several metabolic parameters after
stroke. In accordance with previous studies [49-51],
tMCAO and subsequent switch from HFD to SD induced
significant weight loss in the first two weeks after tMCAO
in all T2D mice, without significant differences between
T2D-VH (- 34+3%) and T2D-E (— 28+7%) groups
(Fig. 2i). At 2 weeks after stroke, all T2D mice were still IR
(Fig. 2j, k) and hyperinsulinemic (Fig. 2l), irrespective of
treatment. However, T2D-E mice became normoglycemic
while hyperglycemia was still present in T2D-VH mice,
showing that Empagliflozin efficiently reduced hyperglyce-
mia, but not IR after stroke in our model (Fig. 2m).

Unlike T2D mice subjected to tMCAO, T2D mice
subjected to sham surgery only lost 12% of their initial
body weight during the first two weeks post-diet change,
resulting in differences in the metabolic state between

(See figure on next page.)
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stroke and sham mice (Additional file 1: Fig. Sla). In
sham-operated animals treated with Empagliflozin, a
trend (p=0.112) towards attenuated hyperglycemia was
observed, whereas no effect on insulin sensitivity was
observed (Additional file 1: Fig. S1b—d).

In summary, our results demonstrate that a post-stroke
treatment with Empagliflozin significantly improves
post-stroke recovery, in association with the normaliza-
tion of hyperglycemia.

Improved stroke recovery by Empagliflozin is associated
with increased post-stroke serum levels of FGF-21

but not BHB

Increased FGF-21 levels have been associated with post-
stroke recovery [34]. Moreover, Jiang and colleagues
recently demonstrated that a therapeutic administration
of FGF-21 improves post-stroke recovery in diabetic mice
[35]. Since recent literature has shown that SGLT2i can
increase FGF-21 levels [52], we investigated whether the
improved recovery in the T2D-E group was associated
with increased serum levels of FGF-21. Before stroke, no
difference in FGF-21 levels between non-T2D and T2D
mice was recorded (Fig. 3a). At two weeks after stroke,
FGF-21 levels were significantly decreased in both non-
T2D and T2D-VH mice (Fig. 3a) and remained signifi-
cantly lower than pre-stroke levels in T2D-VH (p=0.01)
at five weeks post-stroke (Fig. 3a). Interestingly the post-
stroke treatment with Empagliflozin resulted in a signif-
icant increase of serum FGF-21 levels, both at two and
at five weeks after stroke (Fig. 3b). Taken together, these
results indicate that stroke decreases serum FGF-21 lev-
els independently of the metabolic state of the animals,
and that Empagliflozin prevents this stroke-induced
reduction, in association with improved recovery.

In accordance with existing literature [53], HFD-
induced T2D significantly increased serum BHB-lev-
els (Fig. 3c). After stroke, there was a trend towards
a decrease in serum BHB (p=0.198 at 2 weeks and

Fig. 2 Effect of Empagliflozin treatment on metabolic parameters and functional recovery after stroke. Effect of 8 months of HFD on weight

(a), insulin sensitivity shown as plotted curve (b) and area under the curve (c), serum insulin levels (d) and fasting glycemia (e). Forepaw grip
strength after stroke shown as plotted curve (f) and area under the curve (g). Ischemic stroke volume (h). Body weight during stroke recovery

(i). Insulin sensitivity, shown as plotted curve (j) and area under the curve (k), serum insulin (I) and fasting glycemia (m) at 2 weeks after stroke.
Data are presented as mean + SD. Statistical significance was calculated using two-way repeated measures ANOVA followed by Benjamini,

Krieger and Yekutieli multiple comparisons test for insulin tolerance tests, forepaw grip strength and post-stroke body weight (b, f, i, j), Welch’s
t-test for weight, area under the curve for ITT, plasma insulin and fasting glycemia before stroke (a, c—e) Brown-Forsythe and Welch’s one-way
ANOVA followed by Benjamini, Krieger and Yekutieli multiple comparisons test for post-stroke area under the curve of grip and ITT, stroke volume,
plasma insulin and fasting glycemia (g, h, k-m). Results were considered significant if p < 0.05. *denotes a significant difference between non-T2D
and T2D-VH, °denotes a significant difference between non-T2D and T2D-E, ‘denotes a significant difference between T2D-VH and T2D-E. *

and *denote p<0.05,**and $denote p<0.01, *** °°and $%5denote p<0.001, **** and ***°denote p < 0.0001. Sample size: a non-T2D n=20, T2D
n=30; b, cn=5in both non-T2D and T2D; d non-T2D n=6,T2D n=9; e n=15 in both non-T2D and T2D; f, g non-T2D n=12,T2D-VH n=12,T2D-E
n=10;hnon-T2D n=9,T2D-VHn=10,T2D-En=9;inon-T2D n=12,T2D-VH n=12,T2D-E n=13;j, k non-T2D n=8, T2D-VH n=8,T2D-E=9; |
non-T2D n=5,T2D-VH n=5,T2D-En=5; m non-T2D n=8,T2D-VH n=8,T2D-En=9
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Fig. 3 Effect of stroke and Empagliflozin treatment on serum FGF-21 and BHB concentrations. Serum fibroblast growth factor 21 (FGF-21) (a)

and -hydroxybutyrate (BHB) (c) levels before stroke and at 2 and 5 weeks after stroke in non-diabetic controls (non-T2D) and type-2 diabetic mice
(T2D). Serum FGF-21 (b) and BHB (d) levels of T2D mice treated with VH (T2D-VH) and diabetic mice treated daily with 10 mg/kg Empagliflozin
(T2D-E) at 2 and 5 weeks after stroke. The grey area indicates the range of pre-stroke levels of Fgf-21 (b) and BHB (d) in T2D mice. Data are presented
as mean £ SD. Statistical significance was calculated using two-way repeated measures ANOVA followed by Benjamini, Krieger and Yekutieli multiple
comparisons test. Results were considered significant if p <0.05. Sdenotes a significant difference between T2D-VH and T2D-E, "denotes a significant
difference between non-T2D and T2D, *denotes a significant difference compared to pre-stroke in the same group. *denotes p < 0.05, **, %

and *'denote p <0.01. Sample size: n =5-10 per group. At the pre-stroke and intermediate post-stroke timepoint, each data point represents results

from serum pooled from 2-3 animals

p=0.056 at 5 weeks after stroke) in T2D-VH mice com-
pared to pre-stroke levels (Fig. 3c). We found no differ-
ence between T2D-VH and T2D-E mice at either 2 or
5 weeks after stroke (Fig. 3d), indicating that after stroke,
SGLT2i-treatment does not upregulate ketone produc-
tion in T2D mice.

