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Introduction

Ischemic stroke is one of the main causes of adult mortal-
ity as well as long-term disability worldwide (Katan and 
Luft 2018). Blood vessel occlusion during global cerebral 
ischemia causes inadequate oxygen supply to various brain 
regions, which is associated with ischemia-evoked patho-
physiologic changes (Radak et al. 2017; Sanganalmath et al. 
2017). In response to oxygen lack, many intrinsic protec-
tive and transcriptional factors are rapidly upregulated in 
multiple brain regions, including hypoxia-induced factor-1α 
(HIF-1α) (Jin et al. 2000a). HIF-1α is a master regulator 
of cellular adaptation to hypoxia as it activates tissue sur-
vival pathways by regulating numbers of downstream genes 
involved in cell metabolism (i.e., glucose transporters), angi-
ogenesis (i.e., vascular endothelial growth factor (VEGF)), 
and cell survival/death (i.e., caspase-3) (Déry et al. 2005; 
Dong et al. 2013).

VEGF is a HIF-1α-transcriptionally regulated angiogenic 
factor that was found to be upregulated following ischemic 
stroke (Jin et al. 2000a; Mu et al. 2003). VEGF is engaged in 
both vasculogenesis and angiogenesis (Ho and Fong 2015), 
which help tissue restore oxygen supply, exert direct neu-
rotrophic signaling, and promote adult neurogenesis (Theis 
and Theiss 2018). Beyond its angiogenic and neurotrophic 
actions, the neuroprotective effect of VEGF is suggested to 
be mediated via regulating pro-and anti-apoptotic factors 
expressions in ischemic brains (Plate et al. 1999; Lee et al. 
2007). Apoptosis-related proteins, including caspase-3, 
are highly implicated in neuronal death following cerebral 
ischemia/reperfusion (I/R) injury in rats (Liu et al. 2013). 

Abstract  Ischemic stroke is a serious condition associ-
ated with severe functional disability and high mortality, 
however; effective therapy remains elusive. Empagliflozin, 
a sodium-glucose cotransporter 2 inhibitor, has been shown 
to exert additional non-glycemic benefits including anti-
apoptotic effects in different disease settings. Thereby, this 
study was designed to investigate the ameliorative effect of 
empagliflozin on the neuronal apoptosis exhibited in cer-
ebral ischemia/reperfusion (I/R) in a rat model targeting 
HIF-1α/VEGF signaling which is involved in this insult. 
Global cerebral I/R injury was induced in male Wistar rats 
through occlusion of the bilateral common carotid arteries 
for 30 min followed by one-hour reperfusion. Empagliflozin 
doses of 1 and 10 mg/kg were administered 1 and 24 h after 
reperfusion. In I/R-injured rats, empagliflozin treatments 
significantly reduced infarct size and enhanced neurobe-
havioral functions in a dose-dependent manner. The drug 
alleviated neuronal death and cerebral injury inflicted by 
global ischemia as it suppressed neuronal caspase-3 pro-
tein expression. In parallel, protein expressions of HIF-1α 
and its downstream mediator VEGF were upregulated in 
the ischemic brain following empagliflozin treatment. The 
results indicated that empagliflozin attenuates cerebral I/R-
induced neuronal death via the HIF-1α/VEGF cascade.
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Studies showed that inhibition of caspase-3 reduces neuronal 
loss and brain edema after brain ischemic injuries (Simard 
et al. 2009; Dong et al. 2014). Hence, we hypothesized that 
therapies suppressing proapoptotic-targeted genes, includ-
ing HIF-1α and VEGF, might have a significant role in the 
amelioration of neuronal apoptosis associated with cerebral 
I/R injury.

Empagliflozin, a novel antidiabetic therapy, inhibits 
sodium/glucose cotransporter 2 (SGLT2), which results in 
increased renal glucose excretion (Barnett et al. 2014). Apart 
from kidneys, SGLTs have been detected in many other 
organs of the body, including brain tissues, which suggests 
their potential role in the regulation of neuronal activity. Pio-
neering studies have established SGLT1 expression in many 
areas of the brain, including neuron cell bodies, axons, and 
the dentate gyrus hippocampal subfields (Poppe et al. 1997; 
Yu et al. 2012). While more recent studies reported signifi-
cant cerebral SGLT2 expressions in response to neurological 
insults (Kepe et al. 2018; Oerter et al. 2019). Indeed, recent 
studies have shown the neuroprotective role of different 
SGLT2 inhibitors in the modulation of different neuropatho-
logical conditions including epilepsy as well as memory and 
cognitive impairment (Arafa et al. 2017; Erdogan et al. 2018; 
Wang and Fan 2019). On the other hand, the effect of SGLT2 
inhibitors on cerebral I/R injury has not been conclusively 
investigated yet and their role is still unclear in modulating 
cerebral ischemia.

