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Abstract: GLP-1 receptor agonists (GLP-1RAs) and SGLT-2 inhibitors (SGLT-2is) are 
novel antidiabetic medications associated with considerable cardiovascular benefits therapy-
ing treatment of diabetic patients. GLP-1 exhibits atherosclerosis resistance, whereas SGLT- 
2i acts to ameliorate the neuroendocrine state in the patients with chronic heart failure. 
Despite their distinct modes of action, both factors share pathways by regulating the central 
nervous system (CNS). While numerous preclinical and clinical studies have demonstrated 
that GLP-1 can access various nuclei associated with energy homeostasis and hedonic eating 
in the CNS via blood–brain barrier (BBB), research on the activity of SGLT-2is remains 
limited. In our previous studies, we demonstrated that both GLP-1 receptor agonists (GLP- 
1RAs) liraglutide and exenatide, as well as an SGLT-2i, dapagliflozin, could activate various 
nuclei and pathways in the CNS of Sprague Dawley (SD) rats and C57BL/6 mice, respec-
tively. Moreover, our results revealed similarities and differences in neural pathways, which 
possibly regulated different metabolic effects of GLP-1RA and SGLT-2i via sympathetic and 
parasympathetic systems in the CNS, such as feeding, blood glucose regulation and cardi-
ovascular activities (arterial blood pressure and heart rate control). In the present article, we 
extensively discuss recent preclinical studies on the effects of GLP-1RAs and SGLT-2is on 
the CNS actions, with the aim of providing a theoretical explanation on their mechanism of 
action in improvement of the macro-cardiovascular risk and reducing incidence of diabetic 
complications. Overall, these findings are expected to guide future drug design approaches. 
Keywords: autonomic nervous system, diabetic complications, brain nuclei, cardiovascular 
diseases, diabetes, obesity

Introduction
Type 2 diabetes (T2D) is currently a severe global public health issue, owing to the 
huge burden associated with management of microvascular and macrovascular 
complications.1 These complications may not only impair a patient’s physical or 
social functions, thereby reducing the quality of life, but also cause death. The 
pathogenesis of diabetes comprises various functional changes in multi-organs in 
response to systemic energy disarrangement, which were previously described as 
“ominous octet” by Professor Defronzo.2 In recent years, there have been demands 
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for re-classification of diabetes into various categories, 
namely severe autoimmune diabetes (SAID), severe insulin 
deficient diabetes (SIDD), severe insulin resistance diabetes 
(SIRD), mild obese related diabetes, and mild age-related 
diabetes (MARD), based on the ages of incidence, body 
mass index (BMI), hemoglobulin A1C (HbA1c), β-cell 
function, insulin resistance, and the positivity of glutamic 
acid decarboxylase autoantibody (GADA).3 Generally, this 
re-classification was aimed at ensuring accurate stratification 
for diabetic complications and guiding personalized treat-
ments. Previous studies have shown that the control level of 
glycemia is positive with reduced incidence of microvascu-
lar diseases, such as diabetic kidney diseases and diabetic 
retinopathy, although it has a weak relationship with 
improvement of macrovascular diseases. A previous meta- 
analysis4 found that application of rosiglitazone, 
a thiazolidinedione (TZD) diabetic drug, could significantly 
increase the risk of myocardial infarction and death from 
cardiovascular causes, a concept that has subsequently been 
proven to be incorrect. However, these events forever chan-
ged the notion of the developing antidiabetic medications to 
endure tests with cardiovascular safety. Interestingly, multi-
ple clinical trials have proved that the new medications, like 
glucagon-like peptide 1 receptor agonists (GLP-1RAs) and 
sodium glucose co-transporter 2 inhibitors (SGLT-2is), not 
only guarantees cardiovascular safety by lowering glucose 
levels but also have the ability to improve clinical outcomes 
in diabetic patients with cardiovascular diseases.5,6 Thus, 
new T2D pharmacotherapy guidelines have recommended 
the use of GLP-1RAs for prevention and treatment of obese 
patients with risks of atherosclerotic cardiovascular diseases, 
whereas SGLT-2is has been proposed for patients with a risk 
of chronic heart failure.7 Indications for both classes of 
drugs may vary, owing to different modes and mechanisms 
of action in T2D. Since regulation of the CNS is a critical 
pathway affected by these drugs, this review focused on 
studies describing similarities and differences by GLP- 
1RAs and SGLT-2is on the CNS.

Differences and Similarities Associated 
with the Biology and Physiology of 
GLP-1RA and SGLT-2i in Glucose 
Metabolism and Beyond
GLP-1 is mainly expressed in two sites in the body, 
namely intestinal L cells and brainstem. The GLP-1 recep-
tor (GLP-1R), which belongs to class B, G protein-coupled 
receptor, is expressed in a wide range of tissues in the 

whole body, including α, β cells of the pancreatic islets, 
gastrointestinal tract, lung, skin, cardiovascular system, 
kidney, nodose ganglion neurons of the vagal nerve, as 
well as the hypothalamus and brainstem in the CNS.8,9 