Effect of Empagliflozin treatment on post-stroke
neurogenesis

Stroke-induced neurogenesis has been associated with
improved stroke recovery (reviewed in [39]. Therefore,
we next assessed whether improved functional recovery
by Empagliflozin after stroke was associated with the

regulation of this process. Neural stem cell prolifera-
tion and neuroblast formation were analyzed by quan-
tifying Ki67* cells in the SVZ and DCX* neuroblasts in
the striatum, respectively. No differences in Ki67" cells
were recorded between groups in the SVZ (Fig. 4a). In
accordance with existing literature [51], stroke induced
a significant increase in DCX" cells in the ipsilateral,
stroke-damaged striatum in all three groups (Fig. 4b).
However, there was no difference in the number of
DCX™ cells between the groups (Fig. 4b), suggesting that
improved stroke recovery in the T2D-E group was not
due to increased neurogenesis.
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Fig. 4 Effect of Empagliflozin on neurogenesis after stroke. Number of Ki67* cells in subventricular zone (SVZ) (a) and number of DCX* cells

in striatum (b) of non-diabetic controls (non-T2D), diabetic mice (T2D-VH) and diabetic mice treated with Empagliflozin (T2D-E) after stroke. Data
are presented as mean + SD. Statistical significance was calculated using two-way ANOVA followed by Benjamini, Krieger and Yekutieli multiple
comparisons test. Results were considered statistically significant if p < 0.05. *denotes a difference between the contralateral and ipsilateral
hemisphere within the same group. *denotes p<0.01, ##denotes p <0.001. non-T2D n=6,T2D-VH n=7,T2D-En=8

Effect of Empagliflozin treatment on T2D-induced Iba-1
immunoreactivity

To evaluate stroke-induced neuroinflammation, we quan-
tified Iba-1 immunoreactivity in ipsilateral, stroke-dam-
aged striatum versus the intact contralateral hemisphere.
Stroke induced a significant upregulation of Iba-1 in
ipsilateral striatum compared to contralateral in all three
groups. Notably, this increase was significantly higher in
T2D-VH mice than in non-T2D mice (Fig. 5). However,
Empagliflozin treatment did not significantly decrease
Iba-1 immunoreactivity compared to T2D-VH animals,
although a trend was observed (p=0.103) (Fig. 5). More-
over, we observed no apparent morphological differences
of striatal microglia between groups. In sham-operated
animals, T2D upregulated striatal Iba-1 compared to
non-T2D controls, but no differences between groups
were detected between sham-T2D-VH and sham-T2D-
E animals (Additional file 1: Fig. S2). Taken together,
these data indicate that, at least at 5 weeks after stroke,
improved stroke recovery in Empagliflozin treated ani-
mals is likely not associated with attenuated post-stroke
Iba-1 immunoreactivity.

Effect of Empagliflozin treatment on post-stroke
neovascularization

To investigate whether Empagliflozin treatment has an
impact on the vascular system after stroke, we evaluated
cerebral vascular changes in terms of vessel (PDXL™),
total pericyte density (CD13") and coverage (CD13%/
PDXL™ ratio), vessel length and branching, markers of
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Fig. 5 Effect of Empagliflozin on neuroinflammation after stroke.
Iba-1 expression in striatum of non-diabetic controls (non-T2D),
diabetic mice (T2D-VH) and diabetic mice treated with Empagliflozin
(T2D-E) after stroke. Data are presented as mean + SD. Statistical
significance was calculated using two-way ANOVA followed
by Benjamini, Krieger and Yekutieli multiple comparisons test.
Results were considered statistically significant if p <0.05.
*denotes a significant difference between non-T2D and T2D-VH
in the same hemisphere, *denotes a significant difference
between the contralateral and ipsilateral hemisphere within the same
group. ¥ and *denote p < 0.05, #denotes p <0.001 and **denotes
p<0.0001.non-T2D n=6,T2D-VH n=9,T2D-En=9

pericyte activation (CD13*/NG2%), and BBB leakage by
assessing extravascular albumin and fibrinogen.

In non-T2D mice subjected to stroke, the injury sig-
nificantly increased vascular density, total pericyte den-
sity, parenchymal pericyte density, pericyte coverage, and
density of activated pericytes in the ipsilateral striatum
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compared to the contralateral, indicating post-stroke
angiogenesis (Fig. 6a—e and Additional file 1: Fig. S3).
In T2D-VH stroke mice, total and parenchymal peri-
cyte density, coverage and activation were increased in
the ipsilateral striatum (Fig. 6a—e, Additional file 1: Fig.
S3). In T2D-E animals, stroke upregulated parenchymal
pericyte density and coverage in the ipsilateral striatum
compared to the contralateral hemisphere (Fig. 6a—e and
Additional file 1: Fig. S3).

When comparing ipsilateral hemispheres between
groups, two-way ANOVA revealed a significant increase
in the total pericyte density in the T2D-VH group com-
pared to the non-T2D group, which was normalized by
Empagliflozin treatment (Fig. 6b). Interestingly, groups
did not differ in vascular density (Fig. 6¢c) and had similar
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pericyte coverage of the vessels (Fig. 6d), implicating
that the increased overall pericyte density observed in
the T2D-VH group is due to pericytes located in the
parenchyma. Indeed, we observed a significant increase
in parenchymal pericyte density in the T2D-VH group
compared to the non-T2D group (Fig. 6e). Moreover,
there was a strong trend towards a decreased paren-
chymal pericyte density in the T2D-E group compared
to the T2D-VH group (p=0.061), and no difference
was detected between non-T2D and T2D-E animals
(Fig. 6e). No differences were seen between the three
experimental groups within the contralateral striatum,
with the exception of increased parenchymal pericyte
density in the T2D-VH vs. non-T2D groups, indicating
that T2D impacts the balance between perivascular and
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Fig. 6 Effect of Empagliflozin on vascularization after stroke. Confocal images (A) showing the expression in the striatum of non-diabetic
controls (non-T2D), diabetic mice (T2D-VH) and diabetic mice treated with Empagliflozin (T2D-E) after stroke of CD13 (red) and PDXL (blue)
evaluating vessel density (B), pericyte density (C), pericyte coverage (D) and parenchymal pericyte density (E). White arrows indicate the pericytes
that are not associated with the vessels. Data are presented as mean + SD. Statistical significance was calculated using two-way ANOVA followed
by Benjamini, Krieger and Yekutieli multiple comparisons test. Results were considered statistically significant if p <0.05. *denotes a difference
between non-T2D and T2D-VH, Sdenotes a difference between T2D-VH and T2D-E, *denotes a difference between contralateral and ipsilateral
hemisphere within the same group. Scale bar=50 um. non-T2D n=5,T2D-VH n=5,T2D-E n=6
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parenchymal pericytes (Fig. 6a—e). Pericyte activation
was similarly activated in all groups after stroke (Addi-
tional file 1: Fig. S3). Taken together, these data indicate
that T2D alters parenchymal pericyte density, and that
Empagliflozin-treatment can normalize this effect.

To assess BBB integrity, we examined the presence
of plasma proteins in the brain parenchyma analyzing
two different molecular sizes, albumin (~65 KDa) and
fibrinogen (~340 KDa). We observed no significant dif-
ferences in albumin or fibrinogen extravasation between
the groups, (Additional file 1: Fig. S4). In sham-operated
animals, treatment with Empagliflozin led to a signifi-
cant increase in total and parenchymal pericyte density
and coverage, whereas no differences were found in BBB
integrity between groups (Additional file 1: Fig. S5).

Empagliflozin does not improve post-stroke functional
recovery in non-T2D mice

We next determined whether a post-stroke intervention
with Empagliflozin could improve recovery indepen-
dently of its glycemia-regulating properties. Non-T2D
mice were treated daily with either VH or Empagliflozin
starting from 3 days after stroke until Empagliflozin-
treated mice fully recovered (Exp. design Fig. 1b). There
was no difference in forepaw grip strength between the
groups (Fig. 7), indicating that the improved stroke
recovery induced by Empagliflozin in the diabetic
study was likely mediated by the anti-T2D properties of
Empagliflozin.

Discussion

The aim of this study was to determine whether the
SGLT2i Empagliflozin improves post-stroke recovery in
T2D when administered chronically in the post-stroke
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Fig. 7 The effect of Empagliflozin on functional recovery after stroke
in non-T2D mice. Forepaw grip strength of non-T2D mice treated
with vehicle (SD-VH) or daily treatment with 10 mg/kg Empagliflozin
p.o. (SD-E) after stroke shown as plotted curve. Data are presented

as mean =+ SD. Statistical significance was calculated using two-way
repeated measures ANOVA followed by Benjamini, Krieger

and Yekutieli multiple comparisons test and results were considered
significant when p<0.05.SD-VH n=7,SD-En=7
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recovery phase. We demonstrated that Empagliflozin sig-
nificantly improves stroke recovery, and this effect occurs
in association with attenuated hyperglycemia, elevated
serum FGF-21 levels and normalization in parenchy-
mal pericyte density in the infarct core. Five weeks after
stroke, Empagliflozin-treatment did not affect the pro-
duction of ketone bodies, post-stroke neurogenesis or
inflammation. Moreover, we showed that in non-T2D
mice, a post-stroke intervention with Empagliflozin had
no effect on stroke recovery.

