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Introduction
Diabetes mellitus (DM) is an important 
metabolic disease characterized by high 
blood sugar levels and decreased insulin 
level and function.[1,2] The prevalence of DM 
has increased in recent years due, in large 
part, to poor lifestyle choices.[3] DM, also 
termed type 2 DM (T2DM), is associated 
with many acute and chronic complications, 
affecting various organs and tissues, often 
with irreversible damage.[4‑7] Cell death and 
degenerative disorders are the main damage 
caused by DM in a variety of systems 
including the nervous, gastrointestinal, 
cardiovascular, respiratory, urogenital, 
kidney, muscle, and skeletal systems. The 
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Abstract
Diabetes is a chronic endocrine disorder that negatively affects various body systems, including the 
nervous system. Diabetes can cause or exacerbate various neurological disorders, and diabetes‑induced 
neurodegeneration can involve several mechanisms such as mitochondrial dysfunction, activation 
of oxidative stress, neuronal inflammation, and cell death. In recent years, the management of 
diabetes‑induced neurodegeneration has relied on several types of drugs, including sodium‑glucose 
cotransporter‑2 (SGLT2) inhibitors, also called gliflozins. In addition to exerting powerful effects 
in reducing blood glucose, gliflozins have strong anti‑neuro‑inflammatory characteristics that 
function by inhibiting oxidative stress and cell death in the nervous system in diabetic subjects. 
This review presents the molecular pathways involved in diabetes‑induced neurodegeneration and 
evaluates the clinical and laboratory studies investigating the neuroprotective effects of gliflozins 
against diabetes‑induced neurodegeneration, with discussion about the contributing roles of diverse 
molecular pathways, such as mitochondrial dysfunction, oxidative stress, neuro‑inflammation, and 
cell death. Several databases—including Web of Science, Scopus, PubMed, Google Scholar, and 
various publishers, such as Springer, Wiley, and Elsevier—were searched for keywords regarding the 
neuroprotective effects of gliflozins against diabetes‑triggered neurodegenerative events. Additionally, 
anti‑neuro‑inflammatory, anti‑oxidative stress, and anti‑cell death keywords were applied to evaluate 
potential neuronal protection mechanisms of gliflozins in diabetes subjects. The search period 
considered valid peer‑reviewed studies published from January 2000 to July 2023. The current 
body of literature suggests that gliflozins can exert neuroprotective effects against diabetes‑induced 
neurodegenerative events and neuronal dysfunction, and these effects are mediated via activation of 
mitochondrial function and prevention of cell death processes, oxidative stress, and inflammation in 
neurons affected by diabetes. Gliflozins can confer neuroprotective properties in diabetes‑triggered 
neurodegeneration, and these effects are mediated by inhibiting oxidative stress, inflammation, and 
cell death.

Keywords: Diabetes, gliflozins, neurodegeneration, neurotoxicity

Neuroprotective Effects of Sodium‑Glucose Cotransporter‑2 (SGLT2) 
Inhibitors (Gliflozins) on Diabetes‑Induced Neurodegeneration and 
Neurotoxicity: A Graphical Review

Review Article

Mina Gholami, 
Natalie 
Coleman‑Fuller1, 
Mahsa Salehirad, 
Sepideh Darbeheshti, 
Majid Motaghinejad
Chronic Respiratory Disease 
Research Center (CRDRC), 
National Research Institute 
of Tuberculosis and Lung 
Diseases (NRITLD), Shahid 
Beheshti University of Medical 
Sciences, Tehran, Iran, 
1Department of Veterinary and 
Biomedical Sciences, University 
of Minnesota, St. Paul, 
MN, USA

H o w  t o  c i t e  t h i s  a r t i c l e :  G h o l a m i  M , 
Coleman‑Fuller N, Salehirad M, Darbeheshti S,  
Motaghinejad M. Neuroprotective Effects of 
sod ium‑g lucose Cot ranspor ter ‑2  (SGLT2) 
Inhibi tors (Gl i f lozins) on Diabetes‑Induced 
Neurodegeneration and Neurotoxicity: A Graphical 
Review. Int J Prev Med 2024;15:28.

degeneration and disruption of function in 
these systems can cause serious disorders 
in the related organs[1,8‑10] [Figure 1]. 
The nervous system is one of the most 
important systems affected by diabetes, as 
diabetes can cause damage and neuronal 
cell degeneration in both the central 
nervous system (CNS) and the peripheral 
nervous system (PNS)[1,8‑10] [Figure 1]. 
In fact, diabetes‑induced retinopathy and 
tracheal neuropathy are known to involve 
neuronal degeneration.[11,12] Furthermore, 
diabetes can cause neurobehavioral 
conditions such as anxiety, depression, 
cognitive disability, and motor activity 
dysfunction.[13‑15] Molecular studies have 
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shown that DM‑induced neurodegenerative damage is 
due to destructive neurochemical events involved in 
mitochondria dysfunction, which leads to oxidative stress, 
neuronal inflammation, cell death and apoptosis, and 
finally activation of neurodegeneration[16‑18] [Figure 2]. 
In addition, diabetes induces neurobehavioral and 
neurochemical changes in brain cells.[13,19] Consistent with 
these findings, there appears to be a close connection 
between diabetes and neurodegenerative diseases and 
disorders such as Parkinson’s disease (PD), Alzheimer’s 
disease (AD), Huntington’s disease (HD), multiple 
sclerosis (MS), amyotrophic lateral sclerosis (ALS), 
motor neuron disease (MND), epilepsy, spinocerebellar 
ataxia, and spinal muscular atrophy.[1,17,18] Many studies 
suggest that DM‑induced neurodegenerative events are 
caused by elevated inflammation, apoptosis, oxidative 
stress, and mitochondrial dysfunction in neuronal 
cells [Figure 2]. Thus, recent years have seen increased 
use of novel anti‑hyperglycemic agents that have 
cell‑protective characteristics and therapeutic potential 

for preventing or managing molecular and neuronal 
functional problems caused by diabetes, and increased 
capability for anti‑oxidative stress, anti‑inflammatory, and 
anti‑apoptosis.[20,21]

One group of antidiabetic agent with neuroprotective 
properties is sodium‑glucose cotransporter (2SGLT2) 
inhibitors, also known as gliflozins, which are prescribed 
for patients with DM.[21,22] Several limited studies indicate 
that gliflozins have mood‑elevating, antidepressant, 
anxiolytic, and cognitive enhancement properties, 
particularly in diabetic subjects.[23‑26] A broad body of 
literature shows that gliflozins have anti‑oxidative, 
anti‑inflammatory, and anti‑apoptotic properties. Based 
on these features, gliflozins can be effective against 
DM‑induced neurodegenerative events,[26‑28] as they 
positively impact antioxidant enzyme activities and 
mitochondrial functions and exert potent inhibitory effects 
on oxidative stress.[29,30] Gliflozins have anti‑apoptotic 
effects and can enhance mitochondrial biogenesis in cells 

Figure 1: Deleterious effects of diabetes on body organs

Figure 2: Diabetes‑induced brain toxicity is mediated by mitochondrial dysfunction and the effects of oxidative stress, inflammation, and apoptosis, 
which causes organ damage and dysfunction
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of multiple organ systems, particularly in the CNS and 
PNS in DM subjects.[21,31] Additionally, gliflozins can 
act effectively against DM‑induced neuro‑inflammatory 
events,[32,33] showing potent neuroprotective properties in 
both DM‑induced neurodegenerative events and other types 
of neurodegenerative diseases or disorders.[23,26,28]

This narrative review first provides an overview of the 
harmful effects of DM on the molecular pathways leading 
to neurodegeneration. Next, we present a comprehensive 
analysis of the neuroprotective activities of gliflozins 
against DM‑induced neurodegeneration and neurotoxicity, 
with an emphasis on the inhibitory effects on the hallmarks 
of neurodegeneration, including neuro‑apoptosis, neuronal 
mitochondrial dysfunction, neuronal oxidative stress, and 
neuro‑inflammation.