Although the SGLT2 inhibitor, empagliflozin, has been 
shown to exert non-glycemic benefits for direct reno/cardio-
protective functions including attenuation of apoptosis and 
proapoptotic markers (Ojima et al. 2015; Li et al. 2019), its 
precise role in regulating neuronal apoptosis is also not prop-
erly identified. Therefore, the present study was designed 
to evaluate whether empagliflozin has a protective effect 
against global cerebral I/R injury-induced neuronal apopto-
sis. Additionally, this study aims to investigate the mecha-
nisms undelaying this postulated protective effect including 
HIF-1α/VEGF regulation.

Materials and methods

Animals and induction of cerebral I/R injury

Adult male Wistar rats (Animal Care Center, Nahda Univer-
sity, Egypt), weighing from 250 to 300 g each, were housed 
under controlled environmental conditions (temperature 
27 ± 2 °C and alternating 12 h light and dark cycles). They 
were fed standard pellet chew and permitted free access to 
tap water ad libitum.

Animals were left at least one week for accommodation 
before testing. All procedures used in this study were carried 

out according to the guidelines of the NIH Guide for the 
Care and Use.

of Laboratory Animals and approved by the Animal Care 
Community, Minia University, Egypt (Permit Number: 
MPH-08-018).

A procedure of bilateral common carotid arteries occlu-
sion was performed to induce cerebral ischemia in rats. 
Briefly, anesthesia was induced with an intraperitoneal cock-
tail injection of 50 mg/kg ketamine and 10 mg/kg xylazine 
and rectal temperature was maintained at 37 °C throughout 
the procedures. Both common carotid arteries were exposed, 
carefully separated, and freed from their adventitial sheath 
and vagus nerve. Arteries were occluded for 30 min with 
aneurysm clips to induce global cerebral ischemia. After-
ward, the clips were removed to allow a 24 h reperfusion, 
then rats were subjected to behavior and neurological tests. 
At the end of the experiment, animals were sacrificed by 
decapitation under light ether anesthesia. Sham-operated rats 
underwent the same surgical procedure, except for common 
carotid artery ligation.

Study design and drug treatments

Rats were allocated randomly into five groups of eight ani-
mals each. Group 1 served as a sham-operated group, which 
received a vehicle only. Group 2 is vehicle-treated cerebral 
I/R rats. Groups 3 and 4 were cerebral I/R rats administered 
empagliflozin (Jardiance®) in two different doses (1 and 10 
mg/kg, p.o., respectively). Empagliflozin treatments were 
administered twice, after 1 and 24 h of reperfusion. Animal 
decapitation and subsequent testing were conducted in one 
hour after the last dose of empagliflozin.

Assessment of behavioral and neurological functions

At the end of the experiment just before decapitation, ani-
mals were subjected to both open field and Garcia neurobe-
havioral tests to measure behavioral and neurological func-
tions. In open field test, the frequency of rats’ ambulation 
was measured by placing each rat in the center of a square 
wooden box (72 × 72 × 36 cm) whose bottom was divided 
into 16 equal squares. Using a video camera, the rats’ ambu-
lation was calculated by counting the number of squares 
crossed in three minutes. Additionally, the rats’ neurological 
defects were also measured via Garcia neurobehavioral test, 
in which each animal was scored for six individual tests. 
Garcia’s neurobehavioral test includes evaluation of sponta-
neous activity, symmetry in the movement of the four limbs, 
forepaw outstretching, climbing, body proprioception, and 
response to vibrissae touch (Garcia et al. 1995). Neurologi-
cal functions were graded on a scale of 5 to 18. Behavioral 
analysis and scoring were carried out by an observer, who 
was blinded to the experimental procedures.
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After decapitation, brains from each group were rapidly 
dissected, washed, and divided into two sets. The first brain 
set was used for the assessment of cerebral infarction vol-
ume. While the forebrain regions of the second brain set 
were isolated and divided sagittally into two halves: The 
first subset of halves fixed in 4% paraformaldehyde for histo-
pathological and immunohistochemical analyses. While the 
second subset of halves was stored at a − 80 °C for western 
blotting analysis.