Our experimental design was conceived with the idea
to prove potential recovery effects mediated by Empagli-
flozin independently from acute neuroprotection which
has recently been demonstrated [29, 54]. Therefore, we
initiated the treatment only 3 days post-stroke. Indeed,
Empagliflozin treatment after stroke improved recovery
without affecting infarct size, thus excluding acute neuro-
protective effects of Empaglifozin in our study.

Recent studies have demonstrated that SGLT2i can pass
the BBB [55-57] and can boost neuronal activity [58—62].
However, since Empagliflozin-treatment did not improve
stroke recovery in the non-T2D study, it is highly likely
that the recovery-effects observed in the diabetic study
were mediated by the anti-diabetic properties of the drug
and were not due to direct brain effects. Indeed, previ-
ous work from our group has shown that a prolonged
treatment with the GLP1- agonist Exendin-4 [49] and
the DPP-4 inhibitor Linagliptin [50] initiated after stroke,
improved stroke recovery in association with normalized
glucose metabolism. Interestingly, unlike Exendin-4 and
Linagliptin that affect both hyperglycemia and insulin
resistance, Empagliflozin specifically attenuated hyper-
glycemia without affecting insulin sensitivity, indicating
that sustained glycemic control post-stroke might be suf-
ficient to improve stroke recovery in diabetes.

Post-stroke recovery effects might be associated with
the regulation of stroke-induced adult neurogenesis [63]
and/or neuroinflammation [64]. We have shown in previ-
ous studies that the DPP-4 inhibitor Linagliptin enhances
the number of stroke-induced DCX™* neuroblasts in asso-
ciation with improved stroke recovery, even though T2D
per se did not affect this cellular process [50, 65]. How-
ever, in the present study, we found no effect of Empagli-
flozin on DCX™ neuroblasts, suggesting that SGLTi and
DPP-4 inhibitors exert their beneficial effects on stroke
recovery via different mechanisms of action.

Stroke-induced neuroinflammation is a complicated
and multifaceted, yet vital process for stroke recovery [40,
66]. Diabetes disrupts the intricate balance between pro-
and anti-inflammatory responses after stroke, thereby
hampering stroke recovery [67]. We have recently dem-
onstrated exacerbated neuroinflammation in the post-
stroke recovery phase of T2D mice after prolonged HFD
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feeding [49-51] as well as the effect of different T2D
drugs to counteract this effect [49, 50]. Since SGLT2i
have been shown to dampen exacerbated neuroinflam-
mation induced by T2D both in vitro and in vivo [68-70],
we hypothesized that Empagliflozin might dampen the
neuroinflammatory process in the recovery phase after
stroke. As expected, we found that stroke increased
ipsilateral microglia-infiltration which was significantly
higher in the T2D-VH group compared to non-T2D con-
trols. However, Empagliflozin treatment did not affect the
amount of Iba-1* microglia in the ipsilateral hemisphere,
suggesting that the beneficial effect of Empagliflozin on
stroke recovery was not due to attenuated T2D-induced
inflammation, at least not at the 5 weeks post-stroke
timepoint, when the mice were sacrificed.

The positive effect of ketone bodies on the brain is well
known [37, 71, 72]. Since SGLT2i increase ketone pro-
duction [36, 73, 74] and this mechanism has been pro-
posed to play a role in cardiovascular outcome [75], we
hypothesized that this mechanism could be also involved
in Empagliflozin-improved stroke recovery. However,
serum BHB-levels were not increased in the obese/
T2D-E group after stroke. The increased ketone-produc-
tion upon SGLT2i-treatment is modest [53, 76], suggest-
ing that the effects of Empagliflozin on serum BHB might
have been masked by the pronounced tMCAO-induced
weight loss inherent to our T2D/stroke model. In addi-
tion, ketone bodies production following treatment with
SGLT-2i are much more pronounced in T2D patients vs
impaired fasted glucose individuals, and our HFD animal
model resembles more a mild T2D [77]. Taken together,
this suggests that it is unlikely that the improved post-
stroke recovery by Empagliflozin occurs via increased
ketone production in this study.

Here, we show that the improved stroke recovery in the
T2D-E group was associated with elevated post-stroke
FGF-21 serum levels.

FGF-21 is an important regulator of glucose and lipid
metabolism, that has also been shown to have beneficial
effects on stroke recovery [78-80]. In accordance with a
recent study by Wang et al., we found that FGF-21-levels
were reduced after stroke in the non-diabetic mice [81].
Moreover, we demonstrated that this FGF-21 reduction
is not affected by T2D. Interestingly, Empagliflozin treat-
ment inhibited this stroke-induced decrease both at 2 and
5 weeks after stroke. This is in line with existing literature
indicating that SGLT2i treatment increases plasma FGE-
21 levels [52, 82, 83]. Interestingly, FGF-21 has been posi-
tively associated with improved stroke recovery, both in
pre-clinical and clinical studies [34, 84]. Furthermore, an
intervention with recombinant FGF-21, either acutely or
in the chronic phase after stroke, significantly improved
recovery in diabetic mice [78, 79, 85]. Therefore, although
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speculative, our results highlight FGF-21 as a potential
mechanism for improved stroke recovery mediated by
SGLT2i treatment.

Efficient post-stroke angiogenesis and vascular remod-
eling are crucial for effective stroke recovery [86]. T2D
disrupts these processes, thereby impairing stroke recov-
ery [41], whereas anti-diabetic treatments can revert
aberrant vascular remodeling, thus restoring BBB-integ-
rity [87]. Moreover, we recently showed that the post-
stroke administration of the GLP-1R agonist Exendin-4
restored vascular remodeling after stroke, in associa-
tion with improved recovery [49]. Emerging evidence
indicates beneficial effects of SGLT2i on vasculariza-
tion [23, 24]. Indeed, SGLT2i improve remodeling of the
neurovascular unit in T2D [88] and stroke [29]. Similar
effects were observed in diabetic mice with a post-stroke
administration of recombinant FGF-21 [35]. Therefore,
we investigated the potential role of Empagliflozin on
post-stroke vascular remodeling. Our results show that
a post-stroke intervention with Empagliflozin normalizes
parenchymal pericyte density in the infarct core in T2D
mice.

Following stroke, angiogenesis and vascular remod-
eling are essential to restore the ischemic tissue with oxy-
gen and nutrients and therefore favor the recovery of the
tissue after stroke [89]. In general, enhanced tissue perfu-
sion and increased vessel density are beneficial in recov-
ery; but at the same time, extended angiogenesis might be
accompanied by BBB leakage [90-92]. While we observed
clear stroke-induced effects when comparing contralat-
eral and ipsilateral hemispheres, diabetes did not deter-
mine relevant effects in terms of vascularization, except
for an increase in pericyte density which, interestingly,
was normalized by Empagliflozin treatment. The changes
in pericyte density were not complemented by alterations
in vessel density, pericyte coverage or pericyte activation
and were in accordance with the fact that BBB leakage
was also not detected, perhaps due to the late time point
selected for the analysis after ischemic injury. Since T2D
was associated with a higher pericyte density which was
not reflected in increased vascular coverage, we assessed
the density of parenchymal pericytes. Previous studies in
literature report that following a stroke, platelet-derived-
growth-factor beta (PDGFRf) positive cells (a marker of
pericytes) within the infarct core migrate away from the
blood vessels into the parenchyma [93-95]. It has been
proposed that these parenchymal PDGFRB* cells are
involved in the formation of the fibrotic scar following
stroke by depositing extracellular matrix proteins [96].
T2D increased parenchymal pericytes density compared
to non-T2D controls, and treatment with Empagliflozin
normalized this effect. Therefore, our data suggest that
Empagliflozin treatment might prevent or resolve this



Vercalsteren et al. Cardiovascular Diabetology (2024) 23:88

T2D-induced shift in the location of the pericytes from
a perivascular to a parenchymal location. The functional
significance of this phenomenon is unclear, but a relation
to the improved functional recovery cannot be ruled out.