Methods

A literature review was performed to assess publications 
investigating the neuroprotective activities of gliflozins 
against DM‑induced neurodegeneration and neurotoxicity. 
Multiple databases—including Scopus, Web of Science, 
PubMed, Google Scholar, Cochrane, Elsevier/Science 
Direct, and Core Collection—were queried for valid 
peer‑reviewed papers published between January 2000 and 
July 2023 using the major keywords “gliflozins,” “diabetes 
mellitus,” “DM and neurodegeneration or neurotoxicity,” 
“Gliflozins plus DM,” and “Gliflozins against DM‑induced 
neurodegeneration/neurotoxicity.” Additional‑related 
keywords included neuronal mitochondrial dysfunction, 
neuronal oxidative stress, neuro‑inflammation, hallmarks 
of cell death (apoptosis, necrosis, and autophagy), and 
gliflozins against DM‑induced neurodegeneration.

DM‑Induced Neuronal Oxidative Stress
Oxidative stress plays a critical role in DM‑induced 
neurodegeneration, as it is one of the important cascades 
that contribute to DM‑induced neuronal damage and 
neurotoxicity.[34,35] DM‑induced oxidative stress can be a 
critical predisposing factor for neurodegeneration and can 
activate neurodegenerative diseases or disorders.[34,36‑38] 
Generally, oxidative stress occurs when two separate 
events are present: 1) augmented formation or production 
of oxidant parameters including free radicals, increased 
radical oxygen species (ROS) and radical nitrogen 
species (RNS), and elevated lipid and protein peroxidation 
products and byproducts; and 2) impaired cell defenses 
and decreased antioxidant enzymes—such as superoxide 
dismutase (SOD), glutathione peroxidase (GPx), glutathione 
reductase (GR), and catalase (CAT)—and disturbances 
in the glutathione cycle.[39] DM can induce these general 
pathways of oxidative stress, which can lead to neuronal 
cell injury and cause neurodegeneration.[16,40]

DM can induce lipid peroxidation and elevated 
levels of reactive aldehyde or lipid peroxidation 
components, including 4‑hydroxy‑2‑nonenal (HNE) and 

4‑oxo‑2‑nonenal (ONE), malondialdehyde (MDA) and 
isolevuglandin (IsoLG) in neuronal cells.[17,41,42] DM‑induced 
lipid peroxidation is one of the main players in both the 
PNS and CNS in DM‑induced neurodegenerative events 
such as neuropathy and retinopathy.[16,35,43‑45] DM‑induced 
neurodegeneration involves protein oxidation,[43,46] lipid 
peroxidation, and neuronal protein deformation and 
peroxidation.[39,47] Protein peroxidation is involved in 
neuropathy, retinopathy, and other types of neuronal 
damage in the PNS and CNS of DM subjects.[36,43,44,48‑52] 
At the molecular level, DM can cause peroxidation of 
essential amino acids such as cysteine, methionine, and 
tyrosine.[39,47,53] Also, carbonyls and AOPPs’ groups—the 
main components or products of protein oxidation—
play strategic roles in DM‑induced neurodegeneration 
in the PNS and CNS.[54,55] DM‑induced lipid or protein 
peroxidation can exacerbate neurodegenerative diseases 
such as AD, PD, seizures, MS, and ALS.[56‑63]

DM‑induced oxidative stress causes dysfunction of neuronal 
cellular defenses and decreases antioxidant enzymes[64,65] 
such as SOD, GR, GPx, and CAT.[66] Normally, SOD 
activity plays a critical role in the conversion of O2

‑ into 
hydrogen peroxide[67,68] and it is a critical component in the 
neuronal cellular defense against cell damage.[69,70] SOD 
also reduces the mitochondrial release of cytochrome C 
and NO and can inhibit occurrences of oxidative stress.[68,71] 
GR, another important antioxidant enzyme, causes the 
reduction of GSSG to GSH and triggers the formation of 
the protective form of glutathione; it also activates the 
conversion of NADPH to NAD+.[16,35,72,73] DM interferes 
with all these pathways. In addition to causing disturbances 
in SOD activity and initiating cellular damage,[74] DM 
causes decreased GR activity, which leads to dysfunction 
of glutathione level and reduction of GSH, the protective 
form of glutathione.[44,75,76] DM‑stimulated neurotoxicity 
and neurodegeneration have been reported to be mediated 
via the GPx pathway, the same process that occurs with 
GR.[77‑79]

CAT is another antioxidant enzyme involved in the 
conversion of hydrogen peroxide to water and oxygen.[80] 
Dysregulation of this enzyme is involved in many kinds 
of neurodegenerative events and also DM.[81,82] CAT 
dysfunction causes increased hydrogen peroxide, which 
plays a critical role in the pathophysiology of DM‑induced 
neurodegenerative events such as neuropathy and 
retinopathy.[43,83‑86] Mitochondrial dysfunction, reduction 
of ATP production, and alteration of mitochondrial 
membrane are the main mediators of DM‑induced 
oxidative stress, which cause the formation or production 
of ROS and RNS.[87‑90] In fact, DM‑induced formation of 
free radicals in neuronal tissue is a main contributor to 
DM‑induced neurodegenerative events.[36,69,91] Based on 
these principles, it appears that diabetes induces oxidative 
stress and mitochondrial dysfunction, which can induce 
neurodegeneration and neurotoxicity. Figure 3 summarizes 
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the relationship between disturbances in the oxidant/
antioxidant balance and potential diabetes‑induced damage 
in neurons.

DM‑Induced Neuro‑Inflammation
DM induces multiple neuro‑inflammation pathways 
and cascades that lead to neurodegenerative events and 
diseases in DM subjects.[37,92,93] DM induces abnormalities 
in neuronal cells and activates glial cells, triggering 
many kinds of neuro‑inflammatory pathways that lead to 
neurodegeneration.[94‑97]

The cytokine system is a major pathway involved in 
DM‑induced neural inflammation and neurodegeneration.[98,99] 
Pro‑inflammatory and inflammatory cytokines such as tumor 
necrosis factor (TNF)‑α, interferon (IFN)‑γ, interleukin (IL)‑1, 
IL‑12, IL‑18, and granulocyte macrophage‑colony 
stimulating factor (GM‑CSF) are the main players of 
DM‑stimulated neurodegeneration.[100,101] Hyperglycemia 
and metabolic disturbances in DM cause the discoordination 
of cytokine functions.[99] DM can cause microglial activation 
and induce the activation of peripheral inflammatory cells 
to secrete cytokines that cause central and peripheral nerve 
cell damage.[37,93] Inhibiting microglial cell activation and 
decreasing cytokine production are potential candidates for 
modulating neuronal cell degeneration in DM subjects.[99]

Pro‑inflammatory cytokines—such as TNF‑α, IL‑1β, and 
IL‑6—are main players that are upregulated in DM‑induced 
neuro‑inflammation and consequent neurodegeneration.[102‑108] 
In contrast, anti‑inflammatory cytokines—such as IL‑2,[109] 
IL‑4, IL‑6, and IL‑10[110‑112]—are downregulated in DM. 
Thus, some aspects of DM‑induced neuro‑inflammation and 
neurodegeneration are due to decrease in IL‑2, IL‑4, IL‑6, 
and IL‑10 levels and function.[110‑112] IFNγ is increased in 

DM subjects.[112] In addition, chemokines—such as CCL2, 
CCL20, CXCL5, CXCL7, and CXCL12—play critical 
roles in DM‑stimulated neuro‑inflammation.[113,114] In fact, 
cytokines and chemokines are collaboratively involved in 
DM‑induced neuro‑inflammation.[115] Systemic inflammation 
and some general inflammatory biomarkers such as 
C‑reactive protein (CRP) are also involved in DM‑prompted 
neuronal inflammation.[116‑118]