Generally, released GLP-1 from intestinal L cells bind 
onto canonical receptors in the pancreatic islet, after oral 
glucose load, or may indirectly signal the hepatic vagal 
branch within intraportal vein, thereby promoting glucose- 
dependent insulin secretion from the pancreatic β-cells, 
concurrently causing inhibition of glucagon secretion, 
and enhancing insulin gene transcription.10,11 A rapid 
decay in circulation, coupled with less than 2 minutes of 
half-life of GLP-1 by dipeptidyl peptidase-IV (DPP-IV), 
caused researchers to develop GLP-1R agonists or DPP-IV 
inhibitors aimed at maintaining the effects of GLP-1 in 
pharmacological or physiological concentration, respec-
tively. The first extensively used agonist of GLP-1R was 
exendin-4, a 53% homologous peptide extracted from the 
venom of a Gila monster (Heloderma suspectum), while 
its potent antagonist is exendin 9–39.12 Functionally, GLP- 
1RAs has several effects, including lowering of glucose 
dependence, reducing appetite and body weight, anti- 
atherosclerosis, neural-protection, natriuresis, and bone 
osteogenesis, among others. These roles of GLP-1RAs 
have been extensively reviewed.13,14 Numerous researches 
have reported that the function of incretin axis is impaired 
in T2D or metabolic syndrome, a phenomenon that causes 
insufficient GLP-1 production, or disrupted GLP-1 
action.15,16

SGLT-2, a member of the human SGLT (SLC5) gene 
family, has been shown to play various functions such as 
active cotransport for sugars, anions, vitamins, and short- 
chain fatty acids. The biology of the human SGLTs has 
also extensively reviewed elsewhere.17 Apart from glucose 
transport and maintenance of a physiological state, SGLTs 
have also been linked to sodium, water, and urea transport, 
as well as cellular depolarization. In fact, they frequently 
serve as glucose sensors in critical organs throughout the 
whole-body, including the brain.18 Previous studies have 
shown that this role may influence multifunctioning of 
specific neurons responsible for hormone secretion, wake 
and sleep, as well as appetite, among other activities.19–22 

Moreover, SGLT-2 was reportedly upregulated in renal 
proximal tubule of T2D patients; other conditions,23 

including the cancer secretory diarrhea, glucose galactose 
malabsorption and so on. Other studies have also demon-
strated that SGLT-2 was overexpressed in the proximal 
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tubule of the kidney, in patients with T2D and metabolic 
syndrome, partially due to sympathetic overactivity.24

The two classes of drugs exhibit similarities with 
regards to their physiology and biology, as evidenced by 
their ability to lower the blood glucose in a glucose-level- 
dependent manner. This property may be attributed to 
a physiology that is independent of insulin action. Both 
drugs control energy balance thereby causing a deficient. 
Specifically, GLP-1RAs inhibit energy intake, concur-
rently elevating energy expenditure, whereas SGLT-2is 
simultaneously promote energy secretion, and utilization 
at the same time. Secondly, both drugs can reduce the 
mass of the adipose tissue, thereby improving lipid toxi-
city and lowering body weight. Thirdly, both drugs mod-
ulate metabolic parameters, such as blood pressure, and 
uric acid, and hence exert multiple metabolic benefits to 
various organs in the body, including the heart, brain, liver, 
pancreas, and kidney. This benefit adds strength to man-
agement of diabetic complications, and could effectively 
suppress development of diabetic “ominous octet”.

Clinical Effects of GLP-1RAs and SGLT-2is 
on Cardiovascular Diseases
In the past 20 years, several changes have been made in 
treatment of diabetes. Between 1990 and 2000, results from 
clinical trials like the Diabetes Control and Complications 
Trial (DCCT), UK Prospective Diabetes Study (UKPDS), 
suggested that controlling intensive blood-glucose levels 
could reduce the incidence of microvascular complications, 
such as diabetic retinopathy, diabetic nephropathy, diabetic 
neuropathy. However, control of blood glucose alone was 
not effective in managing macrovascular complications.25–27 

In 2008, the Food and Drug Administration (FDA) strongly 
warned that clinical application of antidiabetic medicine 
needed to be tested for cardiovascular safety, following 
a report that rosiglitazone could potentially exacerbate the 
risk of myocardial infarction and death. Before 2016, a series 
of clinical trials had explored this issue and showed no addi-
tional cardiovascular risk of available antidiabetic medica-
tions. However, there was no evidence that using those 
conventional antidiabetic drugs resulted in significant cardio-
vascular benefits. At the beginning of 2016, results from 
several clinical trials demonstrated that novel drugs, such as 
GLP-1RAs and SGLT-2is, showed efficacy in reducing the 
incidence of cardiovascular events in an unprecedented man-
ner. A comparison of the clinical efficacies of GLP-1RAs and 
SGLT-2is o is summarized in Figure 1. As the figure shows, 