SGLT2i efficiently attenuate T2D-induced cardiac
fibrosis and oxidative stress, thereby improving cardiac
function, prompting these drugs to be implemented
for heart failure treatment [97-99]. Recently, diabetes-
induced ROS-production and senescence have been
proposed as cellular mechanisms behind this impaired
cardiac function [100, 101]. Interestingly, ischemic stroke
induces increased ROS-production and senescence in
the brain [102-104], and interventions to decrease ROS
and senescence can improve neurological function after
stroke [105-107]. Since SGLT2i have been shown to
attenuate T2D-induced senescence and ROS production
[108-110], this could be an additional cellular mecha-
nism behind the improved stroke recovery that should be
investigated in future studies.

There are limitations to the present study that need to
be acknowledged. First, an additional timepoint to per-
form IHC studies would have helped to more thoroughly
characterize cellular processes involved in stroke recovery
such as neuroinflammation and neurogenesis. In addi-
tion, although we showed a positive association between
Empagliflozin-induced improvement in stroke recovery
and increased FGF-21 levels, we did not address whether
this is indeed a causative mechanism of improved func-
tional recovery. In this respect, new studies using Empa-
gliflozin in the presence of FGF-21 antagonists [111] will
be needed. Finally, our study demonstrates the efficacy
of a post-stroke intervention with SGLT2i to improve
recovery in T2D. Although these data are encouraging,
they do not provide insight in the potential benefit of a
pre-stroke intervention with SGLT2i on stroke recovery
in T2D. Of interest in this respect was the recent study of
Takashima and colleagues, demonstrating improved neu-
rological recovery with a pre-stroke SGLT2i-intervention
in non-diabetic mice [29].

Based on the mechanistic action of SGLT2i in enhanc-
ing glucose excretion, which is compensated by an
increased hepatic glucose production, we are currently
establishing a suitable experimental design to test a
pre-stroke intervention with SGLT2i in HFD animals.
In particular, the catabolic status of the animals during
weight loss after stroke, together with a shift in diet after
tMCAO that might impact ketone body generation will
also need to be taken into account.

Conclusions

Our study shows that a post-stroke intervention with
the SGLT2i Empagliflozin improves stroke recovery in
T2D mice. Moreover, it has recently been shown that
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SGLT2i-treatment, both in normal and hyperglycemic
rodent models [54, 112, 113], acutely after stroke signifi-
cantly decreased infarct size and ameliorated neurobe-
havioral outcome after stroke. Taken together, these data
demonstrate additional advantage of SGLT2i-based ther-
apies for patients with T2D, not only to treat diabetes and
to reduce associated co-morbidities [28], but potentially
also to improve stroke recovery.

Abbreviations

BBB Blood-brain barrier
BHB -Hydroxybutyrate

DAB 3-3’-Diaminobenzidine
DCX Doublecortin

DPP4 Dipeptidyl-peptidase 4

FGF-21 Fibroblast growth factor 21

GLP-1R Glucagon-like peptide 1 receptor

HFD High-fat diet

IHC Immunohistochemistry

ImT Insulin tolerance test

ON Overnight

PBS Phosphate-buffered saline

PDGFRB  Platelet-derived growth factor beta
PDXL Podocalyxin

PFA Paraformaldehyde

RT Room temperature

SGLT2i Sodium glucose co-transporter inhibitor
74 Subventricular zone

T2D Type-2 diabetes

tMCAO  Transient middle cerebral artery occlusion
VH Vehicle

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512933-024-02174-6.

Additional file 1: Figure S1. Effect of Empagliflozin-treatment on

the metabolic profile of sham-operated animals. Figure S2. Effect of
Empagliflozin-treatment on striatal Iba1 expression in sham-operated
animals. Figure S3. Effect of Empagliflozin-treatment on pericyte activa-
tion. Figure S4. Effect of Empagliflozin-treatment on BBB leakage and
vascularization after stroke. Figure S5. Effect of Empagliflozin-treatment
on BBB leakage and vascularisation in sham-operated animals.

Acknowledgements
We thank Dr. Fuad Bahram (Sédersjukhuset) for technical assistance and Dr.
Hans Pettersson for advice on statistical analyses.

Author contributions

EV performed behavioral analysis, part of the metabolic tests, NeuN and
neurogenesis IHC and analysis; insulin and FGF-21 ELISAs and ketone

assays, acquired and processed images and prepared Figs. 1, 3-5,and 7 and
Additional file 1: Figs. S1 and S2, contributed to the discussion; and wrote
and revised the manuscript. DK performed Iba-1 IHC and analysis, acquired
and processed images and prepared Fig. 2, contributed to the discussion;
and wrote and revised the manuscript. CB performed all vascularization

IHC and analysis, acquired and processed images and prepared Fig. 6 and
Additional file 1: Figs. S3-S5, contributed to the discussion, and wrote and
revised the manuscript. TN provided expertise and resources, contributed to
the discussion, and edited and revised the manuscript. GP provided expertise
and resources, contributed to the discussion, and edited and revised the
manuscript. VD conceived and designed the study, performed the stroke
experiments and part of the metabolic tests, contributed to the discussion,
and edited and revised the manuscript. CP conceived, designed, and coordi-
nated the research plan; contributed to the discussion; and edited and revised


https://doi.org/10.1186/s12933-024-02174-6
https://doi.org/10.1186/s12933-024-02174-6

Vercalsteren et al. Cardiovascular Diabetology (2024) 23:88

the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding

Open access funding provided by Karolinska Institute. Financial support was
provided by the Swedish Medical Research Council (2022-00577 to CP), The
FANG Foundation and Hjérnfonden/The Swedish Brain Foundation (CP), the
Swedish Heart-Lung Foundation (TN), Ulla Hamberg Angeby och Lennart
Angebys Stiftelse (VD and EV),the Swedish Stroke Foundation (VD and
EV), Foundation for Geriatric Diseases at Karolinska Institutet (EV),
ALF Stockholm (951953 to TN).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

Declarations

Ethics approval and consent to particpate

This study was conducted according to the guidelines of the declaration of
Helsinki and has been approved by the regional ethics committee of Karolin-
ska Institutet (approval ID: 1126). The work follows the 2010/63/EU directive
and is reported according to the ARRIVE guidelines [114].

Consent for publication
All authors have declared their consent for this publication.

Competing interests

This study was supported by Boehringer Ingelheim Pharma GmbH & Co. KG.
TK'is an employee of Boehringer Ingelheim Pharma GmbH & Co. KG. T.N. has
received unrestricted grants from AstraZeneca and consultancy fees from
Boehringer Ingelheim, Eli Lilly, Novo Nordisk, Merck and Sanofi-Aventis. The
other authors declare that they have no competing interests.

