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Abstract: Diabetes and obesity are growing problems worldwide and are associated with a range of acute and chronic complications, 
including acute myocardial infarction (AMI) and stroke. Novel anti-diabetic medications designed to treat T2DM, such as glucagon- 
like peptide-1 receptor agonists (GLP-1RAs) and sodium-glucose cotransporter-2 inhibitors (SGLT-2is), exert beneficial effects on 
metabolism and the cardiovascular system. However, the underlying mechanisms are poorly understood. GLP-1RAs induce anorexic 
effects by inhibiting the central regulation of food intake to reduce body weight. Central/peripheral administration of GLP-1RAs 
inhibits food intake, accompanied by an increase in c-Fos expression in neurons within the paraventricular nucleus (PVN), amygdala, 
the nucleus of the solitary tract (NTS), area postrema (AP), lateral parabrachial nucleus (LPB) and arcuate nucleus (ARC), induced by 
the activation of GLP-1 receptors in the central nervous system (CNS). Therefore, GLP-1RAs need to pass through the blood-brain 
barrier to exert their pharmacological effects. In addition, studies revealed that SGLT-2is could reduce the risk of chronic heart failure 
in people with type 2 diabetes. SGLT-2 is extensively expressed throughout the CNS, and c-Fos expression was also observed within 2 
hours of administration of SGLT-2is in mice. Recent clinical studies reported that SGLT-2is improved hypertension and atrial 
fibrillation by modulating the “overstimulated” renin-angiotensin-aldosterone system (RAAS) and suppressing the sympathetic 
nervous system (SNS) by directly/indirectly acting on the rostral ventrolateral medulla. Despite extensive research into the central 
mechanism of GLP-1RAs and SGLT-2is, the penetration of the blood-brain barrier (BBB) remains controversial. This review discusses 
the interaction between GLP-1RAs and SGLT-2is and the BBB to induce pharmacological effects via the CNS. 
Keywords: central nervous system, anorexic medications, sympathetic nervous system, chronic heart failure

Introduction
Type 2 diabetes mellitus (T2DM) and obesity are major public health problems affecting millions of people worldwide. T2DM 
is a metabolic disorder characterized by long-term hyperglycemia and is one of the leading causes of morbidity and mortality.1 

Obesity is an important exo-promoting factor of T2DM. Accumulating evidence demonstrates that obesity is not only strongly 
related to the etiology and pathogenesis of T2DM but also to the development of diabetic complications.2 Hyperglycemia and 
glucose toxicity can induce oxidative stress, worsening the outcome of AMI (acute myocardial infarction) in patients with 
diabetes.3 In addition, both hypertension and diabetes are critical risk factors for stroke in patients with atherosclerotic 
cardiovascular impairment.4 Capability of entering the CNS is an effective way for drug development to improve metabolism, 
alleviate diabetes, and obesity. CNS is an important target for improving obesity and many obesity-improving drugs exert 
effect through the CNS.5 Therefore, whether it can cross the BBB determines the effect of the drug. GLP-1 is secreted during 
mealtime and reduces blood glucose levels by enhancing insulin secretion and inhibiting glucagon release. A growing number 
of GLP-1RAs have been produced, which can be classified into short-acting or long-acting compounds. The net effects of the 
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former reduce postprandial blood glucose, while the latter affects both fasting and postprandial blood glucose.6 In rodents, the 
anorexigenic effect of GLP-1RA administration peripherally requires central GLP-1R, for it is not inhibited in mice with 
central specific GLP-1R deletion.7

Sodium-glucose cotransporter-2 inhibitors (SGLT-2is) are a novel class of oral drugs for the treatment of T2DM. These 
drugs block SGLT-2 in proximal tubules, through which 90% of glucose is reabsorbed, thus decreasing the reabsorption of 
glucose and lowering the blood glucose levels.8 In addition to the anti-diabetic effects, weight loss has also been observed in 
patients receiving SGLT-2i monotherapy.9–11 This drug class affects multiple systems, including the nervous, cardiovascular 
and endocrine systems, resulting in exceedingly complex metabolic effects beyond glycemic control.

Clinical studies have shown that both SGLT-2is and GLP-1RAs reduce body weight and lower the risk of 
hospitalization and mortality of cardiovascular disease such as AMI in patients with type 2 diabetes.12–14 These two 
agents possibly share similar CNS routes, but their modes of action might be very distinct.15,16 The blood-brain barrier 
(BBB) is a dynamic barrier that maintains the regular physiological state and metabolism of the central nervous system 
(CNS), but it also inhibits peripheral drugs from entering the CNS.17 Both the lipid-soluble GLP-1RAs and small- 
molecule SGLT-2is were considered to be able to cross the BBB in numerous preclinical trials.