both GLP-1RAs and SGLT-2is could reduce the MACE, with 
the SGLT-2is treatment seem to be nominally associated with 
lower risk of heart failure and total mortality, whereas with 
GLP-1RAs seem to be associated with lower risks of stroke 
and peripheral artery disease.28 SGLT-2is reduced mortality 
and admission to hospital for heart failure more than GLP- 
1RAs, and GLP-1 RAs reduced non-fatal stroke more than 
SGLT-2is.29 In multiple clinical trials, both drugs showed 
reduced significantly on cardiovascular risk factors like 
blood pressure, body weight.30–33 However, the application 
of SGLT-2i in some studies has been reported to significantly 
increase total cholesterol (TC), low-density lipoprotein cho-
lesterol (LDL-C), non-high density lipoprotein cholesterol 
(non-HDL-C), and high-density lipoprotein cholesterol 
(HDL-C) and decrease triglyceride (TG).34 Improved renal 
function, diabetic neuropathy and pancreatic β-cell functions 
were seen in administration of both two drugs.35–38 Due to the 
current limited studies and related sample size, the risks of 
complication of diabetic foot in SGLT-2is is not clear, but are 
not with GLP-1RA.39,40 In addition, there were no strong 
clinical evidences showing the application of either GLP- 
1RA or SGLT-2i has the positive effect on the diabetic 
retinopathy.41,42 Nonetheless, it is noticeable that there were 
emerging clinical studies reported that combination of GLP- 
1RAs and SGLT-2is could amplify many merits with mono-
therapy alone, like enhanced glucose control, body weight 
reduction, improved hemodynamics, and cardiovascular ben-
efits and so on.43–45 Currently, GLP-1RAs, including liraglu-
tide, and exenatide, as well as SGLT2is like canagliflozin, 
dapagliflozin and empagliflozin, have been approved for clin-
ical use in patients with T2DM across many countries. 
Consequently, these novel antidiabetic medications have 
been proven to be safe, and efficacious in multiorgan meta-
bolic benefits.

Initial approval of the first GLP-1RA, Exenatide, in 
2006, followed by that of GLP-1RAs was swiftly followed 
up by randomized controlled trials (RCT) whose results 
revealed their role in treating T2D.46 Specifically, long- 
term GLP-1RAs administration was found to effectively 
lower glucose levels, tolerability, and safety. The first 
study to report GLP-1RA’s efficacy in cardiovascular dis-
ease was ELIXA (2015). Here, lixisenatide exerted no 
significant benefits relative to the placebo, with regards 
to primary composite endpoint of cardiovascular death, 
myocardial infarction, stroke, or hospitalization in unstable 
angina. Moreover, treatment groups revealed no significant 
increase in incidences of severe hypoglycemia, pancreati-
tis, pancreatic neoplasms, or allergic reactions relative to 
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the placebo.47 In 2016, initial results from the LEADER 
trial revealed that Liraglutide had cardiovascular benefits, 
and significantly lowered the risk of primary composite 
outcomes of cardiovascular death, nonfatal myocardial 
infarction, and nonfatal stroke by 13% risk compared to 
the placebo.6 However, unlike SGLT-2i, liraglutide did not 
significantly reduce the incidence of hospitalization for 

patients with heart failure, which was a predominant ben-
efit with empagliflozin,48 although the drug was associated 
with delayed cardiovascular benefits, possibly due to the 
modification of progression of atherosclerotic cardiovas-
cular disease. Additionally, patients treated with liraglutide 
exhibited a significant loss of weight, as well as reduction 
in systolic blood pressure and proteinuria reduction. Trials 

Figure 1 An overview and comparison of major effects of GLP-1RAs and SGLT-2is. The figure summarizes major clinical effects of both antidiabetic drugs on the energy 
homeostasis and complication management, with regards to macrovascular, microvascular, peripheral nervous system, adipose tissue homeostasis, and insulin secretion and 
glycemic control. *GLP-1RAs significantly reduce diabetic foot ulcer- related amputations. #SGLT2is significantly increase total cholesterol, LDL-C, non-HDL-C, and HDL-C 
and decrease triglyceride. 
Abbreviations: MACE, major adverse cardiovascular events; SGLT-2i, sodium glucose co-transporter-2 inhibitors; GLP-1RAs, glucagon like peptide-1 receptor agonists.
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that have examined efficacy of GLP-1RA therapies 
include Evaluation of Lixisenatide in Acute Coronary 
Syndrome [ELIXA] trial,47 Liraglutide Effect and Action 
in Diabetes: Evaluation of Cardiovascular Outcome 
Results [LEADER] trial,6 Trial to Evaluate 
Cardiovascular and Other Long-term Outcomes with 
Semaglutide in Subjects with Type 2 Diabetes 
[SUSTAIN-6],49 oral administration of semaglutide in the 
Trial Investigating the Cardiovascular Safety of Oral 
Semaglutide in Subjects With Type 2 Diabetes 
[PIONEER-6],50 once-weekly exenatide in the Exenatide 
Study of Cardiovascular Event Lowering [EXSCEL] 
trial,51 albiglutide in the Harmony Outcomes trial,52 and 
dulaglutide in the Researching Cardiovascular Events 
With a Weekly Incretin in Diabetes [REWIND] trial,53 

among others. Current progress in clinical trials and out-
comes of GLP-1RA have been extensively reviewed 
elsewhere,54,55 with results of these trials indicating that 
GLP-1RA therapy does not only guarantee cardiovascular 
safety but also has considerable benefits. Thus, recent 
ADA and CDC guidelines have recommended use of 
GLP-1RAs for treatment of T2D patients with high risk 
of atherosclerosis and coronary heart disease.