Received: 2 October 2023 Accepted: 19 February 2024
Published online: 29 February 2024

References

1. Collaborators GBDS. Global, regional, and national burden of stroke and
its risk factors, 1990-2019: a systematic analysis for the Global Burden of
Disease Study 2019. Lancet Neurol. 2021;20(10):795-820.

2. Fadini GP, Cosentino F. Diabetes and ischaemic stroke: a deadly associa-
tion. Eur Heart J. 2018;39(25):2387-9.

3. JiaQ Zhao X,Wang C,Wang,Yan, Li H, et al. Diabetes and poor out-
comes within 6 months after acute ischemic stroke: the China National
Stroke Registry. Stroke. 2011;42(10):2758-62.

4. Tziomalos K, Spanou M, Bouziana SD, Papadopoulou M, Giampatzis V,
Kostaki S, et al. Type 2 diabetes is associated with a worse functional
outcome of ischemic stroke. World J Diabetes. 2014;5(6):939-44.

5. Megherbi SE, Milan C, Minier D, Couvreur G, Osseby GV, Tilling K, et al.
Association between diabetes and stroke subtype on survival and func-
tional outcome 3 months after stroke: data from the European BIOMED
Stroke Project. Stroke. 2003;34(3):688-94.

6. UllbergT, Zia E, Petersson J, Norrving B. Changes in functional outcome
over the first year after stroke: an observational study from the Swedish
stroke register. Stroke. 2015;46(2):389-94.

7. Luitse MJ, Biessels GJ, Rutten GE, Kappelle LJ. Diabetes, hyperglycaemia,
and acute ischaemic stroke. Lancet Neurol. 2012;11(3):261-71.

8. Bellastella G, Maiorino MI, Longo M, Scappaticcio L, Chiodini P, Esposito
K, et al. Glucagon-like peptide-1 receptor agonists and prevention of
stroke systematic review of cardiovascular outcome trials with meta-
analysis. Stroke. 2020;51(2):666-9.

9. Goldenberg RM, Cheng AYY, Fitzpatrick T, Gilbert JD, Verma S, Hopyan
JJ. Benefits of GLP-1 (glucagon-like peptide 1) receptor agonists for
stroke reduction in type 2 diabetes: a call to action for neurologists.
Stroke. 2022;53(5):1813-22.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 14 of 17

Spence JD. Diet for stroke prevention. Stroke Vasc Neurol.
2018;3(2):44-50.

lacoviello L, Bonaccio M, Cairella G, Catani MV, Costanzo S, D'Elia L, et al.
Diet and primary prevention of stroke: systematic review and dietary
recommendations by the ad hoc Working Group of the Italian Society
of Human Nutrition. Nutr Metab Cardiovasc Dis. 2018;28(4):309-34.
Baird TA, Parsons MW, Phan T, Butcher KS, Desmond PM, Tress BM,

et al. Persistent poststroke hyperglycemia is independently associ-

ated with infarct expansion and worse clinical outcome. Stroke.
2003;34(9):2208-14.

Paciaroni M, Agnelli G, Caso V, Corea F, Ageno W, Alberti A, et al. Acute
hyperglycemia and early hemorrhagic transformation in ischemic
stroke. Cerebrovasc Dis. 2009;28(2):119-23.

Johnston KC, Bruno A, Pauls Q, Hall CE, Barrett KM, Barsan W, et al. Inten-
sive vs standard treatment of hyperglycemia and functional outcome in
patients with acute ischemic stroke: the SHINE randomized clinical trial.
JAMA. 2019;322(4):326-35.

Augestad IL, Dekens D, Karampatsi D, Elabi O, Zabala A, Pintana H, et al.
Normalisation of glucose metabolism by exendin-4 in the chronic
phase after stroke promotes functional recovery in male diabetic mice.
Br J Pharmacol. 2021. https://doi.org/10.1111/bph.15524.

Augestad IL, Pintana H, Larsson M, Krizhanovskii C, Nystrom T, Klein

T, et al. The regulation of glycemia in the recovery phase after stroke
counteracts the detrimental effect of obesity-induced type 2 diabetes
on neurological recovery. Diabetes. 2020. https://doi.org/10.2337/
db20-0095.

Rajeev SP, Cuthbertson DJ, Wilding JP. Energy balance and metabolic
changes with sodium-glucose co-transporter 2 inhibition. Diabetes
Obes Metab. 2016;18(2):125-34.

Storgaard H, Gluud LL, Bennett C, Grondah! MF, Christensen MB,

Knop FK; et al. Benefits and harms of sodium-glucose co-transporter

2 inhibitors in patients with type 2 diabetes: a systematic review and
meta-analysis. PLoS ONE. 2016;11(11): €0166125.

Bonnet F, Scheen AJ. Effects of SGLT2 inhibitors on systemic and tissue
low-grade inflammation: the potential contribution to diabetes compli-
cations and cardiovascular disease. Diabetes Metab. 2018:44(6):457-64.
Xu L, Nagata N, Nagashimada M, Zhuge F, NiY, Chen G, et al. SGLT2
inhibition by empagliflozin promotes fat utilization and browning and
attenuates inflammation and insulin resistance by polarizing M2 mac-
rophages in diet-induced obese mice. EBioMedicine. 2017,20:137-49.
Ridderstrale M, Andersen KR, Zeller C, Kim G, Woerle HJ, BroedI UC, et al.
Comparison of empagliflozin and glimepiride as add-on to metformin
in patients with type 2 diabetes: a 104-week randomised, active-
controlled, double-blind, phase 3 trial. Lancet Diabetes Endocrinol.
2014,2(9):691-700.

Oliva RV, Bakris GL. Blood pressure effects of sodium-glucose co-
transport 2 (SGLT2) inhibitors. J Am Soc Hypertens. 2014;8(5):330-9.
Ott C, Jumar A, Striepe K, Friedrich S, Karg MV, Bramlage P, et al. A
randomised study of the impact of the SGLT2 inhibitor dapagliflozin

on microvascular and macrovascular circulation. Cardiovasc Diabetol.
2017;16(1):26.

Striepe K, Jumar A, Ott C, Karg MV, Schneider MP, Kannenkeril D, et al.
Effects of the selective sodium-glucose cotransporter 2 inhibitor empa-
gliflozin on vascular function and central hemodynamics in patients
with type 2 diabetes mellitus. Circulation. 2017;136(12):1167-9.

Cowie MR, Fisher M. SGLT2 inhibitors: mechanisms of cardiovascular
benefit beyond glycaemic control. Nat Rev Cardiol. 2020;17(12):761-72.
Brown E, Heerspink HJL, Cuthbertson DJ, Wilding JPH. SGLT2 inhibitors
and GLP-1 receptor agonists: established and emerging indications.
Lancet. 2021;398(10296):262-76.

Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al.
Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabe-
tes. N Engl J Med. 2015;373(22):2117-28.

Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J, Maruthur NM,

et al. Management of hyperglycaemia in type 2 diabetes, 2022: a
consensus report by the American Diabetes Association (ADA) and the
European Association for the Study of Diabetes (EASD). Diabetologia.
2022;65(12):1925-66.

Takashima M, Nakamura K, Kiyohara T, Wakisaka Y, Hidaka M, Takaki H,
et al. Low-dose sodium-glucose cotransporter 2 inhibitor ameliorates


https://doi.org/10.1111/bph.15524
https://doi.org/10.2337/db20-0095
https://doi.org/10.2337/db20-0095

Vercalsteren et al. Cardiovascular Diabetology

30.

31

32.

33.

34.

35.

36.

37.

38.
39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

50.

(2024) 23:88

ischemic brain injury in mice through pericyte protection without
glucose-lowering effects. Commun Biol. 2022;5(1):653.