Furthermore, increased levels of circulating free fatty acids, inflammatory cytokines (TNF-α, IL-1β, IL-6) and 
chemokines increase BBB permeability. These effects are compounded by the apoptosis of BBB microvascular 
endothelial cells caused by hyperglycemia and obesity.18–21 BBB impairment has also been reported in a variety of 
neurological disorders, including Parkinson’s disease and Alzheimer’s disease.22 Interestingly, oxidative stress is 
a common feature of all these cases. Elevated levels of reactive oxygen species (ROS) are observed during pathological 
processes, and ROS is considered to contribute to the increased permeability of the BBB. Mitochondria are the main 
source of ROS production in cells. The destruction of the mitochondrial electron transport chain (ETC) leads to an 
increase in ROS production, which triggers matrix metalloproteinases (MMP) induction, ultimately disrupting tight 
junctions and increasing BBB permeability.23 The integrity of the BBB is compromised in certain pathological states, and 
its temporary disruption allows drugs in the peripheral circulation to enter the CNS. Consequently, GLP-1RAs and 
SGLT-2is are able to cross the BBB. Terami et al revealed that diabetes-induced disruption of the BBB allowed SGLT-2is 
to pass through in a dose-dependent manner.24

This review introduces the basic structure and permeation mechanism of the BBB, discussing the relationship 
between the structural and/or chemical properties of SGLT-2is/GLP-1RAs’ and their permeability through the BBB.

The Physiology and Pathology of Blood–Brain Barrier (BBB) Related to 
Obesity and T2DM
Structure and Function of BBB
The blood–brain barrier (BBB) is composed of capillary endothelial cells linked by tight junctions, basal lamina, 
pericytes, and astrocytes. It acts as a regulatory interface between capillaries and nerve tissues in the brain and spinal 
cord that restricts the transfer of most drug substances from the bloodstream into the brain and serves as an important 
barrier to maintaining the brain’s homeostasis (Figure 1).17,25 However, some structures, such as circumventricular 
organs (CVOs), lack a complete BBB. CVOs are composed of malformed ependymal cells and many leaky capillaries 
that lack a full blood-brain barrier, allowing chemicals to enter the brain. CVOs include the pineal gland, the organum 
vasculosum of the lamina terminalis (OVLTs), the subfornical organ (SFO), the choroid plexus, the region postrema 
(AP), the pituitary gland’s posterior lobe, the subcommissural organ, and the median eminence (ME) of the mediobasal 
hypothalamus.26,27

BBB Permeation Prediction Index
The semipermeable nature of BBB restricts the movement of large molecules, such as drugs or proteins >500 kDa. 
Compounds having logPoct≈2.0 have optimal brain penetration. The parameters used for predicting drug penetrability by 
modified Lipinski’s rules for CNS penetration include hydrogen bond donors (HBD) ≤3; hydrogen bond acceptors (HBA) 
≤7; logPoct ≤ 5.0; 7.5 < pKa < 10.5; molecular weight ≤ 400Da.28
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Transport Routes
Substances can cross the blood-brain barrier via paracellular transport and intercellular transport. Although most 
macromolecules in the blood are physically prevented from entering the brain due to the presence of the blood-brain 
barrier and tight junctions, specific and non-specific transcellular mechanisms transport various macromolecules and 
complexes across the blood-brain barrier. Figure 2 illustrates several primary routes across the BBB: positively charged 
macromolecules cross the BBB via adsorptive-mediated transcytosis (AMT); non-polar solutes and lipid-soluble drugs 
pass via passive diffusion; c) carrier-mediated transport (CMT) is responsible for the transport of a variety of essential 
polar molecules into the CNS; and receptor-mediated transcytosis (RMT), which requires specific ligands29 (Figure 2).

The Physiology of the Interactions Between GLP-1RAs and the BBB
Location of GLP-1R and Structure of GLP-1RAs
Jensen et al conducted a study in the CNS by isolating and purifying a novel specific monoclonal GLP-1R antibody and 
detecting the location of GLP-1R using an in situ hybridization technique.30,31 The results confirmed that GLP-1 

Figure 1 Structure of the BBB: capillary endothelial cell, tight junction, basal lamina, astrocyte, pericyte, interneuron.