DM‑induced neuro‑inflammation involves other 
neuro‑inflammatory signaling pathways, including the NF‑kb 
pathway, nitric oxide synthase (NOS)‑nitric oxide (NO) 
pathways, cyclooxygenase (COX)‑prostaglandin (PG), 
Janus kinase/signal transducers and activators of 
transcription (JAK/STAT) and toll‑like receptor (TLR) 
cascade and GF.[16,115,119,120] COX‑PG signaling cascades 
are activated in DM subjects, leading to neuropathy, 
retinopathy, and other comorbidities of neurodegenerative 
disorders.[121] DM can cause induction of COX activation 
and downstream neuro‑inflammation pathways that can 
lead to nerve damage.[122] DM/hyperglycemia is an activator 
of cytosolic phospholipase (PLP) (A2) in nerve cells, 
which causes activation of COX‑2 and production of PG, 
triggering neuronal cell death.[16,115,123,124]

Several studies indicate that DM, via stimulation of iNOS, 
can cause overproduction of NO synthesis, and can trigger 
neuronal cell death by activating NOS pathways.[104,121,125,126] 
Additional studies suggest that DM‑induced retinopathy, 
neuropathy, and other neurodegenerative events are 
mediated via the NOS pathway.[37,93] The NF‑κβ family 
acts as transcription factors for most pro‑inflammatory 
molecules, enzymes, cytokines, and chemokines.[127] 
DM induces the stimulation of NF‑κB, an inflammatory 
transcription factor, and overexpression of NF‑κB 

Figure 3: SGLT2 inhibitors (gliflozins) can modulate diabetes‑induced neuronal mitochondrial dysfunction, minimize or inhibit diabetes‑induced lipid 
peroxidation, glutathione circulatory impairment, antioxidant enzyme (SOD, GPx, and GR) dysfunction, and inhibit the formation of diabetes‑induced 
ROS and NOS. Metformin attenuates the deleterious effects of diabetes on the mitochondrial respiratory chain and MtDNA output. GPx: Glutathione 
peroxidase, GR: Glutathione reductase, GSH: Glutathione, GSSG: Glutathione disulfide, MtDNA: mitochondrial DNA, NOS: Nitrogen oxygen species. 
SGLT2: Sodium‑glucose cotransporter‑2, SOD: Superoxide dismutase, ROS: Reactive oxygen species
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causes neuro‑inflammation, which leads to neuropathy, 
retinopathy, and similar neurodegenerative conditions.[128] 
DM, via activation of mtDNA, can cause NF‑kβ expression 
in neuronal cells.[129‑131] DM‑triggered neuropathy and 
retinopathy are mediated via JAK/STAT3 signaling 
cascades in both microglia in the CNS and in other 
inflammatory cells in the PNS.[132‑134] Other indirect data 
suggest the critical role of the TLR family in DM‑mediated 
inflammation.[135] Although the precise and specific role of 
TLRs in the inflammatory processes caused by diabetes as 
well as the damage of neuronal cells has not been fully 
determined and evaluated, it seems that these receptors 
and their downstream pathways play a key role in inducing 
neuro‑inflammation in neurodegeneration caused by 
DM.[136,137]

Based on these principles, it seems that DM induces 
neuro‑inflammation and related pathways, which induces 
neurodegeneration and neurotoxicity. Figure 4 summarizes 
the relationship between DM and the induction of 
neuro‑inflammation and neurodegeneration.

DM‑Induced Neuro‑Apoptosis and Cell Death
Cell death pathways such as mitochondrial disruption, 
apoptosis, pyroptosis, necrosis, and autophagy are other 
cascades involved in DM‑induced neurodegeneration 
and neuronal dysfunction.[138‑140] DM‑induced cell death 
is responsible for the occurrence of neurodegeneration in 
both the PNS and CNS.[141‑143] DM can cause activation 
of apoptosis cell death signaling cascades via both 
intrinsic and extrinsic pathways, which ultimately lead to 
neurodegenerative events.[144,145] DM induces neuropathy 
and retinopathy and exacerbates neurological diseases—
such as PD, AD, MS, or stroke—via activation of one or 
more apoptotic cascades.[59‑63]

Apoptosis occurs in two separate extrinsic and intrinsic 
cascades. In extrinsic pathways, death ligands—such 
as the adaptor proteins, tumor necrosis factor‑related 
apoptosis‑inducing ligand (TRAIL), and Fas‑associated 

protein with death domain (FADD)—cause caspase‑8 
and ‑10 activation, which in turn causes caspase 3 and 7 
stimulation, thus leading to apoptosis. In intrinsic pathways, 
any kind of mitochondrial dysfunction or DNA damage 
can induce the production of apoptosomes and activation 
of caspase‑9, ‑3, and ‑7.[146] DM causes activation or 
stimulation of death ligand or mitochondrial dysfunction, 
which contributes to brain cell damage and causes neuronal 
cell death.[147‑149] The grades of neural cell apoptosis depend 
on the severity of DM, and the severity of apoptosis has a 
close relation with neurodegeneration.[149,150] DM can cause 
an increase in the apoptotic index in neuronal cells,[46,150] 
and DM‑induced apoptosis is due to the activation of 
inflammation, oxidative stress, and cell death.[46,79,151] 
Many studies show that DM subjects have decreased 
Bcl‑2 levels in both the PNS and CNS, and increased 
Bax and caspase family protein levels.[70,141,142,146,152‑154] 
Bcl‑2 is essential for mitochondrial outer membrane 
permeabilization (MOMP) function and can regulate 
mitochondrial functions. Mitochondrial dysfunction in 
DM subjects can cause activation of apoptosis intrinsic 
factors and can cause stimulation of Bcl‑2 and caspase 
family proteins, which lead to initiation of the intrinsic 
pathways of apoptosis.[70,141,142,146,152‑154] In animal models 
of DM—generated using streptozotocin (STZ) and/or 
alloxan to induce diabetes—apoptosis has been shown to 
be closely related to pyroptosis,[155,156] an event that also 
depends on mitochondrial dysfunction and disturbance 
in DNA function. Pyroptosis relies on plasma membrane 
pore function and activation of caspase‑1 and inflammatory 
cascades.[155,156] Necrosis is another DM‑induced cell death 
event[157] that occurs without programmed cell death when 
blood flow in the nervous system is disrupted.[157] Necrosis 
involves the main cascades of neuro‑inflammation and 
oxidative stress[37,158] and functions in close collaboration 
with apoptosis in DM‑induced neurodegeneration.[142,157] 
DM induces neuropathy, retinopathy, and other related 
neurodegeneration in both the PNS and CNS after necrosis 
in neuronal cells.[91,159,160]

Figure 4: SGLT2 inhibitors (gliflozins) inhibit diabetes‑induced apoptosis and inflammation, which attenuates probable neurodegenerative occurrences
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Autophagy, another cell death process involved in 
DM‑induced neurodegeneration, is dependent upon 
lysosome functions.[149] Any kind of DM‑induced 
neuronal cellular damage can initiate autophagy signaling 
pathways,[149,161] which lead to neuropathy, retinopathy, and 
other related neurodegenerative complications.[144,145,149,161]

Many studies have shown that DM can exacerbate or cause 
the onset of neurodegenerative diseases. In AD, diabetes 
plays a role in the activation of tau proteins[131,162] by 
activating amyloid beta precursor protein (APP), leading 
to the activation of alpha‑ and beta‑secretase that causes 
hyperphosphorylation of Tau protein, which leads to 
cerebrovascular damage, loss of synapse and activation of 
microglia associated with AD and dementia.[131,162,163] In PD, 
by activating oxidative stress and apoptosis, DM causes the 
formation of misfolded proteins and causes the misfolded 
dysfunction of α‑synuclein which ultimately leads to the 
destruction of synapses and synaptic vesicles. Additionally, 
diabetes causes genotoxic stress, and this pathway also 
causes misfolded dysfunction of α‑synuclein, ultimately 
leading to parkinsonism and movement disorders.[163,164] 
By a similar mechanism, DM also exacerbates or causes 
MS, ALS, and epilepsy, in which misfolded proteins 
trigger the demyelination or synaptic disturbances involved 
in neurodegenerative diseases.[1,147] Thus, DM‑induced 
mitochondrial dysfunction and cell death plays a critical 
role in DM‑induced neurodegenerative complications.[1,147] 
Figure 4 summarizes the relationship between DM, cell 
death, and neurodegeneration.