Lin B, Koibuchi N, Hasegawa Y, Sueta D, Toyama K, Uekawa K, et al.
Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor,
ameliorates cardiovascular injury and cognitive dysfunction in obese
and type 2 diabetic mice. Cardiovasc Diabetol. 2014;13:148.

Millar P, Pathak N, Parthsarathy V, Bjourson AJ, O'Kane M, Pathak V, et al.
Metabolic and neuroprotective effects of dapagliflozin and liraglutide
in diabetic mice. J Endocrinol. 2017;234(3):255-67.

Hierro-Bujalance C, Infante-Garcia C, Del Marco A, Herrera M, Carranza-
Naval MJ, Suarez J, et al. Empagliflozin reduces vascular damage and
cognitive impairment in a mixed murine model of Alzheimer’s disease
and type 2 diabetes. Alz Res Ther. 2020;12(1):40.

Avgerinos KI, Mullins RJ, Vreones M, Mustapic M, Chen Q, Melvin D, et al.
Empagliflozin Induced Ketosis, upregulated IGF-1/insulin receptors and
the canonical insulin signaling pathway in neurons, and decreased the
excitatory neurotransmitter glutamate in the brain of non-diabetics.
Cells. 2022;11(21):3372.

Mamtilahun M, Jiang L, Song Y, Shi X, Liu C, Jiang Y, et al. Plasma from
healthy donors protects blood-brain barrier integrity via FGF21 and
improves the recovery in a mouse model of cerebral ischaemia. Stroke
Vasc Neurol. 2021;6(4):561-71.

Jiang Y, Han J, LiY, Wu'Y, Liu N, Shi SX, et al. Delayed rFGF21 administra-
tion improves cerebrovascular remodeling and white matter repair
after focal stroke in diabetic mice. Transl Stroke Res. 2022;13(2):311-25.
Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, et al.
Shift to fatty substrate utilization in response to sodium-glucose
cotransporter 2 inhibition in subjects without diabetes and patients
with type 2 diabetes. Diabetes. 2016;65(5):1190-5.

Gibson CL, Murphy AN, Murphy SP. Stroke outcome in the ketogenic
state—a systematic review of the animal data. J Neurochem.
2012;123(s2):52-7.

Koh SH, Park HH. Neurogenesis in stroke recovery. Trans| Stroke Res.
2017;8(1):3-13.

Rahman AA, Amruta N, Pinteaux E, Bix GJ. Neurogenesis after stroke: a
therapeutic perspective. Trans| Stroke Res. 2021;12(1):1-14.

Var SR, Shetty AV, Grande AW, Low WC, Cheeran MC. Microglia and
macrophages in neuroprotection, neurogenesis, and emerging thera-
pies for stroke. Cells. 2021;10(12):3555.

Prakash R, Li W, Qu Z, Johnson MA, Fagan SC, Ergul A. Vascularization
pattern after ischemic stroke is different in control versus diabetic rats:
relevance to stroke recovery. Stroke. 2013;44(10):2875-82.

Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz MA. Reduced
brain edema and infarction volume in mice lacking the neuronal
isoform of nitric oxide synthase after transient MCA occlusion. J Cereb
Blood Flow Metab. 1996;16(4).605-11.

Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat
middle cerebral artery occlusion: evaluation of the model and develop-
ment of a neurologic examination. Stroke. 1986;17(3):472-6.
Karampatsi D, Zabala A, Wilhelmsson U, Dekens D, Vercalsteren E, Lars-
son M, et al. Diet-induced weight loss in obese/diabetic mice normal-

izes glucose metabolism and promotes functional recovery after stroke.

Cardiovasc Diabetol. 2021;20(1):240.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch
T, et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012,9(7):676-82.

Ozerdem U, Stallcup WB. Pathological angiogenesis is reduced

by targeting pericytes via the NG2 proteoglycan. Angiogenesis.
2004;7(3):269-76.

Arganda-Carreras |, Fernandez-Gonzalez R, Munoz-Barrutia A, Ortiz-De-
Solorzano C. 3D reconstruction of histological sections: application to
mammary gland tissue. Microsc Res Tech. 2010;73(11):1019-29.

Heath VL, Bicknell R, Simms VA. Development of an ImageJ-based
method for analysing the developing zebrafish vasculature. Vasc Cell.
2017,9(1):2.

Augestad IL, Dekens D, Karampatsi D, Elabi O, Zabala A, Pintana H, et al.
Normalisation of glucose metabolism by exendin-4 in the chronic
phase after stroke promotes functional recovery in male diabetic mice.
Br J Pharmacol. 2022;179(4):677-94.

Augestad IL, Pintana H, Larsson M, Krizhanovskii C, Nystrom T, Klein

T, et al. Regulation of glycemia in the recovery phase after stroke

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 150f 17

counteracts the detrimental effect of obesity-induced type 2 diabetes
on neurological recovery. Diabetes. 2020;69(9):1961-73.

Pintana H, Lietzau G, Augestad IL, Chiazza F, Nystrom T, Patrone C,

et al. Obesity-induced type 2 diabetes impairs neurological recov-

ery after stroke in correlation with decreased neurogenesis and
persistent atrophy of parvalbumin-positive interneurons. Clin Sci.
2019;133(13):1367-86.

Osataphan S, Macchi C, Singhal G, Chimene-Weiss J, Sales V, Kozuka

C, et al. SGLT2 inhibition reprograms systemic metabolism via
FGF21-dependent and -independent mechanisms. JCI Insight.
2019;4(5):2123130.

Szili-Torok T, de Borst MH, Garcia E, Gansevoort RT, Dullaart RPF, Con-
nelly MA, et al. Fasting ketone bodies and incident type 2 diabetes in
the general population. Diabetes. 2023;72(9):1187-92.

Shim B, Stokum JA, Moyer M, Tsymbalyuk N, Tsymbalyuk O, Keledjian K,
et al. Canagliflozin, an inhibitor of the Na(+)-coupled p-glucose cotrans-
porter, SGLT2, inhibits astrocyte swelling and brain swelling in cerebral
ischemia. Cells. 2023;12(18):2221.

Al Hamed FA, Elewa H. Potential therapeutic effects of sodium glucose-
linked cotransporter 2 inhibitors in stroke. Clin Ther. 2020;42(11):242-9.
Dong M, Wen S, Zhou L. The relationship between the blood-brain-
barrier and the central effects of glucagon-like peptide-1 receptor
agonists and sodium-glucose cotransporter-2 inhibitors. Diabetes
Metab Syndr Obes. 2022;15:2583-97.

Nakhal MM, Aburuz S, Sadek B, Akour A. Repurposing SGLT2 inhibitors
for neurological disorders: a focus on the autism spectrum disorder.
Molecules. 2022;27(21):7174.

Nguyen T, Wen S, Gong M, Yuan X, Xu D, Wang C, et al. Dapadliflozin
activates neurons in the central nervous system and regulates cardio-
vascular activity by inhibiting SGLT-2 in mice. Diabetes Metab Syndr
Obes. 2020;13:2781-99.

Wen S, Nguyen T, Gong M, Yuan X, Wang C, Jin J, et al. An overview of
similarities and differences in metabolic actions and effects of central
nervous system between glucagon-like peptide-1 receptor agonists
(GLP-1RAs) and SODIUM GLUCOSE CO-TRANSPORTER-2 INHIBITORS
(SGLT-2is). Diabetes Metab Syndr Obes. 2021;14:2955-72.

Oerter S, Forster C, Bohnert M. Validation of sodium/glucose cotrans-
porter proteins in human brain as a potential marker for temporal nar-
rowing of the trauma formation. Int J Legal Med. 2019;133(4):1107-14.
Kamel AS, Wahid A, Abdelkader NF, Ibrahim WW. Boosting amyg-
daloid GABAergic and neurotrophic machinery via dapagliflozin-
enhanced LKB1/AMPK signaling in anxious demented rats. Life Sci.
2022;310:121002.