Figure 2 Mechanism of BBB transportation: a) Carrier-mediated influx, in which polar molecules are transported; b) Adsorptive-mediated transcytosis, in which positively 
charged macromolecules bind to receptors and are transported across the endothelial cell; c) Passive diffusion, in which most lipid-soluble molecules are transported; d) 
Receptor-mediated transcytosis, in which macromolecules bind to receptors and are transported to the CNS; e) Tight junction model (partially or completely open). Arrows 
indicate the direction of transportation.
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receptors (GLP-1R) are widely distributed throughout the cerebral cortex, hypothalamus, hippocampus, thalamus, 
caudate nucleus, and globus pallidus. Numerous studies focusing on diverse brain illnesses such as Alzheimer’s disease 
(AD) and ischemic brain injury have corroborated the localization of GLP-1R in the CNS.32–34 In addition, a study 
reported GLP-1R expression on pericytes, which are multi-functional mural cells located at the center of the neurovas-
cular unit (NVU).35 Other studies have mapped the action of GLP-1RAs, demonstrating that GABA neurons in the NTS 
express GLP-1 receptors and mediate the anorectic effects of liraglutide in rats.36 However, a study of single-cell RNA 
sequencing in the brain shows that the presence of GLP-1R on BBB endothelial cells is negligible.37

Exenatide,38 lixisenatide,39,40 beinaglutide,41 liraglutide,42 dulagutide43 and semaglutide44 are now commercially 
accessible as GLP-1 receptor agonists (Table 1). The GLP-1 receptor agonists can be classified into two groups based on 
their chemical structure. Exenatide is based on the exendin-4 structure and has a low amino acid sequence homology with 
human GLP-1, whereas natural GLP-1RAs, such as liraglutide, have a higher amino acid sequence homology of 95% 
with human GLP-1.45 According to the different molecular conformations (natural GLP-1 or long-acting GLP-1 analogs) 
and drug administration pathways, GLP-1 and its analogs transmit food reduction signals directly or indirectly to the 
central nervous system (CNS) through different signal pathways.

Native GLP-1, GLP-1RAs and BBB
Numerous studies have discovered the expression of native GLP-1 in CNS, implying that natural GLP-1 could cross the 
BBB from the peripheral circulation via passive transport due to their physiological, molecular biology, pharmacokinetic, 
and pharmacodynamic properties. Kastin et al observed and analyzed the influx rate following intravenous injection of 
125I-[Ser8] GLP-1. The blood-brain flow of GLP-1 via passive diffusion may be determined by its physicochemical 
properties rather than lipophilicity, demonstrating the BBB’s permeability to GLP-1.46 Several preclinical and clinical 
studies on ischemia-induced brain injury, Alzheimer’s disease (AD), Parkinson’s disease (PD), and other neurodegenerative 
disorders have established that GLP-1RAs can cross the BBB and exert a significant neuroprotective effect.32–34 

Furthermore, various studies have examined the anorexia-promoting properties of GLP-1RAs. The studies have demon-
strated that GLP-1R is also expressed in nuclei controlling food intake, such as the arcuate nucleus (ARC) and paraven-
tricular thalamic nucleus (PVN). Previous studies also demonstrated that GLP-1RAs might cross the BBB and promote 
bodyweight loss by acting on these nuclei.47–50 The effect of intravenous infusion of GLP-1 on food intake disappeared 
after vagotomy in humans, which suggested that the vagus afferent pathway is involved in the effect of GLP-1 on appetite.51 

However, subdiaphragmatic vagotomy had no effect on GLP-1-induced acute activation of PKA in the brain, indicating that 
the vagus nerve is not involved in GLP-1RAs entering the brain.52 Interestingly, subphrenic vagus afferents can also 
attenuate the short-term appetite inhibitory effects of liraglutide and exendin-4, but their long-term effects on food intake do 