Western blot analysis

HIF-1α and VEGF-A protein expressions were analyzed in 
the rats’ brains using western blotting analysis. In brief, after 
homogenization and centrifugation of brain tissues, aliquots 
containing 20 µg/lane total protein were denatured by heat-
ing at a 95 °C temperature in an SDS sample buffer and 
then loaded on a 10% polyacrylamide gel for electrophore-
sis. The gels were transferred to nitrocellulose membranes 
(Roth, Karlsruhe, Germany) which were incubated overnight 
with primary antibodies of either HIF-1α (Thermo Fischer 
Scientific, Waltham, MA, USA, dilution of 1:250) or VEGF-
A (Thermo Fischer Scientific, Waltham, MA, USA, dilution 
of 1:500).

After being fully washed, the membranes were incubated 
with a secondary antibody conjugated to horseradish per-
oxidase (Amersham Life Sciences, NJ, USA) for one hour. 
The bands recognized by the primary antibody were visu-
alized by a standard enhanced chemiluminescence method 
and detected using densitometrically measured using ImageJ 
software (freeware; rsbweb.nih.gov/ij). Densities of the 
immunoreactive protein bands were normalized to the corre-
sponding density of the β-actin band from the same lane and 
presented as a ratio of the relative optical density (ROD). 
Each of the values was then normalized and calibrated as a 
fold-change value from the control.

Immunohistochemical analysis

According to a previously described method (Maae et al. 
2011), brain tissues were fixed in formalin (24–72 h) and 
then embedded in paraffin blocks. Blocks were cut into 4 
µm thick sections and mounted on positively charged glass 
slides. Sections then were deparaffinized by xylene, rehy-
drated through graded series of ethanol, and rinsed in water. 
Endogenous peroxidase activity nonspecific background 
staining was blocked with a 3% hydrogen peroxidase solu-
tion and Ultra V Block, respectively. Afterward, sections 
were incubated overnight in a humid chamber at a 4 °C 
temperature with the primary antibody of rabbit polyclonal 
anti-caspase-3 (Catalog # PA1-21796, dilution 1:250). The 
biotinylated secondary antibody was then applied for ten 
minutes followed by incubation with Diaminobenzidine 

(DAB) chromogen for 12 min for the development of the 
color reaction. The sections were washed, counterstained 
with Mayer’s hematoxylin, dehydrated, and cover slipped. 
Semi-quantitative analysis was accomplished by digitizing 
the images by using the Image-pro® image analysis system.

Cerebral infarct volume and histopathological analysis

Cerebral infarct volume assessment was done using a 
2,3,5-triphenyl tetrazolium chloride (TTC) staining method 
which was described earlier (Bederson et al. 1986). The fore-
brains were carefully removed, washed, and frozen for one to 
two hours. Frozen tissues were then sliced into 2 mm thick 
serial coronal sections which were incubated for 20 min at 
a 37 °C temperature with a 2% TTC stain and then fixed by 
a 10% formaldehyde solution.

Each brain slice was scanned and calculated for the per-
centage of infarct volume using computerized image analy-
sis (ImageJ, NIH, USA) (Heeba and El-Hanafy 2012). Image 
analysis was performed by an independent investigator who 
was unaware of the treatment condition.

For assessment of histopathological analysis, Brain tis-
sues were fixed in a 4% formaldehyde solution for 24 h and 
then embedded in paraffin blocks. Paraffin embedded-brain 
tissues were sectioned at 4 µm thickness, deparaffinized, and 
stained with hematoxylin-eosin (H&E). The affected areas 
with degenerated neurons (deeply attained, shrunken cell 
bodies, and pyknotic nuclei) were analyzed. Sections of dif-
ferent experimental groups were evaluated for the percentage 
of degenerated neurons to the total number of neurons in 
ten non-overlapping fields at X400 using a light microscope 
(Olympus CX41). During analysis, samples were coded by 
numbers only and the investigators were not aware of the 
sample’s identity.