SGLT-2is have been also shown to lower the levels of 
blood sugar in a glucose-dependent manner. Particularly, 
they mediate a decrease in the level of blood glucose during 
hyperglycemia, and diminish or cease the action when the 
level of blood glucose is below normal. This effect is not 
a common phenomenon in conventional antidiabetic drugs, 
such as sulfonylureas., Besides, SGLT-2i, including empagli-
flozin, canagliflozin, dapagliflozin, have also showed excel-
lent cardiovascular safety.48,56,57 For SGLT-2 inhibitors, the 
major completed CVOTs including empagliflozin in the 
Cardiovascular Outcome Event Trial in Type 2 Diabetes 
Mellitus Patients [EMPA-REG OUTCOME], canagliflozin 
in the Canagliflozin Cardiovascular Assessment Study 
[CANVAS Program], and dapagliflozin in the Dapagliflozin 
Effect on Cardiovascular Events–Thrombolysis in 
Myocardial Infarction 58 [DECLARE-TIMI 58] trial. 
Results from such clinical trials have been summarized 
elsewhere.54,55 Functionally, these classes of drugs strongly 
and selectively inhibit reabsorption of glucose by renal 
SGLT-2, thereby resulting in glucosuria, and rearrangement 
of bodily hemodynamics, such as reduction of arterial blood 
pressure, depletion of interstitial fluid rather than blood 
volume that improves both preload and afterload in heart 
failure, and neuroendocrine factors like the RAAS 
system.58,59 Based on FDA specifications, it is evident that 

patients treated with canagliflozin, dapagliflozin, empagliflo-
zin exhibit a 24-hour glucosuria of about 100, 70, and 64g, 
respectively, which correspondingly cause about 400, 280, 
and 256Kcal/d of energy loss.60–63 Additionally, a recent 
meta-analysis revealed that all SGLT-2is reportedly cause 
a weight loss of about 1.5–2kg in obese T2D patients, relative 
to placebo, and this effect is dose dependent.33,64,65 Clinical 
data from 4 years of follow-up showed that bodyweight 
reduction is maintained under SGLT2i administration.66–68 

On the other hand, results of bodily fluid displacement 
through kidney demonstrated that SGLT-2is can significantly 
lower blood pressure, reduce both preload and afterload of 
the heart without stimulating sympathetic nervous system 
and changing the heart rate, indicating that it can improve 
the outcomes of chronic heart failure in patients with T2D. 
Interestingly, SGLT-2is distinctly suppresses macrovascular 
events like 3P-MACE (ie, 3-point major adverse cardiovas-
cular events including cardiovascular death, non-fatal myo-
cardial infarction, and non-fatal stroke) earlier than GLP- 
1RAs in T2D. Furthermore, results from other studies, such 
as the Credence trial, have demonstrated that SGLT-2is can 
alleviate diabetic nephropathy, suggesting that it has renal 
safety benefits and can prevent complications associated with 
T2D therapy.35 Therefore, SGLT-2is is highly recommended 
for treating T2D patients with a risk of heart failure and 
diabetic retinopathy. The unique pharmacological properties 
and complementary action of the 2 drugs have enhanced their 
efficacy in prevention of CVD, thereby making them effica-
cious in treatment of T2D and its complications.44,69,70

The Relationship Between Central 
Energy Mechanism and 
Cardiovascular Regulation
Correlation Between Energy Metabolism 
Pathways and Cardiovascular Control
Energy and cardiovascular regulation represent critical 
partial targets controlled by the autonomic nervous system 
in the CNS. Apart from sharing common neural compo-
nents, substrates and circuits, both systems also interact as 
cause and effect. One common result of energy imbalance 
is the metabolic syndrome,71 while its landmark pathophy-
siology change is insulin resistance and adipose tissue 
inflammation. Previous studies have associated both fac-
tors with increased body mass, atherosclerosis, and other 
cardiovascular diseases.71 Besides, some SGLTs in CNS 
have been shown to act as glucose sensors, by counter- 
regulating hypoglycemia.72 For example, a previous study 
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found that secondary activation of the SNS could elevate 
blood pressure, possibly via neural signals within the 
hypothalamus, and this action was driven by the central 
actions of leptin as well as activation of neurotrophic 
factors in the brain.73 Chronic heart failure is mainly 
caused by sustained activation of the SNS, while RAAS 
and compensated increase in other neuroendocrine factors 
have been associated with cardiac remodeling and fibrosis.

Results from some in vitro studies have also reported 
a link between energy homeostasis with cardiovascular 
activity. For example, Orexin, a neuropeptide that is com-
monly expressed within the hypothalamus, was associated 
with food intake, energy homeostasis, and consciousness, 
among others. Studies using electrophysiology and cell 
patch clamp demonstrated that orexin could activate the 
PVN neurons, subsequently increasing the heart rate, and 
elevating blood pressure via projection to IML of spinal 
cord.74 On the other hand, leptin, an adipokine, was found 
to interact with orexin during energy homeostasis, thereby 
influencing cardiovascular activity.75,76 The urocortin sys-
tem, which is extensively expressed in the CNS and plays 
a role in HPA axis as well as counter-regulation response 
to hypoglycemia,77 and energy homeostasis,78 was 
recently reported to have potential in regulating cardiovas-
cular activity.79 Previous studies have also shown that 
estrogens, which centrally affect glucose homeostasis, 
could activate estrogen receptor α (Erα) thereby contribut-
ing to cardiometabolic protection.80–82 These data affirm 
that neuropeptides or hormones that influence energy and 
metabolism could be playing critical roles in ANS, and 
have functional convergences in cardiovascular control.