Table 1 The Physicochemical Properties of GLP-1 Receptor Agonists

GLP- 
1RAS

MOLECULAR 
FORMULA

HOMOLOGY 
WITH HUMAN 
GLP-1

HALF- 
LIFE

MOLECULAR 
WEIGHT

BASED ON THE 
EXENDIN-4 
STRUCTURE

Exenatide C149H234N40O47S 53% 2.4h 3.7 kDa

Lixisenatide C149H225N39O46 50% 2–3h 3.3 kDa

BASED ON THE 
NATIVE HUMAN GLP-1 
STRUCTURE

Beinaglutide C215H347N61O65S 100% 30min 4.9 kDa

Liraglutide C172H265N43O51 97% 13h 3.8 kDa

Dulaglutide C2646H4044N704O836S18 90% 4–7d 59.7 kDa

Semaglutide C187H291N45O59 94% 165h 4.1 kDa

Notes: With the exception of dulaglutide, these medications are low molecular weight lipid-soluble molecules (less than 5kDa) with a long half-life that 
are expected to pass through the BBB, in contrast to native GLP-1, which is degraded by peptidase in approximately 5 minutes after being absorbed 
into the bloodstream.
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not depend entirely on vagus afferents.53 The above findings indicate that GLP-1RAs inhibit food intake and cause weight 
loss mainly by acting on different brain regions, which also supports the evidence of long-acting GLP-1RAs penetrating 
incomplete BBB in certain areas. GLP-1R–mediated transport occurs through circumventricular organs (CVOs) and maybe 
other parts of the hypothalamus via fenestrated capillaries and is partially dependent on tanycyte–mediated transport 
through certain localized compartments of the cerebrospinal fluid (CSF).54,55 Central administration of GLP-1RAs 
suppressed appetite, accompanied by increased expression of c-Fos in neurons within the PVN, amygdala, NTS, AP, 
LPB and ARC, which was consistent with the results of GLP-1R expression studies in the CNS.56 Decreased food intake 
and weight loss were observed with peripheral administration of GLP-1RAs, but inactivation of intestinal GLP-1 produc-
tion did not interfere with food intake or weight control, suggesting that the GLP-1R-dependent signaling regulating 
appetite and body weight occurs in the CNS.50,57

GLP-1RAs Originating from the Structure of Exendin-4: Exendin-4, Exenatide and Lixisenatide
Exendin-4, a bioactive peptide produced from Heloderma suspectum venom, is a 39-amino-acid peptide.58 Exendin-4 
improved cognitive behavioral tests in Alzheimer’s disease patients by protecting the brain against abnormal insulin 
signaling.59 Kastin and Akerstrom established in a landmark study that peripherally injected Exendin-4 passed readily 
through the BBB, facilitated by its lipophilicity, rather than becoming trapped in the endothelial cell.60 According to 
multiple time regression analyses, exendin-4 passes directly through the BBB. Exendin-4 has been shown to easily cross 
the BBB, which is critical for Parkinson’s disease treatment.61 In addition, Exendin-4 quickly enters the brain and brain 
microvascular endothelial cells via active ligands that bind to and activate GLP-1 receptors.52 Exenatide is based on 
exendin-4 structure.62 Numerous clinical trials established exenatide’s efficacy in individuals with Parkinson’s disease, 
demonstrating that it entered the CNS via the BBB and exerted neuroprotective and neurorestorative effects.63–65 

Additionally, it was demonstrated that exendin-4 is also mediated by the adsorptive transcytosis across brain endothelial 
cells.66

On the other hand, Salameh’s research indicates that lixisenatide can penetrate the BBB via adsorptive transcytosis.66 

Lixisenatide has been demonstrated to pass the blood-brain barrier and exert neuroprotective effects in Alzheimer’s 
disease.67 Hunter and Holscher reported increased cAMP levels in the CNS at all dosages after 30 minutes and 3 hours of 
lixisenatide injection, which indicated the activation of the GLP-1 receptor, and presented persuasive evidence that 
lixisenatide crossed the BBB.68

GLP-1RAs Originating from the Native Human GLP-1 Structure: Liraglutide, Dulaglutide and Semaglutide
Liraglutide is a GLP-1 agonist with neuroprotective properties in Alzheimer’s disease.69 It has demonstrated the ability 
to cross the BBB. The pharmacological concentration of GLP-1RA in the brain was proportional to the intraperitoneal 
injections, with 2.5, 25, or 250 nmol per kg of body weight protecting against impairment of recognition memory 
synaptic loss and degradation in the hippocampus of patients.68,70 Despite its varied ability to cross the BBB, 
liraglutide was more effective than exendin-4 in repairing the damage induced by 1-Methyl-4-Phenyl- 
1,2,3,6-Tetrahydropyridine (MTPT).71 While these findings suggest that GLP-1RAs can reach brain tissue by passive 
diffusion across the BBB, other research has shown that liraglutide could only enter the brain by binding to the central 
GLP-1 receptor.