Takeda K, Ono H, Ishikawa K, Ohno T, Kumagai J, Ochiai H, et al. Central
administration of sodium-glucose cotransporter-2 inhibitors increases
food intake involving adenosine monophosphate-activated protein
kinase phosphorylation in the lateral hypothalamus in healthy rats. BMJ
Open Diabetes Res Care. 2021;9(1): e002104.

Passarelli J, Nimjee SM, Townsend KL. Stroke and neurogenesis:
bridging clinical observations to new mechanistic insights from
animal models. Trans| Stroke Res. 2022. https://doi.org/10.1007/
$12975-022-01109-1.

Shichita T, Ooboshi H, Yoshimura A. Neuroimmune mechanisms and
therapies mediating post-ischaemic brain injury and repair. Nat Rev
Neurosci. 2023. https://doi.org/10.1038/s41583-023-00690-0.

Darsalia V, Olverling A, Larsson M, Mansouri S, Nathanson D, Nystrom T,
et al. Linagliptin enhances neural stem cell proliferation after stroke in
type 2 diabetic mice. Regul Pept. 2014;190-191:25-31.

Simats A, Liesz A. Systemic inflammation after stroke: implications for
post-stroke comorbidities. EMBO Mol Med. 2022;14(9): e16269.
ShuklaV, Shakya AK, Perez-Pinzon MA, Dave KR. Cerebral ischemic
damage in diabetes: an inflammatory perspective. J Neuroinflamm.
2017;14(1):21.

Chen X, Huang L, Cui L, Xiao Z, Xiong X, Chen C. Sodium-glucose
cotransporter 2 inhibitor ameliorates high fat diet-induced hypotha-
lamic-pituitary-ovarian axis disorders. J Physiol. 2022;600(21):4549-68.
Heimke M, Lenz F, Rickert U, Lucius R, Cossais F. Anti-inflammatory
properties of the SGLT2 inhibitor empagliflozin in activated primary
microglia. Cells. 2022;11(19):3107.

Naznin F, Sakoda H, Okada T, Tsubouchi H, Waise TM, Arakawa K, et al.
Canagliflozin, a sodium glucose cotransporter 2 inhibitor, attenuates


https://doi.org/10.1007/s12975-022-01109-1
https://doi.org/10.1007/s12975-022-01109-1
https://doi.org/10.1038/s41583-023-00690-0

Vercalsteren et al. Cardiovascular Diabetology

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

(2024) 23:88

obesity-induced inflammation in the nodose ganglion, hypothalamus,
and skeletal muscle of mice. Eur J Pharmacol. 2017;794:37-44.

Gough SM, Casella A, Ortega KJ, Hackam AS. Neuroprotection by the
ketogenic diet: evidence and controversies. Front Nutr. 2021;8:782657.
Lehto A, Koch K, Barnstorf-Brandes J, Viel C, Fuchs M, Klein J. ss-
Hydroxybutyrate improves mitochondrial function after transient
ischemia in the mouse. Neurochem Res. 2022;47(11):3241-9.

Kim JH, Lee M, Kim SH, Kim SR, Lee BW, Kang ES, et al. Sodium-glu-
cose cotransporter 2 inhibitors regulate ketone body metabolism via
inter-organ crosstalk. Diabetes Obes Metab. 2019;21(4):801-11.

Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT2 inhibition
modulates NLRP3 inflammasome activity via ketones and insulin in
diabetes with cardiovascular disease. Nat Commun. 2020;11(1):2127.
Lupsa BC, Kibbey RG, Inzucchi SE. Ketones: the double-edged sword
of SGLT2 inhibitors? Diabetologia. 2023;66(1):23-32.

Ferrannini E, Mark M, Mayoux E. CV protection in the EMPA-REG
OUTCOME trial: a “thrifty substrate” hypothesis. Diabetes Care.
2016;39(7):1108-14.

Al Jobori H, Daniele G, Adams J, Cersosimo E, Triplitt C, DeFronzo RA,
et al. Determinants of the increase in ketone concentration during
SGLT2 inhibition in NGT, IFG and T2DM patients. Diabetes Obes
Metab. 2017;19(6):809-13.

Jiang Y, Han J, LiY, Wu Y, Liu N, Shi SX, et al. Delayed rFGF21 adminis-
tration improves cerebrovascular remodeling and white matter repair
after focal stroke in diabetic mice. Transl Stroke Res. 2021. https://doi.
0rg/10.1007/s12975-021-00941-1.

Jiang V, Liu N, Wang Q, Yu Z, Lin L, Yuan J, et al. Endocrine regulator
rFGF21 (recombinant human fibroblast growth factor 21) improves
neurological outcomes following focal ischemic stroke of type 2
diabetes mellitus male mice. Stroke. 2018;49(12):3039-49.

Flippo KH, Potthoff MJ. Metabolic messengers: FGF21. Nat Metab.
2021;3(3):309-17.

Wang Z, Leng Y, Wang J, Liao HM, Bergman J, Leeds P, et al. Tubastatin
A, an HDAC6 inhibitor, alleviates stroke-induced brain infarction and
functional deficits: potential roles of alpha-tubulin acetylation and
FGF-21 up-regulation. Sci Rep. 2016;6:19626.

Li S, Wang N, Guo X, Li J, Zhang T, Ren G, et al. Fibroblast growth
factor 21 regulates glucose metabolism in part by reducing renal
glucose reabsorption. Biomed Pharmacother. 2018;108:355-66.
Packer M. Cardioprotective effects of sirtuin-1 and its downstream
effectors: potential role in mediating the heart failure benefits of
SGLT2 (sodium-glucose cotransporter 2) inhibitors. Circ Heart Fail.
2020;13(9): e007197.

Avila-Gomez P, Perez-Mato M, Hervella P, Dopico-Lopez A, Silva-
Candal AD, Bugallo-Casal A, et al. Associations between RNA-binding
motif protein 3, fibroblast growth factor 21, and clinical outcome in
patients with stroke. J Clin Med. 2022;11(4):949.

Jiang 'Y, Lin L, Liu N, Wang Q, Yuan J, Li Y, et al. FGF21 Protects against
aggravated blood-brain barrier disruption after ischemic focal stroke
in diabetic db/db male mice via cerebrovascular ppargamma activa-
tion. Int J Mol Sci. 2020;21(3):824.

Hatakeyama M, Ninomiya |, Kanazawa M. Angiogenesis and neuronal
remodeling after ischemic stroke. Neural Regen Res. 2020;15(1):16-9.
Elabi OF, Karampatsi D, Vercalsteren E, Lietzau G, Nystrom T, Klein T,
et al. DPP-4 inhibitor and sulfonylurea differentially reverse type 2
diabetes-induced blood-brain barrier leakage and normalize capillary
pericyte coverage. Diabetes. 2023;72(3):405-14.

Hayden MR, Grant DG, Aroor AR, DeMarco VG. Empagliflozin ame-
liorates type 2 diabetes-induced ultrastructural remodeling of the
neurovascular unit and neuroglia in the female db/db mouse. Brain
Sci. 2019,9(3):57.

Beck H, Plate KH. Angiogenesis after cerebral ischemia. Acta Neuro-
pathol. 2009;117(5):481-96.

Krupinski J, Kaluza J, Kumar P, Kumar S, Wang JM. Role of
angiogenesis in patients with cerebral ischemic stroke. Stroke.
1994,25(9):1794-8.

Slevin M, Kumar P, Gaffney J, Kumar S, Krupinski J. Can angiogenesis
be exploited to improve stroke outcome? Mechanisms and thera-
peutic potential. Clin Sci. 2006;111(3):171-83.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

105.