Statistical analysis

Data are represented as mean ± SEM of at least three inde-
pendent experiments performed in triplicate. Differences 
in statistical significance were evaluated statistically using 
one-way Analysis of Variance (one-way ANOVA test) fol-
lowed by the Tukey–Kramer post-analysis test for comparing 
groups. Statistical significance was presented at P < 0.05. 
The analysis was performed using GraphPad Prism® soft-
ware (Version 5.0).

Results

Effect on behavior and neurological functions

In the open field test, rats subjected to I/R injury showed a 
significant decrease in ambulation frequency compared to 
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sham-operated rats. The decreased ambulation rate observed 
in ischemic rats was greatly improved by empagliflozin 
treatment in both doses of 1 and 10 mg. However, ischemic 

rats that were administered the higher empagliflozin dose 
showed a significant elevation in the ambulation rate com-
pared with those administered the lower dose. Similarly, for 
neurological assessment, cerebral I/R rats showed a signifi-
cant (P < 0.05) greater neurological deficit compared with 
the sham-operated group. Empagliflozin, in both low and 
high dose levels, alleviated neurological defects in treated 
I/R rats compared with untreated ones. It is noteworthy that 
I/R rats received higher empagliflozin doses showed higher 
neurological evaluations more than those who received 
lower doses (Fig. 1).

Effects on protein expression of cerebral HIF‑1α

Compared with the sham-operated group, induction of cer-
ebral I/R injury caused a significant elevation of HIF-1α 
protein expression in rats’ brain tissues. The HIF-1α levels 
in I/R-injured rats were significantly elevated by empagli-
flozin treatment in both doses of 1 and 10 mg/kg. Compared 
to I/R-injured rats treated with low empagliflozin doses, the 
level of HIF-1α protein expressions was significantly (P < 
0.05) upregulated upon treatment with high empagliflozin 
dose (Fig. 2).

Effects on cerebral VEGF‑A protein expression

Figure 3 showed a significant (P < 0.05) increase in cer-
ebral VEGF-A protein expression in the brain tissues of 
I/R-injured rats compared with sham-operated ones. Groups 
that received empagliflozin (in both doses 1 and 10 mg/kg) 
showed a significant increase in VEGF-A protein expres-
sion compared with vehicle-treated I/R rats. Additionally, 
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Fig. 2   Representative Western 
blots analysis of cerebral 
HIF-1α protein expressions 
showing protein bands of each 
group (a) and graphs present 
their densitometric analysis 
(b). Data are represented as 
mean ± S.E.M. *,†,‡Significant 
differences from sham, ischemic 
and empagliflozin (1 mg/kg) 
groups, respectively at P < 0.05 
where n = 3–4
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an eminent increase in VEGF-A protein expression was 
observed in I/R rat group that received a high empagliflozin 
dose compared with those who received a low dose.

Effects on cerebral caspase‑3 immunohistochemical 
reactivity

Cerebral I/R caused a significant (P < 0.05) increment of 
caspase-3 expression compared with sham-operated rats. 
Empagliflozin treatment in a dose of 10 mg reverted these 
elevated levels to their normal levels. Notably, caspases-3 
was significantly reduced by almost 87% in ischemic rats 
treated by a high dose of empagliflozin compared with 
those treated with a lower empagliflozin dose. Compared 
with vehicle-treated I/R rats, a trivial decrease in caspase-3 
protein expression was noticed in the brain tissues of I/R rats 
treated with 1 mg empagliflozin (Fig. 4).

Effects on infarct volume measurements 
and histopathological changes

Figure 5 shows representative images of TTC staining in 
which, brain tissues of ischemic rats showed a significant 
(P < 0.05) increase in infarct volume compared with brains 
of sham-operated rats. Empagliflozin-treated rats with doses 
of 1 and 10 mg/kg exhibited a significant (P < 0.05) reduc-
tion in infarct volume compared with I/R vehicle-treated 
rats (7.42 ± 0.2, 2.35 ± 0.1 vs. 16.65 ± 0.5%, respectively). 
Results showed that the low dose of empagliflozin was less 

protective than the higher dose in the term of reduction of 
infarct size.