Dulaglutide is a GLP-1RA with a larger molecular weight, which may potentially cross a compromised BBB.72 

However, there is no direct evidence proving that dulaglutide crosses the BBB.
In 2017, the US Food and Drug Administration (FDA) authorized semaglutide as the seventh clinically available 

GLP-1RA.44 The longer aliphatic chain in semaglutide, a long-acting formulation based on the structure of liraglutide, 
enhances hydrophobicity by altering the DPP-4 enzyme hydrolysis site with polyethylene glycol (PEG), allowing it to 
strongly bind to albumin. Semaglutide was detected within vascular endothelial cells and could not cross the BBB. 
According to the research by Gabery et al, semaglutide could bind to albumin and directly reach the brainstem, septal 
nucleus, and hypothalamus via CVOs, but showed no interaction with endothelial cells and could not cross the BBB. 
Interestingly, semaglutide seems to be able to pass through the tanycytes that line the ventricular wall or areas lacking 
a BBB.73
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The Physiology of the Interaction Between SGLT-2 Inhibitors and the BBB
Location of SGLT-2 and Structure of SGLT-2 Inhibitors
SGLT-2 is mainly expressed in the apical membranes of kidney segments 1 and 2 of the proximal convoluted tubules.74 

A previous study has demonstrated that SGLT-2 is present in the central nervous system, including the brain parenchymal 
and the BBB.75–77 SGLT-2 was shown to be expressed in ependymal cells and choroid plexus epithelial cells (CPE) in the 
brainstem, hypothalamus, periaqueductal grey (PAG), amygdala, and solitary nucleus of mice and humans.78

SGLT-2is are a novel class of diabetes medications and are well-known for their efficacy in the treatment of chronic 
heart failure in both diabetic and non-diabetic patients. RAAS is one of the most important arterial blood pressure 
regulators and plays a key role in cardiovascular and renal diseases. A study by Shin et al reported that dapagliflozin 
attenuated inflammatory and fibrotic markers.79 In addition to their anti-diabetic effects, SGLT-2is play a role in cardio- 
nephroprotection due to RAAS activation from their diuretic and sympathoinhibition effects.80 Phlorizin, the first SGLT- 
2i, is a naturally occurring chalcone compound discovered in apple bark in the 1850s by French researchers. It is a non- 
specific SGLT-1 and SGLT-2i that was not used as an anti-hyperglycemic medication due to gastrointestinal side effects 
until the chemical structure was modified in this decade. SGLT-2is are lipid soluble drugs with low molecular weight, as 
indicated by their chemical structures (Figure 3).

SGLT-2 Inhibitors and BBB
Physicochemical properties, including molecular weight, pKa, LogPoct, HBA and HBD, are critical parameters related to 
the ability of drugs to cross the BBB. These properties can be obtained from the ChEMBL database, which is an open 
database that contains information on a large number of drug-like bioactive compounds: https://www.ebi.ac.uk/chembldb 
(Table 2).

Notably, given that SGLT-2 is expressed in the brain, which is consistent located with enhanced cFos expression 
induced by SGLT-2is, we hypothesize that SGLT-2is may cross the BBB via receptor-mediated transcytosis.76,81 In 
a recent study, we discovered that the SGLT-2i dapagliflozin might cross the BBB and interact with SGLT-2 in the 
brain.81 In addition to its hypoglycemic effect, the neuroprotective effect of SGLT-2is may be another evidence that it can 
cross the BBB. Dapagliflozin may enter the brain through impaired BBB, irrespective of its lipid-soluble properties, as 
evidenced by dramatically increased BBB permeability and disruption of tight junction between endothelial cells in 
Parkinson’s disease.82 Empagliflozin improved cognitive performance in diabetic rats by lowering brain oxidative stress. 
In this context, the increase in cognitive function associated with empagliflozin and canagliflozin may also support the 
notion that these medicines are capable of penetrating the damaged BBB.83 Inflammation in the CNS of patients with 

Figure 3 Chemical structure and molecule weight of SGLT-2 inhibitors. Dapagliflozin(2013) MF:C21H25ClO6 MW:408.88; Empagliflozin(2014) MF:C23H27ClO7, 
MW:450.91; Sotagliflozin(2019) MF:C21H25ClO5S MW:424.94; Ertugliflozin(2017) MF:C22H25ClO7 MW:436.88; Luseogliflozin(2014) MF:C23H30O6S MW:434.55; 
Tofogliflozin(2014) MF:C22H26O6 MW:386.44; Ipragliflozin(2014) MF:C21H21FO5S MW:404.45; Canagliflozin(2013) MF:C24H25FO5S MW:444.52. 
Abbreviations: MF, molecular formula; MW, molecular weight.
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diabetes or other chronic diseases may increase the permeability of the BBB, allowing SGLT-2is to pass through. El- 
Sahar et al examined dapagliflozin’s neuroprotective effect in rats with Huntington’s disease and discovered that it was 
capable of modulating aberrant neurotransmission. Other abnormal conditions in the rat striatum, such as apoptosis, 
glycolysis, and autophagy, may allow SGLT-2is to cross the BBB.84 On the other hand, some research shows that the 
neuroprotective effect of SGLT-2is is most likely caused by the increased native GLP-1 concentration and decreased 
corticosterone concentration following SGLT-2is administration.85