Therapeutic Approaches for DM‑Induced 
Neurodegenerative Events
An attractive strategy for managing or preventing 
DM‑induced neurodegenerative diseases is the use of 
therapeutics that inhibit oxidative stress, inflammation, and 
cell death. The use of novel anti‑hyperglycemic agents with 
neuroprotective characteristics has good potential for the 
prevention or management of DM‑induced molecular and 
neuronal functional problems, particularly if they show 
anti‑oxidative stress, anti‑inflammatory, and anti‑apoptosis 
characteristics.[20,21] SGLT2 inhibitors (gliflozins) are a 
group of antidiabetic agents that also have neuroprotective 
properties.[21,22]

SGLT2 Inhibitors (Gliflozins)
SGLT2 inhibitors (gliflozins) are a group of therapeutics 
used in the management of T2DM; this class of drugs 
includes phlorizin, dapagliflozin, canagliflozin, and 
empagliflozin. Gliflozins affect the intestinal mucosa of 
proximal tubules of nephrons and inhibit reabsorption 
of sodium and glucose by acting on sodium‑glucose 
channels[165,166] [Figure 5]. This class of medication has 
other beneficial effects on cardiovascular, hepatocellular, 
and neuronal systems.[165,166] Research in recent years has 
confirmed the beneficial effects of these agents on the 

CNS and PNS and positive changes in neurobehavioral 
and neurochemical status, particularly in patients with 
DM[167] [Figure 6].

Effects of Gliflozins on Diabetes‑Induced Mood 
and Cognition Disorders
DM can induce anxiety‑like behavior in both human and 
animal subjects,[168] and diabetes‑induced anxiety is closely 
correlated with neurochemical changes in brain cells.[169,170] 
Recent pre‑clinical and clinical studies show that diabetes 
induces behaviors linked to anxiety and stress, and this 
behavioral shift is parallel to neurodegeneration.[170,171] 
Other related studies report that diabetes causes depressive 
behavior in both human and animal subjects,[171,172] and 
that diabetes triggers cognitive impairment and cognitive 
dysfunction. These forms of DM‑induced cognitive 
dysfunction are linked to neurodegeneration events.[173,174] 
Modulating diabetes‑induced neurobehavioral consequences, 
on the other hand, poses a significant challenge.[174]

Clinical and experimental trials have shown that gliflozins 
may act as an antidepressant and mood stabilizer—
even at sub‑therapeutic doses—in patients with 
diabetes.[175] Gliflozins may modify anxiety and enhance 
cognitive function in diabetic subjects and may likely 
modulate diabetic‑induced neurodegeneration, leading to 
increased cognitive performance in patients.[176] Gliflozins 
and other related neuroprotective agents are able to 
alleviate anxiety and stress‑like behaviors in diabetic 
subjects[176,177]; many clinical and pre‑clinical studies 
indicate that gliflozins can modify moods, particularly 
in patients with metabolic‑related disease.[178‑180] Thus, 
gliflozins—possibly by exerting neuroprotective effects 
of regulating diabetic‑induced neurodegeneration—can 
confer antidepressant, anxiolytic, and cognitive enhancer 
effects that could alter behavioral disruptions in diabetic 
subjects [Figure 7].

Neuroprotection Effects of Gliflozins Against 
Hallmarks of Diabetes‑Induced Neurodegeneration
Effects of gliflozins on diabetes‑induced oxidative stress

Potential risk factors for cognitive decline in patients with 
diabetes include hypoglycemia, micro‑ and macrovascular 
disease, inflammation, and psychosocial factors. While 
some studies suggest that improved glycemic control is 
associated with better cognitive function, other studies 
have shown conflicting results. Thus, the potential benefit 
of antidiabetic agents in preventing cognitive deficits is 
unknown.[181]

Several studies have investigated the effect of gliflozin on 
diabetes‑induced oxidative stress. Oelze and colleagues 
showed improvement with empagliflozin on endothelial 
dysfunction in type 1 (T1) DM rats,[182] indicating a potential 
therapeutic effect. Lin et al.[183] investigated the effect of 
empagliflozin on cerebral oxidative stress and brain‑derived 
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nuclear factor (BDNF) in a mouse model of obesity and 
T2DM. The mice were divided into two subgroups, with 
one receiving a standard diet and the other receiving a 
standard diet containing 0.03% empagliflozin for 16 days. 
Empagliflozin significantly reduced brain oxidative stress 
in the animals through the reduction of cerebral superoxide, 
8‑OHdG, and cerebral NADPH oxidase subunits, including 
gp91 and p67. Empagliflozin also increased cerebral BDNF 
levels, indicating that it may have a positive effect on 
cognitive function in diabetic mice. Amin et al.[184] found that 
empagliflozin treatment reduced cerebral oxidative stress, 
inflammation, and markers of apoptosis in rat brain tissue. 
Using ischemic stroke‑injured hyperglycemic Wistar rats 
as a study model, treatment with empagliflozin (10 mg/kg) 
attenuated the alterations in levels of MDA, CAT, and GSH. 
Empagliflozin treatment significantly increased the levels of 
cerebral GSH and CAT in the ischemic group by 0.36‑ and 
2.3‑fold. Empagliflozin also reduced the elevated levels of 
MDA in brain tissues of the ischemic group.

A wide range of studies have demonstrated that a high‑fat 
diet (HFD) not only affects insulin function but also impacts 
cognitive abilities in the brain. The detrimental effects 

of obesity on the brain are manifested through various 
mechanisms, including brain mitochondrial dysfunction, 
increased oxidative stress, and impaired insulin function 
in brain tissue.[184] In 2017, a group of scientists subjected 
Wistar rats to HFD for 16 weeks and evaluated the effects 
of two blood glucose‑lowering drugs—empagliflozin 
and vildagliptin—in three separate groups. HFD rats 
experienced brain mitochondrial dysfunction, which was 
manifested through increased production of ROS and 
mitochondrial membrane depolarization. In addition to 
mitochondrial changes, the concentration of MDA increased 
in rat brains, indicating an increased level of brain oxidative 
stress. Treating the rats with empagliflozin, vildagliptin, 
and a combination of the two drugs significantly decreased 
brain mitochondrial ROS production and depolarization. 
The drugs also led to a decreased level of MDA.[185]

The precise molecular mechanism underlying the 
development of PD remains uncertain; however, there is 
a clear association between mitochondrial dysfunction, 
oxidative stress, and the loss of dopaminergic neurons in 
PD.[186] The neuroprotective effects of dapagliflozin on 
PD were investigated using rotenone (1.5 mg/kg)‑treated 
Wistar rats as a PD animal model. Rotenone increased 
lipid peroxidation and the expression of nuclear Nrf2, 
DJ‑1, and HO‑1 compared to control rats. However, 
treatment with dapagliflozin (1 mg/kg) markedly affected 
neuronal oxidative stress, lowering lipid peroxides and 
restoring the disturbed DJ‑1/Nrf2 pathway[187] [Figure 3]. 
Table 1 provides a summary of the experimental studies 
on the effects of gliflozins on diabetes‑induced oxidative 
stress.