These data are consistent with the results of histopatho-
logical findings (Figs. 6 and 7). I/R-injured brain tissues 
showed a significant (P < 0.05) increased number of degen-
erated neurons, with darkly stained shrunken cell bodies and 
pyknotic nuclei surrounded by pericellular halos, compared 
with brain tissues of sham-operated animals. In the cerebral 
cortex and hippocampus brain regions, high empagliflo-
zin dosage reversed the neuron degenerations which were 
observed in vehicle-treated I/R rats. While low empagliflo-
zin doses exhibited a non-significant improvement noted in 
brain tissues of ischemic rats.

Discussion

The present study provides insights into the neuroprotective 
effects of empagliflozin against global cerebral I/R injury. 
Empagliflozin, a SGLT2 inhibitor, showed great efficacy in 
glycemic control via the mediation of glucose uptake from 
the proximal tubules of the kidney (Kramer and Zinman 
2019). Studies showed that SGLTs not only exist in kidneys 
but they are also normally expressed in different body tissues 
including the brain, suggesting the critical role of SGLTs in 
maintaining neuronal health (Wright et al. 2011; Yu et al. 
2012). Hence, we hypothesized that modulation of SGLT2 
via empagliflozin may reveal some neuroprotective effects in 
neuropathological conditions like ischemic strokes.

Fig. 3   Representative Western 
blots analysis of cerebral VEGF 
protein expressions showing 
protein bands of each group 
(a) and graphs present their 
densitometric analysis (b). Data 
are represented as mean ± SEM. 
*,†,‡Significant differences from 
sham, ischemic and empagliflo-
zin (1 mg/kg) groups, respec-
tively at P < 0.05 where n = 3–4
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In this study, transient bilateral common carotid arteries 
occlusion in rats revealed an increase in cerebral infarct 
volume associated with significant neurological damage in 
different brain regions. Moreover, induction of cerebral I/R 
injury in rats was associated with reduced motor activity 
and neurological dysfunction in both the open field and 
Garcia tests, respectively. Empagliflozin treatment in low 
and high doses scenarios could reveal the motor dysfunc-
tion and neurological deficit observed in BCCAO-rats. The 
ameliorated neurological and functional deficits were con-
sistent with the results of TTC staining for infarct volume 
and histopathological examination. Empagliflozin-treated 
groups presented smaller infarct volume and decreased 

neurological damage compared with the vehicle-treated 
group. However, it is crucial to point out that treatment 
with a large dose of empagliflozin provided a better neu-
roprotective effect than that of a lower dose. These obser-
vations went along previous studies showed that empagli-
flozin, dose-dependently could increase urinary glucose 
excretion and reduce plasma levels in healthy subjects 
and diabetic patients, respectively (Thomas et al. 2012; 
Seman et al. 2013). A dose-proportional increase in drug 
exposure exhibited by empagliflozin (Heise et al. 2013) 
might provide a plausible justification for the increased 
neuroprotective efficacy observed upon treatment with a 
larger empagliflozin dose.

Fig. 4   Representative photo-
micrographs of immunohisto-
chemical analysis of cerebral 
caspase-3 protein expressions. 
a Sham group showing negative 
expression. b Ischemic group 
showing high expression is 
noticed in the neurons of the 
different cerebral cortical layers 
(arrows). c Empagloflozin (1 
mg/kg) treated group show-
ing few neurons with positive 
expression (arrow). d Empaglo-
flozin (10 mg/kg) treated group 
showing scattered neurons 
with positive immunoreactivity 
(arrow). Insets showing a high 
magnification for the immuno-
stained neurons.anti-Caspase-3 
immuno-staining; ×100, insets 
×400. e A semi-quantitative 
analysis of caspase-3 expression 
in rats’ cerebral cortex, Data 
are represented as mean ± SEM. 
*,†,‡Significant differences from 
sham, ischemic and empagliflo-
zin (1 mg/kg) groups, respec-
tively at P < 0.05 where n = 3–4
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HIF-1α is considered a key molecule for many intracel-
lular responses mediated by hypoxia in many tissues includ-
ing the brain (Khan et al. 2017; Robinson et al. 2017). In 
response to cerebral ischemia, HIF-1α is rapidly upregulated 
in response to the loss of the oxygen supply (Baranova et al. 
2007; Chang et al. 2007). Results from the present study 
indicated that global cerebral ischemia activated a hypoxia-
responsive signaling pathway in brain tissues, which was 
demonstrated by the concerted induction of HIF-1α. These 
results were in accordance with previous reports showed that 
HIF-1α is highly implicated in the ischemic brain (Bergeron 
et al. 1999; Jin et al. 2000a). Additionally, the accumulated 
evidence indicates that the upregulation of HIF-1α, as an 