Dapagliflozin was the first SGLT-2i to be licensed as a commercially accessible drug by the US Food and Drug 
Administration in 2000. Our previous study found that dapagliflozin may act on the rostral ventrolateral medulla (RVLM) 
and affect the sympathetic outflow of sympathetic preganglionic neurons to the intermediolateral nucleus of the spinal 
cord (IML), thereby promoting parasympathetic activity. Dapagliflozin also inhibits SGLT-2 in mice and regulates central 
autonomic activity by stimulating neurons in the central nervous system and controls cardiovascular functions. SGLT-2 
was localized to specific regions involved in autonomic control. Expression of c-Fos was significantly higher in major 
critical nuclei in the aforementioned regions in the mice group treated with dapagliflozin.81 Shaikh et al reported that 
dapagliflozin is a potent dual inhibitor of SGLT-2 and acetylcholinesterase, which could be used as the basis for future 
dual therapy for patients with diabetes and diabetes-related neurological disorders.86

In 2014, the drug empagliflozin (EMPA) was approved for the treatment of T2DM. Extensive investigation revealed that 
EMPA had been shown to have a neuroprotective impact on illnesses like Alzheimer’s disease and Parkinson’s disease. In 
a recent study, EMPA was shown to traverse the damaged BBB and to improve ultrastructural remodeling of the 
neurovascular unit (NVU) and neuroglia in female diabetic mice.87 Entesar et al also confirmed that EMPA exerted 
neuroprotective effects in hyperglycemic rats.88 Increased expression of cerebral caspase-3 was observed in ischemia/ 
reperfusion(I/R)-injured rats administered with oral EMPA, whereas apoptotic cells decreased, indicating that EMPA may 
help protect neurons. The researchers speculated that EMPA could cross through a compromised BBB and exert neuropro-
tective benefits. The above findings suggest that EMPA can enter areas with compromised BBB integrity (Figure 3).

Sotagliflozin, often known as a “dual SGLT-1/SGLT-2 inhibitor”, has the highest affinity for SGLT1 receptors but is 
not yet commonly used in diabetic patients as it is the newest SGLT-2is.89 In theory, sotagliflozin may have a greater 
neuroprotective effect than other SGLT-2is due to increased SGLT1 expression in the brain.90 Sotagliflozin should be 
able to penetrate the BBB via passive diffusion based on its lipid-soluble molecular structure. However, no current 
investigations have examined this concept.

Ertugliflozin was licensed for clinical usage in 2017 after it was demonstrated to decrease the risk of heart failure 
hospitalization (HHF).91 However, minimal research has been conducted on its BBB permeability. Based on physico-
chemical and polypharmacological data, ertugliflozin is likely unable to cross the BBB.92

Table 2 Physicochemical properties related to penetration capacity of the BBB of SGLT-2is.

Property Dapa Empa Sota Ertu Luse Tofo Ipra Cana BBB  
Penetration Threshold

MW (Da) 408.88 450.91 424.95 436.88 434.55 386.44 404.45 444.52 450

pKa 12.57 12.57 12.57 11.98 12.85 12.00 12.57 13.34 7.5–10.5

HBA 6 7 6 7 7 6 6 5 ≤7

HBD 4 4 3 4 4 4 4 4 ≤3

logPoct 2.11 2.51 3.73 3.19 2.28 2.47 2.46 3.44 ≤5.0

Notes: As shown in the table, the MW of all SGLT-2is listed in the table is less than the critical value of BBB. Compounds with logPoct≈2.0 have 
optimal brain penetration. LogPoct of all the SGLT-2is ranges from 2 to 4. 
Abbreviations: Dapa, dapagliflozin; Empa, empagliflozin; Sota, sotagliflozin; Ertu, ertugliflozin; Luse, luseogliflozin; Tofo, tofogliflozin; Ipra, 
ipragliflozin; Cana, canagliflozin; MW, molecular weight; HBD, hydrogen bond donors; HBA, hydrogen bond acceptors.
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Luseogliflozin is a selective SGLT-2 inhibitor that received marketing approval on March 24, 2014, for the treatment 
of T2DM.93 Many studies have shown that luseogliflozon could reverse cerebrovascular dysfunction and cognitive 
impairments in diabetic animals and elderly diabetics.94,95

The FDA authorized tofogliflozin for diabetic therapy in 2014. Takeda et al discovered that tofogliflozin could 
enhance food intake. They hypothesized that delivering tofogliflozin intracerebroventricularly (ICV) could stimulate food 
intake by acting directly on the CNS, whereas intraperitoneal administration showed no such effects.96 Tofogliflozin 
administered via ICV enhanced food intake, indicating the presence of SGLT-2 in the brain. However, the BBB 
permeability of tofogliflozin remains unknown (Figure 4). Additionally, c-fos (a neuronal activation indicator) was 
significantly enhanced in the arcuate nucleus (ARC) within 2–3 hours after tofogliflozin treatment, suggesting that 
tofogliflozin could permeate these regions and bind to receptors on the ARC.