Gliflozins and diabetes‑induced inflammation

SGLT2 inhibitors have garnered significant interest due 
to their positive effects shown in DM, heart failure, 
and kidney disease. Various mechanisms may explain 

Figure 5: Pharmacological mechanism of SGLT2 inhibitors (gliflozins)

Figure 6: Structures of SGLT2 inhibitors (gliflozins)
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these diverse effects, including those related to reducing 
inflammation, correlated with the development of different 
neurodegenerative conditions and disorders.[188,189]

Long‑term inflammation in the brain can result in difficulties 
with memory that relies on the hippocampus.[190] Several 
studies have investigated the effect of SGLT2 inhibitors 
on inflammatory markers such as IL‑6, CRP, TNF‑α, 
and MCP‑1.[191] Microglia, which are essential regulators 
of inflammation in the brain, play a significant role in 
neurodegenerative disorders; decreasing microglia‑induced 

inflammation could potentially decelerate the progression 
of these diseases. In a 2022 study,[27] primary rat 
microglia were induced to a pro‑inflammatory state by 
lipopolysaccharide (LPS) stimulation and then investigated 
as to whether empagliflozin affected the expression 
of various pro‑inflammatory mediators, including NO, 
NOS2, IL‑6, TNF, IL‑1B, and the anti‑inflammatory 
mediator—IL‑10, as well as the ERK1/2 cascade and 
NF‑κB translocation. The results showed that empagliflozin 
reduced the expression of both pro‑inflammatory and 

Figure 7: Protective effect of SGLT2 inhibitors (gliflozins) against diabetes‑induced neuro‑behavioral changes such as anxiety, depression, cognition 
impairment, and motor activity disturbances

Table 1: Experimental studies investigating the effects of gliflozins on oxidative stress in DM‑induced 
neurodegenerative events 

Animal model/cell 
line/clinical study

Dose, period of treatment, and evaluation of oxidative 
stress

Major outcomes/effects of treatment with 
gliflozin

References

STZ‑induced rat, 
T1DM model 

Empagliflozin (10 and 30 mg/kg/d) via drinking water for 
7 weeks. Oxidative stress parameters assessed. 

Reduction of oxidative stress in aortic 
vessels, development of endothelial 
dysfunction, improved metabolic parameters. 

[183]

db/db mice (obesity 
model)

db/db mice were used as a model of obesity and T2DM.
Two subgroups of animals:

‑ Standard diet group
‑ Standard diet with 0.03% Empagliflozin

Empagliflozin reduced cerebral superoxide, 
8‑OHdG, gp91 and p67, and increased 
BDNF levels, which showed a positive effect 
on cognitive performance in diabetic mice.

[184]

Male Wistar rats Hyperglycemic rats were subjected to cerebral I/R injury, 
divided in groups:

‑ Rats with cerebral I/R injury (control group)
‑ I/R injured rats treated with empagliflozin (10 mg/kg)
‑ I/R injured rats treated with gliclazide (2mg/kg).

Empagliflozin treatment increased levels of 
cerebral GSH and catalase in the ischemic 
group, and reduced the elevated levels of 
MDA in brain tissues of the ischemic group.

[185]

HFD‑induced 
obese rats

Vildagliptin (3 mg/kg/day),
Dapagliflozin (1 mg/kg/day) or combined drugs for four 
weeks.
Investigated metabolic parameters and brain function.

A combination of the drugs had greater 
efficacy in improving brain insulin 
sensitivity and reducing brain oxidative 
stress than the single drug therapy.

[186]

Rat model of 
rotenone‑Induced 
Parkinson’s 
Disease (PD) 

Dapagliflozin (1 (mg/kg)/day), by gavage for 3 weeks
Investigated expression of target signals.

Dapagliflozin markedly alleviated neuronal 
oxidative stress via lowering lipid peroxides 
with consequent restoration of the disturbed 
DJ‑1/Nrf2 pathway. 

[188]
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anti‑inflammatory mediators in LPS‑activated primary 
microglia. Naznin et al.[192] investigated the effects of 
canagliflozin on inflammation caused by obesity in mice 
and demonstrated that canagliflozin reduced body weight, 
liver weight, and fat accumulation in HFD obese mice. 
Canagliflozin caused a reduction in the accumulation of 
mRNA levels of the inflammatory biomarkers Iba1 and 
IL‑6 and decreased the number of macrophages/microglia 
within the nodose ganglion and hypothalamus. In the 
skeletal muscle of HFD‑fed obese mice, canagliflozin 
decreased inflammatory cytokine levels, macrophage 
accumulation, and the mRNA level of the specific atrophic 
factor atrogin‑1. Steven et al.[193] investigated the effects 

of empagliflozin on primary diabetic complications in 
male Zucker diabetic fatty (ZDF) rats. Administrating 
empagliflozin (10 and 30 mg/kg/d) via drinking water for 
6 weeks restored glycemic control, improved endothelial 
function, reduced oxidative stress, and prevented 
inflammation and glucotoxicity. Thus, empagliflozin 
appeared to ameliorate glucotoxicity via the excretion of 
glucose and to modify the hepatic metabolome of ZDF rats 
towards a protective profile.

Empagliflozin (500 nM) has been found to inhibit the 
expression of several inflammatory response genes in 
human proximal tubular cells when exposed to IL‑1β.[194] 
This anti‑inflammatory effect of empagliflozin is observed 

Table 2: Experimental and clinical studies investigating the effects of gliflozins on inflammation in DM‑induced 
neurodegenerative events 

Animal model/cell 
line/clinical study

Dose, period of treatment, and 
evaluation of inflammation

Major outcomes/effects of treatment with gliflozin References

Rat primary 
microglial cells

0.5M, 1M, 5M or 50M empagliflozin 
in the presence or absence of 5 ng/
mL LPS for 24h. Assessed expression 
of pro‑inflammatory mediators and 
the anti‑inflammatory mediator IL10. 
Investigated changes in the activation of the 
ERK1/2 cascade by NFkB translocation.

Reduced the expression of pro‑ and anti‑inflammatory 
mediators in LPS‑activated primary microglia

[27]

High‑fat 
diet (HFD)‑fed 
male C57BL/6J 
mice

HFD‑fed male C57BL/6J mice were treated 
with canagliflozin for 8 weeks.

‑Attenuated increases in the mRNA levels of the Iba1 and 
IL‑6 and the number of macrophages/microglia in the 
nodose ganglion and hypothalamus.
‑decrease in inflammatory cytokine levels, macrophage 
accumulation, and the mRNA level of the specific atrophic 
factor atrogin‑1 in the skeletal muscle.

[193]

Zucker diabetic 
fatty (ZDF) rats

Empagliflozin (10 and 30 mg/kg/d) via 
drinking water for 6 weeks.

Prevented inflammation and glucotoxicity (AGE/RAGE 
signaling) epigenetically. Decreased glucotoxicity and 
oxidative stress, prevented the development of endothelial 
dysfunction and exhibited anti‑inflammatory effects

[194]

Rat model of 
rotenone‑Induced 
PD

Dapagliflozin (1 (mg/kg)/day), by gavage 
for 3 weeks
Investigated the expression of target 
signals.

Elicited significant anti‑inflammatory activities via curbing 
neuronal GSK‑3β, NF‑κB activation and its downstream 
signal, TNF‑α.

[188]

Human 
proximal tubular 
cells (HPTCs)

Empagliflozin (500 nM), in both
HK‑2 and RPTEC/TERT1 cells.

‑Inhibited the expression of inflammatory response genes in 
HPTCs, including MCP‑1/CCL2, ET‑1, IL‑1β, IL‑6, TNF‑α, 
and ICAM‑
‑Decreased the expression of several other inflammatory 
response genes in IL‑1β‑induced normoglycemic HPTCs

[195]

HFD‑induced 
obese rats

Vildagliptin (3 mg/kg/day), dapagliflozin (1 
mg/kg/day) or combined drugs for four 
weeks. Investigated metabolic parameters 
and brain function. 

‑Attenuated brain apoptosis and brain inflammation
‑Greater efficacy of dapagliflozin in improving peripheral 
insulin sensitivity and a similar efficacy in reducing 
oxidative stress, attenuating brain mitochondrial 
dysfunction, brain apoptosis, and brain inflammation, and 
preventing cognitive decline.
‑Greater anti‑oxidative effects and improving brain insulin 
sensitivity to a greater degree in the combined drugs therapy

[186]

Rat model of 
depression

Dapagliflozin (1 mg/kg/day; p.o.) with 
and without BQ‑788 (1 mg/kg/day; i.p.), 
for 5‑week chronic unpredictable stress 
protocol.