ischemic tolerance mediator, may play a key role in neuro-
protection against cerebral I/R injury (Ogle et al. 2012; Ryou 
et al. 2012). A consistent observation in this study revealed 
a significant upregulation of HIF-1α protein expression in 
cerebral I/R rats treated with different doses of empagliflo-
zin. Current results are in harmony with a previous study of 
Zapata-Morales et al. (2014) who reported a clear reduction 
in renal SGLT2 during hypoxia mediated by HIF-1α.

One contradictory study of Bessho et al. (2019) dem-
onstrated that luseogliflozin attenuated HIF-1α expression 
in renal epithelial tubular cells and cortical tubular cells of 
db/db mice. Although the study reported an attenuation of 
tubulointerstitial fibrosis upon SGLT2 inhibition, it showed 
conflicting data of suppressed VEGF that could aggregate 
fibrosis. Yet another study with similar methodologies 
showed a clear association between SGLT2 suppression 
under hypoxic conditions and the increase of expression 
of HIF-1α (Zapata-Morales et al. 2013). The later study is 
further supported by Chang et al. (2016) who showed that 
dapagliflozin induces HIF-1α in ischemic renal tissue and 
cultured ischemic tubular cells, as well as reduces apoptotic 
cell death in I/R injured kidneys.

Although this study did not address whether SGLT2 regu-
lates HIF-1α directly or indirectly, it was previously sug-
gested that SGLT2 inhibitor can increase HIF-1α expression 
in ischemic HK2 cells in the kidney directly, and not via low 
cellular glucose (Chang et al. 2016).

Furthermore, it has been previously reported that the 
protective effect of SGLT2 inhibitors could be mediated 
independently of SGLT2 activity. Direct inhibition of Na+/
H+ exchanger (Baartscheer et al. 2017; Uthman et al. 2018) 
and activation of STAT3 antioxidant and anti-inflammatory 
properties (Andreadou et al. 2017) and AMPK Activation 
(Ye et al. 2018) are among of several mechanisms of action 
that are suggested to be implicated in SGLT2 inhibitors pro-
tective effect.

Under the conditions of hypoxia and post-hypoxia/reoxy-
genation, it has been shown that HIF-1α regulates a lot of 
genes including VEGF as one of the primary target genes 
(Ramakrishnan et al. 2014). VEGF is engaged in both vas-
culogenesis and angiogenesis, which leads to restoring the 
oxygen supply to tissues (Kim and Byzova 2014). Follow-
ing an ischemic stroke, VEGF promotes neuro-restoration 
after ischemia whether directly as a neuroprotective agent or 
indirectly by inducing angiogenesis (Sun et al. 2003; Nav-
aratna et al. 2009; Harms et al. 2010). Also, it has been 
postulated that VEGF protects the ischemic brain via direct 
neurotrophic effects (Jin et al. 2000b). Direct neuroprotec-
tion by VEGF may be related to the inhibition of cell death 
genes including caspase-3 (Jin et al. 2001; Wang et al. 2018).

Along with these findings, in the current study, we 
reported that VEGF protein expression was significantly 
going up in the I/R-injured rat group compared with the 
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sham group. Empagliflozin treatment showed further cer-
ebral VEGF upregulation in I/R-injured rats. Presumably, 
these incremental increases in VEGF protein expression 
may be linked to the activation of HIF-1α. We postulated 

that empagliflozin-induced cellular glucose deficiency may 
indirectly induce HIF-1α which in turn activates VEGF.