The Independences Between Energy 
Metabolism and Cardiovascular Control
Energy control by the CNS, including areas and pathways, 
take charge of physiological energy homeostasis and psy-
chological rewarding motivational activities.71,83 The 
nuclei and pathways responsible for energy homeostasis 
are mainly distributed in the brainstem and hypothalamus, 
as well as the nucleus of tractus solitarius (NTS), and 
parabrachial nucleus (PBN), among others.84 Hedonic 
feeding in the CNS mainly occurs through the mesolimbic 
and corticolimbic pathways. Specifically, the mesolimbic 
pathway represents “wanting” or motivation for foods, 
which comprise nuclei of midbrain like ventral tegmental 
area (VTA), substantia nigra (SN), and striatum, as well as 
nucleus accumbens (NAc). On the other hand, 

corticolimbic pathway denotes “liking” area for feeding, 
which have a complex shape, owing to presence of multi-
ple links that originate from the hippocampus, prefrontal 
cortex, and amygdala.85 Dopamine, endocannabinoid, and 
endogenous opioids, among others, play a critical role as 
mediators for the rewarding effects of energy balance. 
Previous studies have shown that GLP-1RAs not only 
modulate the activities of specific neurons within energy 
metabolism, including PVN, ARC, LH, and NTS of classic 
homeostasis areas but also influence those of NAc, VTA, 
cortex in hedonic regions, thereby contributing to energy 
deficient through reduced food intake, and enhanced 
energy expenditure, as well as alleviation of the metabolic 
syndrome.86

In cardiovascular regulation, a similar sensing system 
exists in areas that lack impermeable BBB. Specifically, 
these structures are termed circumventricular organs, and 
act to receive signals from circulation, like angiotensin II 
(Ang II), nitric oxide (NO), atrial natriuretic peptide 
(ANP), vasopressin (AVP), and endothelin.87 Previous 
studies have also shown that hypothalamus activities can 
also influence cardiovascular activity.88,89 For example, 
PVN plays a significant role in elevating sympathetic- 
driven hypertension, while some studies have demon-
strated that disequilibrium of GABA and AVP neuron 
transduction in PVN may play a role in the pathogenesis 
of hypertension.90–92 Other studies have also shown that 
ARC also has a significant impact on blood pressure 
regulation.93–95 Moreover, expression of proinflammatory 
cytokines, like NF-κB,96 and TNF,97 in the hypothalamus 
was found to significantly affect the Renin-angiotensin- 
aldosterone system (RAAS) and cause hypertension in 
many murine models. Notably, administration of anti- 
inflammatory agents or substances that reduce reactive 
oxygen species (ROS) or improve NO pathways alleviated 
the observed hypertension.98–101 Salt intake has also been 
associated with a change in both activity of hypothalamic 
intraneuronal salt-inducible kinase 1 (SIK1)-Na+/K+ 
ATPase,102 and PVN glutamate, angiotensin type 1 recep-
tor (AT1R).103 Results from studies using rodents revealed 
that activation of AMPK in hypothalamus was associated 
with activation of the sympathetic nerve and 
hypertension.104,105 Recent advances in hypothalamus sig-
naling in response to hypertension have been extensively 
reviewed.106 NTS of brainstem is responsible for the 
initiation and integration of various reflexes that control 
circulation.88,107 Besides, the two functionally different 
regions in VLM: the rostral VLM represents “pressor 
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area”,107,108 whereas the caudal VLM is a “depressor 
area”.88,109–111 The physiology of the ANS and the cardi-
ovascular control have been extensively reviewed 
elsewhere.88,112 To date, however, only a handful of stu-
dies have described functional localization of SGLT-2 and 
its associated interventions.19,20

Central Nervous Pathways 
Associated with GLP-1RAs’ 
Treatment Outcomes
Application of GLP-1RAs is associated with a reduction in 
major adverse cardiovascular events, microvascular dis-
eases, injury of peripheral nervous system, and improved 
glucose control (Figure 1). GLP-1’s metabolic cardiovas-
cular benefits can be attributed to a reduction in body 
weight, improved glucose and lipids metabolism, pre-
served pancreatic function and direct cardiovascular 
protection.

Interestingly, endogenous GLP-1 can only exist for less 
than 3 minutes in systematic circulation, while its effects 
can only be felt locally. Therefore, there can be a massive 
distinction in central actions between physiological con-
centration of endogenous GLP-1 with GLP-1RAs’ phar-
macological levels. However, whether endogenous GLP-1 
exerts similar effects to the classic hormone is 
debatable.113 As previously mentioned, endogenous GLP- 
1 can be expressed in gastrointestinal L cells, and the 
brain,114 which is produced physiologically relevant to be 
within NTS.115,116 Previous studies have hypothesized that 
local activation of GLP-1R may be relayed, to the NTS of 
brainstem, and vagal nerve, as signals and cause this 
transmission.10,117–119 This is partially due to limited over-
lapped distribution of the GLP-1 with GLP-1R neurons in 
the NTS, but with the terminals of vagal afferents from the 
gastrointestinal tract. GLP-1 and GLP-1R neurons have 
been extensively reviewed elsewhere.120 The NTS can 
project to extensive brain nuclei,86,121–123 or to the auto-
nomic column of spinal cords.124,125 Although previous 
research evidences have indicated that there is only one 
unique GLP-1R throughout the body, signaling between 
peripheral and central GLP-1R may vary.126 Particularly, 
central GLP-1R signaling may largely encode meal infor-
mation, visceral organ signals relayed by vagal afferent 
transferred to the NTS, and circulation of limited GLP-1 to 
the ARC as well as other circumventricular organs,86,127 