‑NLRP3 inflammasome may be a promising therapeutic 
target for depression.
‑Dapagliflozin can significantly suppress its activation to halt 
both neuro‑inflammation and BBB disturbance, mediated 
through the NLRP3/IL/TNF‑α/miR‑501‑3p/ZO‑1 axis

[196]
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under normoglycemic conditions. It also improves renal 
ischemia‑reperfusion (IR) injury by reducing inflammation 
and enhancing mitochondrial fusion through the 
AMPK‑OPA1 pathway.

In the rotenone‑induced PD model, rats show marked 
neuronal inflammation, as evidenced by the activation 
of NF‑κB signaling/upregulation of its downstream 
effector TNF‑α. Using this model, dapagliflozin showed 
potential neuroprotective effects against PD‑associated 
neurodegenerative aberrations/motor dysfunction,[187] 
attenuation of PD motor dysfunction and improvement 
in motor coordination, diminished histopathologic 
alterations and α‑synuclein expression, augmented tyrosine 
hydroxylase and dopamine levels, and suppression of 

neuro‑inflammation by restraining the activation of the 
NF‑κB pathway and TNF‑α levels.

In depressive animal models, the NLRP3 inflammasome 
pathway is activated along with peripheral and central 
inflammatory responses. Dapagliflozin was found to play an 
antidepressant role by regulating the NLRP3/ET‑1/ETBR/
BDNF axis.[195] In a study conducted on HFD‑induced 
obese rats,[185] treatment with both a SGLT2 inhibitor 
and a DPP‑4 inhibitor showed the development of brain 
function by attenuating mitochondrial dysfunction, insulin 
resistance, inflammation, and apoptosis. Single therapy 
resulted in equally improved brain mitochondrial function, 
insulin signaling, and apoptosis and prevented cognitive 
decline. However, only dapagliflozin made a positive 

Table 3: Experimental and clinical studies investigating the effects of gliflozins on modulating cell death in 
DM‑induced neurodegenerative events 

Animal model/cell 
line/clinical study

Dose, period of treatment, and evaluation of Cell death Major outcomes/effects of treatment with 
gliflozin

References

HFD‑induced 
obese rat

The HFD‑fed rats divided into four subgroups (at week 13):
1‑vehicle group
2‑ vildagliptin (3 mg/kg/day) group
3‑ dapagliflozin (1 mg/kg/day) group
4‑ Combination of both drugs

‑Decreased expression of apoptosis‑related 
factors, including Bax and Bcl2 in rats 
treated with dapagliflozin, vildagliptin, or 
both drugs.
‑Decreased brain inflammation. 

[186]

Male Wistar rats 1 and 10 mg/kg of empagliflozin, 1 and 24 h after 
reperfusion.

‑Downregulated the expression of caspase‑3, 
upregulated HIF‑1α and its downstream 
mediator VEGF in the ischemic brain.
‑Confirmed the anti‑apoptotic effect of 
empagliflozin through increasing the 
expression of HIF‑1a and VEGF. 

[200]

Hyperglycemic 
rats

Hyperglycemic rats were subjected to cerebral I/R injury 
and divided to:

‑ Rats with cerebral I/R injury (control group).
‑ I/R injured rats treated with empagliflozin (10 mg/kg).
‑ I/R injured rats treated with gliclazide (2mg/kg).

‑Decreased caspase‑3 and the number 
of apoptotic cells in I/R injured rats by 
empagliflozin and gliclazide treatments.
‑The reduction of apoptotic cells by 
empagliflozin and gliclazide was 85% and 
90.7%, respectively.

[185]

Huntington 
Disease (HD) rat 
model

40 wistar rats divided in to 4 groups:
‑ Normal control group
‑ Dapagliflozin group (1 mg/kg)
‑ 3‑NP group (30 mg/kg)
‑ Dapagliflozin plus 3 ‑NP group

‑Elevated levels of apoptotic markers due to 
HD stimulation, attenuated by dapagliflozin 
treatment.
‑dapagliflozin induced autophagy by 
enhancing beclin‑1 and LC3 expression and 
reducing DRAM expression.

[203]

Rat model of 
rotenone‑Induced 
PD. 

Rotenone‑induced PD rats were treated with 
Dapagliflozin (1(mg/kg)/day). 

Treatment with dapagliflozin decreased Bax 
and caspase‑3.
Dapagliflozin also restored the PI3K/
AKT/GSK‑3β pathway, proving its role in 
anti‑apoptotic mechanisms.

[188]

Ovariectomized/
D‑galactose 
Alzheimer’s rat 
model

Dapagliflozin (1 mg/kg/day; p.o.). ‑Elevation of energy sensors; AMP/ATP ratio 
and LKB1/AMPK protein expressions along 
with autophagic markers; SIRT1, Beclin1, 
and LC3B expressions.
‑ Dapagliflozin implied its anti‑AD effect, 
via boosting hippocampal LKB1/AMPK/
SIRT1/mTOR signaling in OVX/D‑Gal rat 
model

[204]
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impact on hippocampal synaptic plasticity [Figure 4]. 
Table 2 summarizes the experimental studies of the effects 
of gliflozins on diabetes‑induced inflammation.

Effects of gliflozins on diabetes‑induced apoptosis and 
cell death

SGLT2 inhibitors are among the most prominent oral 
anti‑hyperglycemic agents. SGLT2s are primarily expressed in 
segments 1 and 2 of the proximal convoluted kidney tubules 
and play an important role in the reabsorption of urinary 
glucose, which is dependent on a sodium concentration 
gradient. However, SGLT2s are not exclusively expressed 
by renal cells, as they are present in the mammalian CNS 
including the hippocampus, cerebellum, and blood‑brain 
barrier (BBB) endothelial cells. This particular distribution 
may be responsible for the intriguing evidence suggesting 
their neuroprotective properties.[196,197]

The global incidence of AD is on the rise, and finding new 
effective treatment options is critically important. The main 
pathological mechanism of AD is the extra‑ and intracellular 
accumulation of plaques containing beta‑amyloid and 
neurofibrillary tangles (NFTs). Several studies have 
investigated the effectiveness of SGLT2 inhibitors in 
controlling the AD process. In empagliflozin‑treated 
APP/PS1xd/db mice (AD‑T2D model), Hierro‑Bujalance 
et al. showed a reduction in senile plaque density and 
overall soluble and insoluble amyloid β (Aβ) levels in the 
cortex and hippocampus. Empagliflozin treatment caused a 
significant increase in neural cognition and amelioration of 
AD‑related symptoms.[198]

The effect of SGLT2 inhibitors has also been investigated 
in models of non‑neuron‑related diseases using male Wistar 
rats subjected to global cerebral I/R injury by occluding the 
bilateral common carotid arteries for 30 minutes, followed 

by one‑hour reperfusion. Empagliflozin treatment, at doses 
of 1 and 10 mg/kg for 1 and 24 hours after reperfusion, 
significantly reduced the size of the infarct and improved 
neurobehavioral functions in a dose‑dependent manner 
in the I/R‑injured rats. In the I/R rats, cerebral ischemia 
caused neuronal death along with the activation of apoptotic 
mechanisms and an increased level of the pro‑apoptotic factor, 
caspase‑3. Importantly, empagliflozin administration in two 
different doses significantly downregulated the expression 
of caspase‑3 in brain tissues and inhibited apoptotic cell 
death. Additionally, empagliflozin treatment upregulated the 
protein expressions of HIF‑1α and its downstream mediator 
vascular endothelial growth factor (VEGF) in the ischemic 
brain. These findings suggest that empagliflozin exerts an 
anti‑apoptotic effect via augmenting HIF‑1a and VEGF 
expressions in ischemic brain tissues.[199]

Long‑term HFD consumption not only causes obesity but 
also leads to various negative effects on the body, including 
impaired insulin sensitivity, increased brain oxidative 
stress, and cognitive decline.[200] Vildagliptin, a dipeptidyl 
peptidase‑4 inhibitor, has shown beneficial effects on 
insulin sensitivity and neuroprotection in individuals with 
obesity and insulin resistance. Additionally, recent studies 
have shown the neuroprotective properties of dapagliflozin 
in diabetic patients. However, there is a lack of research 
investigating the comparative effects of both drugs and 
their combination on metabolic dysfunction and impaired 
brain function.