Ipraglifozin has a five-membered ring structure with low selectivity for SGLT-2 and was first approved in Japan in 
2014. Destruction of mitochondrial ETC leads to increased ROS production, which triggers matrix metalloproteinases 
(MMP) induction, ultimately leading to compromised BBB integrity. Studies have shown that ipragliflozin can reduce 
body fat mass and alleviate mitochondrial dysfunction.97,98 Therefore, it has the effect of both anti-obesity, and anti- 
oxidant to improve BBB permeability. However, there are no adequate studies revealing the mechanism of ipragliflozin 
and its ability to cross the BBB.

In 2013, the FDA approved canagliflozin as an anti-diabetic medicine. Canagliflozin (CAN) has been demonstrated to 
bind to both AChE and SGLT-2, inhibiting both enzymes simultaneously.99 Its effects on neurotransmitters may also be 
linked to the activation of its receptors. Therefore, canagliflozin may potentially exert direct effects on CNS SGLT-2. 
Although a study found that canagliflozin had a cognitive protective effect in high-fat diet mice by decreasing obesity- 
related neuroinflammation,100 there is no conclusive evidence that it can cross the BBB. Due to its lipophilicity and low 
molecular weight, CAN could partially cross the blood-brain barrier via passive diffusion.101

Figure 4 Factors influencing the blood-brain barrier permeability and possible treatment strategy. Increased oxidative stress, decreased VEGF levels and increased matrix 
metalloproteinase (MMP) activity result in basement membrane expansion, pericyte disintegration, increased paracellular diffusion, and decreased tight junction protein 
expression. In addition, fatty acids induce inflammatory responses, which reduce protein expression in BBB microvessels and increase BBB apoptosis, resulting in increased 
BBB permeability. Evidence shows that modification of the gut microbiota with prebiotics or probiotics and high-fiber diets improve systemic inflammation, restoring BBB 
integrity. In addition, treatment with GLP-1RAs and SGLT-2is inhibit the activation of inflammatory factors and attenuate oxidative stress via blood glucose and fatty acids 
reduction.
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The Role of Impaired BBB in Diabetes and Obesity with GLP-1RAs and 
SGLT-2is
DM and obesity influence BBB integrity through a number of mechanisms (Figure 4). In our previous studies, 
hyperglycemia and inflammation were shown to lead to pathological capillary changes in the retina.102 The current 
findings in the diabetic brain suggest a striking similarity, indicating a common pathophysiological mechanism between 
the retina and the brain microvessels. Magnetic resonance (MR) brain imaging with intravenous gadolinium (Gd) 
diethylenetriamine pentaacetic acid revealed increased BBB permeability in diabetic patients (Gd-DTPA). IgG has 
been demonstrated to leak into the brain interstitium of DMHC pigs via the permeable BBB.18,19 According to recent 
research, chronic hyperglycemic exposure resulted in compromised BBB integrity, characterized by altered tight 
junctions, thickened basement membrane, capillary density changes, and pericyte deterioration. In addition, pericyte 
loss caused by the Krebs cycle processing of excessive glucose resulted in increased oxidative stress. Furthermore, 
advanced glycation end products activate vascular endothelial growth factor (VEGF), which increases matrix metallo-
proteinase synthesis and alters tight junction proteins. In diabetic patients and rodents, elevated plasma matrix metallo-
proteinase (MMP) activity lowered BBB tight junction protein synthesis and increased BBB permeability.103–105 

Microvascular diseases may lead to BBB decomposition, allowing serum-derived components to flow into the brain 
parenchyma.106 Hyperglycemia also induces the production of reactive oxygen species107 and increases pro-inflammatory 
cytokines and chemokines in many cells.108,109

Obesity is considered a low-grade chronic inflammation and has already been associated with functional alterations in 
the BBB (Figure 4). Dietary components such as fatty acids stimulate lipopolysaccharide (LPS) receptors and toll-like 
receptor 4(TLR4), triggering an inflammatory cascade that releases inflammatory mediators(TNF-α, IL-1β, IL-6). Studies 
have shown a decrease in energy consumption in BBB microvessels and a suppression of expression of 47 types of BBB 
proteins in diet-induced obesity (DIO) mice. Additionally, the activities of enzymes, transporters, and cytoskeleton 
proteins on BBB microvessels are preferentially suppressed in these DIO animals.110,111 Moreover, a study indicated that 
a high-energy (HE) diet is related to increased BBB permeability as elevations in peripheral proinflammatory cytokines 
compromise BBB function in specific areas of the brain.112