whereas peripheral signaling may be transduced through 
local GLP-1R-induced neural-hormonal reflexes which 

influence insulin release or gastrointestinal motility.10 

Endogenous GLP-1 causes peripheral food intake effects, 
including delay gastric emptying as well as reduction in 
gastrointestinal secretions and gastric mobility.128 This 
disparity may be obvious between physiological GLP-1 
and GLP-1RA, owing to the fact that GLP-1RA has 
a higher chance of accessing the CNS. A study by 
Brierley et al129 found that pre-proglucagon neurons in 
NTS (PPGNTS) encode satiation in mice, which receives 
vagal signaling of gastrointestinal distension. However, 
PPGNTS neurons predominantly received vagal input 
from oxytocin-receptor-expressing vagal neurons, rather 
than GLP-1 receptors. In addition, PPGNTS neurons did 
not significantly suppress eating via GLP-1RA, although 
concurrent activation of the PPGNTS neuron had a higher 
effect in suppressing eating than semaglutide alone. The 
authors concluded that the central and peripheral GLP-1 
systems play a role in eating suppression via independent 
gut–brain circuits. Regardless of these findings, it is 
known that physiologically, the central and peripheral 
mechanism commonly co-exist and function synergisti-
cally, and are complementary to each other.130–132 

A combination of central and peripheral GLP-1 signaling 
may eventually cause net satiation, and anorexigenic 
effects as well as reduction in body weight, improved 
glucose and lipids metabolism, and increased energy nega-
tive balance.

GLP-1RAs were developed to not only prevent degra-
dation by DPP-IV but to also enhance levels of GLP-1 
analog in circulation. Thus, the mechanism of action 
employed by GLP-1RAs differs from that of endogenous 
GLP-1. To date, GLP-1RAs’ central action have been 
demonstrated by either penetrated leaky BBB in hypotha-
lamus and brainstem or activation of abdominal vagal 
GLP-1R afferents. The primary type of action has also 
been documented. Previous studies have demonstrated 
that in humans, vagal afferents mediate the effects of 
exogenous GLP-1 on food intake, gastric emptying, as 
well as insulin and glucagon secretion.133 In addition, 
GLP-1RAs were found to influence acute satiation or 
short-term process.134 Recently, Fortin et al135 evaluated 
the effects of liraglutide in both NTS AAV-shRNA-driven 
Glp1r knockdown and AP-lesioned animals, and used 
fluorescence in situ hybridization to detect Glp1r tran-
scripts in NTS GABAergic neurons. Their inhibition, 
using chemogenetics, resulted in attenuated food intake- 
and body weight-reducing effects by liraglutide. Taken 
together, their findings demonstrate that NTS GLP-1Rs 
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contributes to anorectic potential of liraglutide and high-
lights a phenotypically distinct (GABAergic) population 
of neurons within the NTS that express GLP-1R are 
involved in the mediation of liraglutide signaling. 
However, their results are in contrast with those of 
Adams et al,136 who found that liraglutide modulated 
appetite and body weight through GLP-1R-expressing 
glutamatergic neurons. Moreover, Secher et al137 found 
that liraglutide did not actually upregulate preproglucagon 
(PPG) mRNA in the hindbrain, while reduction in the 
body weight of rats was independent of GLP-1R in the 
vagal nerve, area postrema, and PVN. Moreover, periph-
eral injection of fluorescently-labeled liraglutide in mice 
revealed presence of the drug in the circumventricular 
organs, whereas labeled liraglutide bound neurons within 
ARC and other discrete sites in the hypothalamus. 
Liraglutide seems to interact with POMC and NPY neu-
rons in ARC. In a recent study, which demonstrated that 
GLP-1RA caused elevated heart rate (HR), it was clear 
that this increase was not mediated by NTS PPG neurons 
in that Exendin-4 also did not activate PPG neurons.138 In 
fact, their findings revealed that Ex-4-induced tachycardia 
persisted following ablation of PPG neurons of NTS, 
while Ex-4 did not induce expression of the neuronal 
activity marker c-Fos in PPG neurons. Moreover, inhibi-
tion or ablation of PPG neurons did not alter the resting 
HR in mice, although chemogenetic activation of the PPG 
neurons resulted in an increase. A recent study by Gabery 
et al,139 using Semaglutide, revealed that GLP-1RAs 
could directly access multiple brain nuclei, including the 
brainstem, septal nucleus, and hypothalamus, but did not 
cross the BBB. It only interacted with the brain through 
the circumventricular organs and several select sites adja-
cent to the ventricles. Particularly, Semaglutide induced 
central c-Fos activation in 10 brain areas, including hind-
brain areas that it directly targets, as well as secondary 
regions without direct GLP-1R interaction, such as the 
lateral parabrachial nucleus (LPB). On the other hand, 
Baraboi et al140 used a c-Fos mRNA assay to reveal that 
GLP-1RAs could activate multiple brain nuclei, in a dose- 
and vagal-dependent manner. In our previous study,141 we 
used a c-Fos antibody to detect brain activation by GLP- 
1Ras. Indirect evaluation and comparison between the 
central action of Liraglutide and Exenatide revealed that 
GLP-1RAs could significantly induced c-Fos expression 
in caudal NTS of SD rats relative to controls in which we 
detected sparse c-Fos expression. Our results further 
revealed multiple nuclei, with significant upregulation of 