The effects of dapagliflozin and vildagliptin on diabetic 
neural complications were investigated in a study containing 
40 HFD male Wistar rats divided into two groups: 
one group receiving a normal diet (ND) and the other 
receiving HFD for 16 weeks. At week 13, the rats were 
further divided into four subgroups receiving: vehicle (V), 

Figure 8: SGLT2 inhibitors (gliflozins) exert neuroprotective effects via inhibition of apoptosis, inflammation, and oxidative stress, leading to attenuation 
of diabetes‑induced neurodegenerative occurrences. Bax: Bcl‑2‑associated X protein, Bcl‑2: B‑cell lymphoma 2, CAT: Catalase, COX: Cyclooxygenase, 
GPx: Glutathione peroxidase, GR: Glutathione reductase, GSH: Glutathione, GSSG: Glutathione disulfide, MDA: Malondialdehyde, NO: Nitric oxide, 
NOS: Nitric oxide synthase, TNF: Tumor necrosis factor
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vildagliptin (3 mg/kg/day), dapagliflozin (1 mg/kg/day), or 
a combination of both drugs for a period of four weeks. 
To investigate brain apoptosis, pro‑apoptotic markers (Bax) 
and anti‑apoptotic markers (Bcl‑2) were determined. The 
results showed that the HFD‑V rats had increased Bax 
protein expression, decreased Bcl‑2 protein expression, 
and increased Bax/Bcl‑2 ratio, when compared with ND 
rats receiving vehicle (ND‑V). However, rats treated with 
dapagliflozin, vildagliptin, or both drugs showed decreased 
expression of Bax and Bcl‑2, as well as decreased brain 
inflammation compared to HFD rats. These findings suggest 

that dapagliflozin, vildagliptin, and their combination have 
anti‑apoptotic and anti‑inflammatory effects in the brains of 
HFD‑induced obese rats.[185]

Ischemic stroke is recognized globally as a major 
contributor to adult disability and death. Elevated blood 
glucose level exacerbates ischemic damage and is 
indicative of unfavorable clinical outcomes in patients with 
stroke. Glycemic control strategies have shown beneficial 
effects on modulating oxidative stress, inflammation, and 
programmed cell death.[201] The neuroprotective effects of 
empagliflozin were investigated in hyperglycemic Wistar 

Table 4: Clinical trials investigating the effect of SGLT‑2 inhibitors as neuroprotective agents 
Subjects Dose, period of treatment Recruitment Status and results References 

Or code of study in 
www. clinicaltrials.gov

Adults with preclinical 
Alzheimer’s 
disease (AD) and 
amnestic mild cognitive 
impairment (aMCI) or 
early AD.

Randomized, double‑blind 
trial comparing the effects of 
4 weeks of intranasal insulin (40 
International Units four times 
daily), empagliflozin (10 mg 
daily) and combined intranasal 
insulin and empagliflozin 
compared with placebo on 
cerebrospinal fluid biomarkers 
and cognition.

Recruiting NCT05081219

Aging‑associated 
cognitive
impairment as well 
as for AD and related 
dementias

Empagliflozin (25 mg) for 
14 days on systemic and brain 
metabolism in 21 non‑diabetics 
aged 55 years old or older.

 Completed.
‑Empagliflozin potentially promotes neuronal survival
through activation of the canonical pathway of insulin 
signaling and may act as a neuroprotectant through 
upregulation of IGF‑1R (based on studying NEVs).
‑Empagliflozin decreases potentially harmful 
excitatory neurotransmission in the brain by decreasing 
glutamate and glutamine (based on brain MRS).

NCT03852901
[216]

Patients with type 2 
diabetes

14 days treatment with 25 mg 
empagliflozin compared to 
placebo treatment.

Completed.
Two weeks of empagliflozin treatment did not change 
DNA or RNA oxidation. However, a posthoc analysis 
revealed that longer‑term dapagliflozin treatment 
decreased DNA oxidation.

NCT02890745
[217]

Patients with type 2 
diabetes after kidney 
transplantation

Compared the difference in 
oxidative modifications before 
and after 90 days treatment with 
25 mg empagliflozin plus insulin 
compared to insulin treatment.

Recruiting NCT04918407

Glycemic 
variability (GV) on 
drug‑naïve T2DM 
patients.

Patients with new onset T2DM 
treated with dapagliflozin + 
metformin during a 12‑week 
period.

Completed
Improved glycemic variability measured by 
MAGE (‑19.63%) and achieved longer periods within 
target range for glycemic control in comparison with 
patients treated only with metformin. Plasmatic insulin 
levels, and weight reduction were also significantly 
reduced with dapagliflozin; nominal reductions in 
HbA1c and SBP were observed. All these findings 
support early use of dapagliflozin in patients with 
newly onset T2DM.

NCT04090580
[218]

AD patients 12 weeks of 10 mg dapagliflozin 
once daily. 

Completed
Results were not published.

NCT03801642 
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rats with global ischemic stroke divided into four groups: 
sham‑operated rats, rats with cerebral I/R injury, rats 
treated with empagliflozin (10 mg/kg at 1 and 24 h after 
the reperfusion), and rats treated with gliclazide (2 mg/kg 
at 1 and 24 h after the reperfusion). The findings showed 
significantly increased caspase‑3 immunoreactivity in the 
brain tissues of rats with cerebral I/R injury compared 
to the sham group. However, both empagliflozin and 
gliclazide treatments significantly reduced caspase‑3 
immunoreactivity and the number of apoptotic cells in the 
I/R injured group. Empagliflozin reduced apoptotic cells by 
85%, while gliclazide reduced them by 90.7%.[184]

HD is a rare neurodegenerative disorder that affects glucose 
metabolism and leads to behavioral disturbances, including 
memory and locomotion problems. Several studies have 
reported a high prevalence of glucose intolerance and DM 
in patients with HD. In an HD animal model, generated 
using 3‑nitropropionic acid (3‑NP)‑treated Wistar rats, 
3‑NP‑treated rats showed a significant increase in the levels 
of cytochrome c (cyt‑c), P53, calpain, lactate, NF‑κB, 
TIGAR, HK‑II, and PEA15, indicating the activation of 
apoptosis, glycolysis, and toxicity processes. Treating the 
rats with 1mg/kg of dapagliflozin for 28 days followed by 
a single dose of (30 mg/kg), 3‑NP rats at day 29 showed 
reductions in the above markers. The administration of 3‑NP 
inhibits autophagy, as shown by decreased expression of 
beclin‑1 and LC3. Surprisingly, damage‑regulated autophagy 
modulator (DRAM), an autophagy indicator, is increased 
after acute intoxication with 3‑NP. DRAM plays a critical role 
in the P53‑mediated apoptotic response, which may explain 
its increased expression after 3‑NP intoxication. However, 
pretreatment with dapagliflozin reverses the inflammatory 
indicators, induces autophagy by enhancing Beclin‑1 and 
LC3 expression, and reduces DRAM expression.[202]