106.

107.

108.

109.

110.

111

Page 16 of 17

Wang Y, Kilic E, Kilic U, Weber B, Bassetti CL, Marti HH, et al. VEGF over-
expression induces post-ischaemic neuroprotection, but facilitates
haemodynamic steal phenomena. Brain. 2005;128(Pt 1):52-63.
Fernandez-Klett F, Potas JR, Hilpert D, Blazej K, Radke J, Huck J, et al.
Early loss of pericytes and perivascular stromal cell-induced scar
formation after stroke. J Cereb Blood Flow Metab. 2013;33(3):428-39.
Shen J, Ishii Y, Xu G, Dang TC, Hamashima T, Matsushima T, et al.
PDGFR-beta as a positive regulator of tissue repair in a mouse
model of focal cerebral ischemia. J Cereb Blood Flow Metab.
2012;32(2):353-67.

Renner O, Tsimpas A, Kostin S, Valable S, Petit E, Schaper W, et al.
Time- and cell type-specific induction of platelet-derived growth fac-
tor receptor-beta during cerebral ischemia. Brain Res Mol Brain Res.
2003;113(1-2):44-51.

Makihara N, Arimura K, Ago T, Tachibana M, Nishimura A, Nakamura
K, et al. Involvement of platelet-derived growth factor receptor beta
in fibrosis through extracellular matrix protein production after
ischemic stroke. Exp Neurol. 2015;264:127-34.

Murakami T, Inagaki N, Kondoh H. Cellular senescence in diabetes
mellitus: distinct senotherapeutic strategies for adipose tissue and
pancreatic beta cells. Front Endocrinol. 2022;13:869414.

Shakeri H, Lemmens K, Gevaert AB, De Meyer GRY, Segers VFM. Cel-
lular senescence links aging and diabetes in cardiovascular disease.
Am J Physiol Heart Circ Physiol. 2018;315(3):H448-62.
Vaduganathan M, Docherty KF, Claggett BL, Jhund PS, de Boer RA,
Hernandez AF, et al. SGLT-2 inhibitors in patients with heart failure:

a comprehensive meta-analysis of five randomised controlled trials.
Lancet. 2022;400(10354):757-67.

Marino F, Salerno N, Scalise M, Salerno L, Torella A, Molinaro C, et al.
Streptozotocin-induced type 1 and 2 diabetes mellitus mouse
models show different functional, cellular and molecular patterns of
diabetic cardiomyopathy. Int J Mol Sci. 2023;24(2):1132.

Marino F, Scalise M, Salerno N, Salerno L, Molinaro C, Cappetta D,

et al. Diabetes-induced cellular senescence and senescence-associ-
ated secretory phenotype impair cardiac regeneration and function
independently of age. Diabetes. 2022;71(5):1081-98.

Baixauli-Martin J, Aliena-Valero A, Castello-Ruiz M, Burguete MC,
Lopez-Morales MA, Munoz-Espin D, et al. Brain cell senescence: a
new therapeutic target for the acute treatment of ischemic stroke. J
Neuropathol Exp Neurol. 2022;81(8):614-20.

Torres-Querol C, Torres P, Vidal N, Portero-Otin M, Arque G, Purroy

F. Acute ischemic stroke triggers a cellular senescence-associated
secretory phenotype. Sci Rep. 2021;11(1):15752.

Jelinek M, Jurajda M, Duris K. Oxidative stress in the brain: basic
concepts and treatment strategies in stroke. Antioxidants.
2021;10(12):1886.

Lim S, Kim TJ, Kim YJ, Kim C, Ko SB, Kim BS. Senolytic therapy for
cerebral ischemia-reperfusion injury. Int J Mol Sci. 2021;22(21):11967.
Raffaele S, Gelosa P, Bonfanti E, Lombardi M, Castiglioni L, Cimino M,
et al. Microglial vesicles improve post-stroke recovery by preventing
immune cell senescence and favoring oligodendrogenesis. Mol Ther.
2021;29(4):1439-58.

Chen H, He Y, Chen S, Qi S, Shen J. Therapeutic targets of oxidative/
nitrosative stress and neuroinflammation in ischemic stroke: applica-
tions for natural product efficacy with omics and systemic biology.
Pharmacol Res. 2020;158:104877.

Arab HH, Safar MM, Shahin NN. Targeting ROS-dependent AKT/GSK-
3beta/NF-kappaB and DJ-1/Nrf2 pathways by dapagliflozin attenu-
ates neuronal injury and motor dysfunction in rotenone-induced Par-
kinson’s disease rat model. ACS Chem Neurosci. 2021;12(4):689-703.
Madonna R, Barachini S, Moscato S, Ippolito C, Mattii L, Lenzi C, et al.
Sodium-glucose cotransporter type 2 inhibitors prevent ponatinib-
induced endothelial senescence and disfunction: a potential rescue
strategy. Vasc Pharmacol. 2022;142:106949.

Madonna R, Doria V, Minnucci |, Pucci A, Pierdomenico DS, De Cate-
rina R. Empagliflozin reduces the senescence of cardiac stromal cells
and improves cardiac function in a murine model of diabetes. J Cell
Mol Med. 2020;24(21):12331-40.

Agrawal A, Parlee S, Perez-Tilve D, Li P, Pan J, Mroz PA, et al. Molecular
elements in FGF19 and FGF21 defining KLB/FGFR activity and speci-
ficity. Mol Metab. 2018;13:45-55.


https://doi.org/10.1007/s12975-021-00941-1
https://doi.org/10.1007/s12975-021-00941-1

Vercalsteren et al. Cardiovascular Diabetology (2024) 23:88

112.  Abdel-Latif RG, Rifaai RA, Amin EF. Empagliflozin alleviates neu-
ronal apoptosis induced by cerebral ischemia/reperfusion injury
through HIF-Talpha/VEGF signaling pathway. Arch Pharm Res.
2020;43(5):514-25.

113.  Amin EF, Rifaai RA, Abdel-Latif RG. Empagliflozin attenuates transient
cerebral ischemia/reperfusion injury in hyperglycemic rats via
repressing oxidative-inflammatory-apoptotic pathway. Fundam Clin
Pharmacol. 2020;34(5):548-58.

114. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al.
The ARRIVE guidelines 2.0: updated guidelines for reporting animal
research. J Physiol. 2020;598(18):3793-801.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17



	The SGLT2 inhibitor Empagliflozin promotes post-stroke functional recovery in diabetic mice
	Abstract 
	Introduction
	Materials and methods
	Animals
	Sample size calculation
	Experimental design
	Diabetic study
	Non-diabetic study

	Transient middle cerebral artery occlusion
	Fasting glycemia and ITT
	Assessment of sensorimotor function
	Immunohistochemistry
	Quantitative microscopy and image analysis
	Ischemic stroke volume assessment
	Assessment of neuroinflammation
	Assessment of neurogenesis
	Assessment of vascularization and blood–brain barrier leakage

	Quantification of serum insulin, FGF-21 and β-hydroxybutyrate
	Data and statistical analysis

	Results
	Empagliflozin significantly improves post-stroke functional recovery in T2D mice in association with the normalization of glycemia.
	Improved stroke recovery by Empagliflozin is associated with increased post-stroke serum levels of FGF-21 but not BHB
	Effect of Empagliflozin treatment on post-stroke neurogenesis
	Effect of Empagliflozin treatment on T2D-induced Iba-1 immunoreactivity
	Effect of Empagliflozin treatment on post-stroke neovascularization
	Empagliflozin does not improve post-stroke functional recovery in non-T2D mice

	Discussion
	Conclusions
	Acknowledgements
	References