c-Fos relative to the control group. This expression was 
evident in ARC, PVN, periaqueductal gray (PAG), AP 
(area postrema), LPB, and IML of spinal cords, but not 
in the hippocampus, cortex, basal ganglia, suggesting that 
GLP-1RAs may be activating the CNS via multiple neu-
roendocrine pathways. Intriguingly, our results revealed 
that elevation in glucose levels in the first hour after 
exenatide administration in SD rats. After excluding occa-
sionality, we hypothesized that this may be due to the 
excitability of SNS by GLP-1RA, especially exenatide, 
in line with the findings of multiple preclinical studies 
that showed that Exendin may acutely activate SNS, and 
this effect independent of insulinotropic and hypothala-
mus-pituitary-adrenal axis activation can be blocked by 
GLP-1 antagonist.142,143 Furthermore, this effect has been 
found to be dose-dependent.140 Previous studies have also 
corroborated our findings, as evidenced by the fact that 
GLP-1RA may only exert heart action via canonical GLP- 
1R in atrial but not ventricular myocardium, owing to 
a lack of canonical GLP-1R expressions in the ventricular 
myocardium.144–146 In fact, results from both in vivo and 
in vitro studies have shown that GLP-1RA, endogenous 
GLP-1, GLP-1 metabolites, or DPP-IV inhibitors may 
have distinct targets beyond canonical GLP-1R in the 
cyto-protection, which enable them to play important 
roles in improvement of endothelial function, increasing 
coronary blood flow, and modification of myocardial moti-
lity, among others. A summary of the cardiac effect for 
different GLP-1s can be found in a review.147 Although 
peripheral GLP-1 plays various essential cardioprotective 
roles, such as direct influence on cardiac electrophysiol-
ogy, regulation of blood lipids, anti-atherosclerosis and 
anti-inflammation (see55), the central actions of GLP- 
1RAs cannot be overlooked. For example, Jessen et al132 

demonstrated that central administration of GLP-1 
increased neuronal activity in brain regions (PVN and 
NTS), thereby mediating autonomic nervous system, as 
well as activation of HPA axis and stimulation of circulat-
ing levels of corticosterone and epinephrine. On the other 
hand, Yamamoto et al148 found that GLP-1R activation 
could induce distinct c-fos expression in the adrenal 
medulla and neurons in autonomic control sites, including 
PVN, LH, PBL, NTS, and RVLM in rat brain, the medul-
lary catecholamine neurons of brainstem can provide input 
to sympathetic preganglionic neurons, and GLP-1R ago-
nists rapidly activated tyrosine hydroxylase transcription 
in brainstem catecholamine neurons like area postrema 
(AP).149 Moreover, Baggio et al150 established 
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cardiomyocyte conditional GLP-1R (Glp1rCM-/-) and 
HCN4 knockout mice models, and found that treatment 
with both Liraglutide and lixisenatide elevated HR in vivo 
in the wild types, and attenuated in Glp1rCM-/- mice, which 
could be blocked by a β-adrenoceptor antagonist. 
However, the chronotropic effect exposure to GLP-1RA 
were not significant when the heart tissues, including 
atrium were isolated. Their findings suggested that the 
increase in HR may centrally depend on activation of the 
autonomic nervous system, while cardiac GLP-1R is not 
essential. Moreover, Griffioen et al151 reported that GLP- 
1R activation suppressed HR variability, and this effect 
was supported by the findings of the inhibition on release 
of both excitatory glutamatergic and inhibitory glycinergic 
neurotransmitters to the preganglionic parasympathetic 
cardiac vagal neurons; Furthermore, Holt et al,138 intra- 
peritoneally injected exendin-4 to the spinal cord of rats 
and detected an increase HR although this did not influ-
ence the arterial blood pressure, which is independent of 
PPG neurons activation in NTS, and can be blocked by 
a β-adrenoceptor antagonist. Results from long-term clin-
ical trials have shown that GLP-1RA still shows cardio-
vascular safety in patients regardless of activation SNS 
and increase HR.152,153 Another possible mechanism of 
action may be attributed to its cardioprotective effects, 
that play a role in regulating the parasympathetic nervous 
system. Basalay et al154 analyzed a myocardial infarction 
mouse model and found that both remote ischemic pre- or 
per- conditioning reduced infarction size by 50%. 
However, this effect was abolished by a GLP-1 antagonist, 
subdiaphragmatic vagotomy, or M3 muscarinic receptor 
blockade, via a mechanism similar to GLP-1R signaling, 
manifested by alteration in phosphorylation of AKT and 
STAT3. On the other hand, Chen et al155 evaluated the role 
of exendin-4 in a myocardial infarction SD rat model, and 
assessed the effects of exendin-4 on atrial electrophysiol-
ogy, atrial fibrosis and PI3K/AKT signaling. Their results 
suggested that GLP-1RA could inhibit atrial arrhythmo-
genesis, and improve conducting properties as well as 
fibrosis in myocardial infarction-induced heart failure. 
Similarly, Verouhis et al156 evaluated the endothelial func-
tion by flow-mediated dilatation (FMD), in human sub-
jects, at various conditions including remote ischemic 
conditioning (RIC) with GLP-1 antagonist, and found 
significantly lower FMD compared with the RIC alone. 
These results suggested that RIC protects against endothe-
lial ischemia-reperfusion injury via a GLP-1 receptor- 
mediated mechanism in humans. Taken together, these 

evidences suggest that GLP-1R signaling can exert cardio- 
protection traits, while the autonomic nervous system 
could be a critical regulator of this effect.