SGLT2 inhibitors are promising antioxidant and 
anti‑apoptotic agents that demonstrate a wide range of 
therapeutic effects in murine models. However, their effects 
on PD were a mystery until a recent 2021 study in which 
subcutaneous rotenone‑treated (1.5 mg/kg) Wistar rats 
were used as PD study models. The rats were treated with 
dapagliflozin (1 (mg/kg)/day, by gavage for 3 weeks) and 
alterations in motor dysfunction, dopamine levels, neuronal 
oxidative stress, ROS‑dependent neuronal apoptosis, and 
neuro‑inflammation were thoroughly surveyed. Rotenone 
increased the protein expression of the pro‑apoptotic 
Bax (2.52‑fold) and cleaved caspase‑3 (2.32‑fold), which 
are involved in programmed cell death. Dapagliflozin 
reversed apoptotic aberrations by downregulating the 
expression of Bax and the cleaved form of caspase‑3. 
Additionally, dapagliflozin increased the expression of glial 
cell line‑derived neurotrophic factor (GDNF) and restored 
the PI3K/AKT/GSK‑3β pathway, which was suppressed 
by rotenone. The restoration of GDNF and the PI3K/AKT/
GSK‑3β pathway by dapagliflozin suggests its underlying 
anti‑apoptotic mechanisms.[187]

Gliflozins affect core pathological features of 
neurodegeneration.[197] In addition to inhibiting SGLT2, 
gliflozins have an affinity for inhibiting the SGLT1 
receptor. This effect is responsible for mediating 
neuroprotective effects and mediating anti‑inflammatory 
and anti‑atherosclerotic effects, and causing decreases in 
pro‑inflammatory cytokines, M2 macrophage polarization, 
JAK2/STAT1, and prohibition of NLRP3 inflammasome, 
as well as carotid intima‑media thickness (cIMT) 
regression. Gliflozins also improve endothelial function, 
prevent remodeling, and exert a protective effect on the 
neurovascular unit, BBB, pericytes, astrocytes, microglia, 
and oligodendrocytes. Another unique feature of these 
compounds is that they inhibit the production of misfolded 
proteins and inappropriate molecules. By this mechanism, 
they can inhibit the initiation or exacerbation of processes 
involved in neurodegenerative diseases, including AD, PD, 
seizures MS, and ALS. These agents also cause inhibition 
of AChE, improvement in cognitive performance and 
can restore circadian rhythm via mTOR activation. Some 
gliflozins, such as empagliflozin, can cause increased brain 
BDNF, which modulates neurotransmission, plasticity 
of neurons, growth, and survival.[197] Ibrahim et al.[203] 
suggested the involvement of LKB1/AMPK/SIRT1‑induced 
autophagy and mitochondrial biogenesis in dapagliflozin 
neuroprotection against OVX/D‑Gal‑induced AD‑like 
pathology [Figure 4]. Table 3 summarizes the experimental 
studies investigating the effects of gliflozins on DM‑induced 
cell death.

SGLT2 Inhibitors as Neuroprotective Agents in 
Clinical Trials
Several studies have reported the positive effects of 
SGLT2 inhibitors on cardiovascular and renal outcomes. 
The putative beneficial mechanisms of SGLT2 inhibitors 
involve factors such as reduced levels of pro‑inflammatory 
cytokines, a metabolic shift towards using free fatty acids 
and ketone bodies, reduced oxidative stress, decreased 
glomerular hyperfiltration, inhibition of advanced glycation 
end‑product signaling, and increased hepatic glycogen 
depletion leading to proper catabolic periods. These 
are the very factors considered crucial in the onset of 
neurodegenerative disorders, like PD. SGLT2 inhibitors 
seemed to be effective in these conditions. Recent clinical 
trials are summarized in Table 4.

Discussion
This review presents the current understanding about the 
neuroprotective effects of SGLT2 inhibitors in DM‑induced 
neurobehavioral and neurochemical changes, and the 
related molecular antioxidant, anti‑inflammatory, and 
anti‑apoptosis effects of SGLT2 inhibitors in DM‑induced 
neurodegenerative events.

DM negatively affects neuronal function, which may serve 
as one of the key causes of neurodegenerative events.[89,204] 
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Several pathways, such as protein aggregation, apoptosis, 
oxidative stress, neuro‑inflammation, and autophagia, have 
been shown to induce neuronal and neural cell malfunction 
during diabetes.[16,125] Oxidative stress is a major mechanism 
involved in DM‑induced neurodegeneration,[18,36,43,44,48‑52] 
which can induce neuropathy and retinopathy and 
exacerbate other neurodegenerative events or diseases. 
Diabetes can dampen SOD, GPx, and GR activity and 
increase the level of MDA, a marker of lipid peroxidation, 
in neuronal cells in the CNS and PNS.[118,205,206] Diabetes 
can cause mitochondrial dysfunction and alteration of 
respiratory chain antioxidant enzymes in brain cells 
reducing cell defenses in neuronal cells.[118,206,207]

SGLT2 inhibitors can reduce oxidative stress, thereby 
conferring neuroprotective effects against DM‑induced 
neurodegeneration found in neuropathy, retinopathy, and 
other neurodegenerative disorders.[26,182,193] Gliflozins can 
activate SOD, GPx, and GR activity while diminishing the 
level of lipid peroxidation and protein oxidation in neuronal 
cells in DM subjects.[26,182,185,193]

The inflammatory cascades—including cytokine and 
chemokine activation, NOS‑NO pathways, COX‑PG 
cascades, NF‑kβ and TLRs pathways, and other 
inflammatory components—are involved in DM‑induced 
neuronal degeneration that leads to neuropathy, retinopathy, 
and similar disorders.[118,208] Gliflozins show strong 
neuroprotective effects and can inhibit DM‑induced 
neurotoxicity and neurodegeneration through inhibiting 
inflammatory signaling cascades[192,209] and modulating 
inflammatory processes.[196]

DM activates intrinsic and extrinsic mechanisms of 
apoptosis in brain cells,[210,211] and causes accelerated 
neuronal cell death, by apoptosis, autophagy, and 
necrosis,[212] which can lead to neurodegeneration.[212,213] 
Studies indicate that gliflozins are antidiabetic protective 
drugs that prevent DM‑induced apoptosis in neuronal 
cells.[70,185] Whereas DM decreases overall anti‑apoptosis 
and increases neuronal levels of biomarkers for apoptosis—
including Bax, Caspase‑3 and 7—gliflozins can regulate 
these harmful forms of diabetes‑induced effects in the 
PNS and CNS.[185,196] Gliflozins provide a substantial 
defense against DM‑induced neuronal damage,[196,199] 
showing neuroprotective activity against DM by inhibiting 
apoptosis, necrosis, and autophagy.[212‑216] Taken together, 
the current literature supports the conclusion that SGLT2 
inhibitors confer neuroprotection against DM‑induced 
neurobehavioral and neurochemical events due to their 
capacity for exerting antioxidant, anti‑inflammatory, and 
anti‑apoptosis effects.

Conclusion
The harmful effects of DM can lead to neurodegeneration 
and neurotoxicity. Diabetes can activate lipid peroxidation, 
cause dysfunction of glutathione levels and antioxidant 

enzymes, and induce mitochondrial dysfunction in 
neuronal cells, which can initiate neuro‑inflammation. 
In addition, DM‑induced neuronal cell degeneration is 
mediated by the development of autophagy, necrosis, 
and apoptosis in intrinsic and extrinsic pathways. This 
literature review presents the current understanding of the 
effects of gliflozins as powerful neuroprotective agents 
in diabetic subjects by restoring mitochondrial function 
and causing decreased DM‑induced lipid peroxidation, 
antioxidant, and glutathione dysfunction. Gliflozins can 
also prevent neuro‑inflammation and neuronal cell death in 
diabetic subjects by inhibiting DM‑induced inflammatory 
pathways or DM‑induced apoptosis, autophagy, and 
necrosis‑mediated cell death [Figure 8]. Collectively, 
the findings suggest that gliflozin therapies can decrease 
DM‑induced neurodegenerative hallmarks and can function 
as neuroprotective agents against neurodegeneration and 
neurotoxicity induced by DM.

Further studies are needed to investigate the molecular 
changes associated with the neuroprotective effects 
of gliflozins and to investigate whether lower doses 
of gliflozins would be effective for preventing 
neurodegeneration in patients with or without diabetes. 
Considering the ability of these compounds to reduce 
destructive and neurodegenerative processes, gliflozins 
may be promising candidates as neuroprotective agents in 
multiple neurodegenerative diseases other than DM.
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