Supporting this assumption, several previous reports have 
demonstrated that VEGF could be induced by both hypoxia 
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Fig. 6   Photomicrographs of sections of the cerebral cortex of a male albino rat of sham group (a), showing layers of cerebral cortex; molecular 
layer (I), outer granular layer (II), outer pyramidal layer (III), inner granular layer (IV), inner pyramidal layer (V) and polymorphic layer (VI). 
The neurons have vesicular nuclei with prominent nucleoli (inset). b Ischemic group, showing congested blood vessel (v), dilated perivascular 
space (*), large number of degenerated neurons within the external and internal granular pyramidal layers (arrows). c Empagliflozin (1 mg/kg) 
treated group showing many shrunken degenerated neurons noticed mainly in the external layers (arrow) and many congested blood vessel (v) 
with dilated perivascular space. d Empagliflozin (10 mg/kg) treated group showing some shrunken degenerated neurons noticed mainly in the 
external layers (arrow). Many blood capillaries are noticed with narrow perivascular space (*). a–d Insets have higher magnification showing the 
degenerated neurons with darkly stained shrunken cell bodies and pyknotic nuclei surrounded by pericellular halos. Pyramidal neurons (arrow) 
and granule cells (arrow head) (H&E ×100. Insets ×400). e A semi-quantitative analysis of degenerated neurons of rats’ cerebral cortex, Data 
are represented as mean ± SEM. *,†,‡Significant differences from sham, ischemic and empagliflozin (1 mg/kg) treated groups, respectively at P < 
0.05 where n = 3–4
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and hypoglycemia scenarios (Rosen 2002; Ferrara 2004). 
Additionally, a recent study of Zhang et al. (2018) showed 
that luseogliflozin, another SGLT2 inhibitor, prevented renal 
fibrosis after renal I/R injury through a VEGF-dependent 
pathway.

Inevitably, cerebral ischemia results in neuronal death 
along with the activation of apoptotic mechanisms and an 
increased level of the proapoptotic factor, caspase-3 (Radak 
et al. 2017). An upregulation in caspase-3 level has been 
detected in forebrain after cerebral I/R injury (Li et al. 2010; 
Zhou et al. 2003). Similarly, the current data showed a sig-
nificant increase in caspase- 3 protein expression in the rat 

brain after I/R injury. Empagliflozin administration in two 
different doses significantly downregulated the expression 
of caspase-3 in brain tissues and inhibited the apoptotic cell 
death.

These data are consistent with the results of Sa-nguan-
moo et al. (2017) who reported a decrease in brain apopto-
sis in HFD-induced obese rats along with SGLT2-inhibitor 
treatment. We claim that empagliflozin exerts an antiapop-
totic effect via augmenting HIF-1α and VEGF expressions 
in ischemic brain tissues. Supporting our justification, a 
recent study by Otsuka et al. (2019) showed an associa-
tion between enhanced expression of HIF-1α and decreased 

Fig. 7   Photomicrographs of 
sections of the hippocampus of 
a male albino rat of sham group 
(a) showing stratum pyrami-
dalis of cornu ammonis with 
its closely packed pyramidal 
neurons with vesicular nuclei 
(arrow). b Ischemic group, 
showing large number of degen-
erated darkly stained shrunken 
pyramidal neurons (arrow). 
Notice vacuolization of the 
neuropil (n). c Empagliflozin (1 
mg/kg) treated group, showing 
some degenerated pyramidal 
neurons (arrows). The neuropil 
appear more or less normal (n). 
d Empagliflozin (10 mg/kg) 
treated group showing that most 
of the pyramidal hippocampal 
neurons appear normal with few 
degenerated neurons (arrow). 
The neuropil appear more or 
less normal (n). H&E ×100. e 
A semi-quantitative analysis 
of degenerated neurons of 
rats’ cerebral cortex, Data are 
represented as mean ± S.E.M. 
*,†,‡Significant differences from 
sham, ischemic and empagli-
flozin (1 mg/kg) treated groups, 
respectively at P < 0.05 where 
n = 3–4
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neuronal apoptosis after brain ischemia. This consolidates 
the study Baranova et al. (2007) who showed that HIF-1α 
could upregulate apoptosis-related genes, like antiapoptotic 
protein (Bcl2) besides angiogenic factors including VEGF 
after brain ischemia.

In conclusion, this study showed that empagliflozin could 
attenuate neuronal apoptosis in experimental strokes in rats. 
Elevated HIF-1α/VEGF expression by empagliflozin treat-
ment may play a significant role in the mitigation of cerebral 
I/R injury.
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