Decreased BBB permeability and upregulated expression of tight junction proteins were observed in germ-free adult 
mice.113 Intestinal flora disorders may compromise the BBB integrity due to the decreased expression of tight junction 
proteins.114 Disorders of the gut-microbial flora may cause systemic inflammation by destroying the intestinal epithelial 
barrier and introducing toxic by-products in the blood circulation.115 In humans, changes in the composition of gut- 
microbial flora are associated with obesity and T2DM.116,117 Furthermore, increasing evidence indicates that modifying 
the microbiota with prebiotics or probiotics benefits the host, while high-fiber diets also induce faster resolution of 
inflammatory responses.118,119

Temporary disruption of BBB has been widely studied as a prevalent approach for delivering drugs into the CNS 
from the circulatory system.120 BBB malfunction is a hallmark of a variety of neurological disorders, including 
Alzheimer’s disease, Parkinson’s disease, cerebral ischemia, stroke, hyperlipidemia, and diabetes.121 GLP-1RAs and 
SGLT-2is could cross the temporarily disrupted BBB in the brains of experimental animals and individuals with 
neurological disorders, diabetes, and obesity via a variety of transmembrane routes. GLP-1RAs and SGLT-2is both 
have the ability to penetrate damaged basement membranes and tight junctions (Figure 5).

Limitations
Although providing a first glimpse at the capacity of GLP-1RAs and SGLT-2is to traverse the BBB, the current review has 
not disclosed the specific signaling mechanisms, particularly for SGLT-2is. In addition, it is yet unknown how the physical 
and chemical features of SGLT-2is regulate their transportation in the CNS. The interaction of GLP-1RAs and SGLT-2is with 
the blood-brain barrier (BBB) requires additional research and direct evidence at the molecular or cellular level.
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Conclusion
In conclusion, the preclinical and clinical studies demonstrated that GLP-1RAs and SGLT-2is act directly or indirectly on 
their receptors by crossing the BBB. Thus, they can not only lower glucose levels but also be applied in the treatment of CNS 
diseases. Central administration of GLP-1RAs or SGLT-2is could increase the expression of c-Fos in neurons within the 
PVN, amygdala, NTS, AP, and ARC,56,96 which was consistent with the expression of GLP-1R/SGLT-2 in the whole 
CNS.30,31,75–77 This may be considered evidence that these drugs could pass through the BBB and activate the neurons in 
these nuclei. Some of the GLP-1RAs have been proven to cross through the BBB via passive diffusion.34,46,48,68 In addition, 
GLP-1RAs could cross the BBB via the GLP-1 receptor-mediated uptake mechanism.52 Liraglutide has access to specific 
areas of the brain associated with appetite regulation and was measured in selected CVOs and specific hypothalamic regions, 
of which the signal was GLP-1R-dependent.54 Adsorption transcytosis could be another mechanism involved in exendin-4 
and lixisenatide crossing the BBB.66 Semaglutide may be unable to cross the regular BBB directly but could bind to serum 
albumin and pass through the tanycytes lining the ventricle wall.73 In summary, peripheral administration of GLP-1RAs 
either acts directly on the hypothalamus and hindbrain, which lack BBB, or directly crosses the BBB into CNS, which are 
then projected to other key feeding areas of the brain (Figure 6). Notably, SGLT-2is are medications of small molecular 
weight, with lower LogPoct than the permeation prediction index of BBB (listed in Table 2). SGLT-2is activated c-Fos 
expression in the CNS, and the relationship between the chemical structure/properties of SGLT-2is and BBB could be 
interpreted as evidence for penetrating the BBB.81 Due to the increased permeability of the BBB in hyperglycemia and 
obesity, SGLT-2is and GLP-1RAs are likely to pass through the compromised BBB.18 As such, the prospects of comprehen-
sively elucidating the mechanism of SGLT-2is and GLP-1RAs interacting with BBB are promising, through which 
corresponding strategies for the prevention and treatment of DM, AD, PD and CVD can be developed.

Figure 5 (A) Normal BBB: GLP-1RAs can cross the normal BBB by receptor-mediated transport and passive diffusion, but whether SGLT-2is may cross the compromised 
BBB via passive diffusion is still being investigated. (B) Impaired BBB.
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