Discovery of GLP-1 and its receptor distribution in the 
CNS was rapidly followed by identification of GLP-1RAs, 
which is capable of accessing or influencing multiple brain 
nuclei or areas associated with regulation of energy metabo-
lism. GLP-1RA may influence the activity of two opposite 
subgroup neurons within ARC, which are related to food 
intake and body weight, containing proopiomelanocortin/ 
cocaine- and amphetamine-regulated transcript (POMC/ 
CART) and neuropeptide Y/agouti related peptide (NPY/ 
AgRP) neurons;137,157 In PVN,158,159 GLP-1RA particularly, 
has been shown to interact with neuropeptides, such as AVP, 
oxytocin, and CRH release, thereby regulating eating and 
stress; BNST,160,161 which is associated with suppression of 
food intake and stress response; LPB,162 which reportedly 
mediates food intake and reward; hippocampus,163 which 
influences cognition performance for food intake in rodents; 
NTS,164 a major critical knot for afferent signals of gastro- 
intestine and satiety; VTA165,166 and NAc,167–169 which pro-
cess reward for food and drug behavior; amygdala170,171 that 
influences glucose homeostasis and food reward; as well as 
HPA-axis172,173 which could affect stress and SNS.174 

Previous studies have reported the comprehensive effects of 
GLP-1RA on the CNS, which go beyond the levels of blood 
glucose modulation, but are associated with numerous meta-
bolic aspects such as food intake and preference,127,175 water 
intake,176 energy expenditure,177 body weight reduction,178 

pancreatic function,132,179,180 hypertension,181 stress,182 addic-
tion behaviors,183,184 as well as neurodegenerative disorders, 
such as Alzheimer and Parkinson diseases.185 These metabolic 
effects have proved versatile central actions of GLP-1RAs, and 
have been associated with direct or indirect potential secondary 
benefits like reduced risks of dyslipidemia, anti- 
atherosclerosis, modulation of cardiovascular activity, and pro-
teinuria, as well as influencing clinical outcomes in T2D 
patients.

Central Pathways Associated with 
SGLT-2is’ Treatment Outcomes
To date, only a handful of studies have reported the effects of 
SGLT-2is on the CNS, mainly due to complexity of SGLTs 
family, and a lack of research elucidating the exact roles of 
SGLT-2 in the CNS. One issue to be solved may be the 
differential expression patterns of SGLT-2 in CNS between 
human and rodents, although some studies have attempted to 
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describe central distribution and the related function.18,72 So 
far, preclinical investigations on the relationships between 
CNS and SGLT-2i are scarce, possibly because energy regula-
tion and cardiovascular control by ANS share many common 
pathways, neural circuits, and nuclei. Therefore, we reviewed 
available literature describing the versatile effects of SGLT-2i 
on CNS, with the aim of establishing the actual role played by 
SNS and central physiology of SGLT-2i with regards to the 
mechanism of cardiovascular benefits. Although the kidney 
overexpresses SGLT-2, and the antidiabetic medication SGLT- 
2is largely acts on this target, we found evidences of its 
expression in other tissues apart from the kidney across 
many databases (such as PubMed), which may also have 
critical functions essential for cardiac protections. Knockout 
of SLC5A2, which encodes the protein of SGLT-2 in rodents, 
reportedly caused polyuria, hyperphagia, increased glucosuria, 
and decreased aldosterone, and increased circulation 
renin.186,187 Besides, previous studies have also emphasized 
the emerging roles of obesity and metabolic syndrome in 
pathogenesis of SNS overactivity and cardiovascular diseases, 
as well as upregulation of SGLT-2 and its activity.24,188–190 In 
diabetic patients, an increase in filtered glucose of renal prox-
imal tubule was found to enhance SGLT-2 activity, which 
subsequently worsened glycemic control and promoted Na+ 

loading following impaired blood pressure control.191 

Therefore, we discuss the current evidences discussing the 
relationship between SGLT-2 inhibition and SNS activity, as 
well as the possible role of central SGLT-2.

The acknowledged mechanism of SGLT-2 action 
involves glucosuria and osmotic diuresis, which modifies 
the overall hemodynamics. However, the reason for which 
fluid deplete seldom induce RAAS and HR alterations 
should be attributed to the sympathetic inhibition by 
SGLT-2i with unidentified pathway.24 Erdogan et al192 

found that Dapagliflozin decreased seizure activity in rats 
with pentylenetetrazol (PTZ) –but induced epileptic seizure. 
This may be because the anti-seizure effects reduced glu-
cose availability and suppressed sodium transport across 
neuronal membranes, thereby conferring a stabilizing effect 
against abnormal depolarization. Since only limited body 
weight reductions have been previously reported following 
SGLT2i treatment, hyperphagia is reportedly one of the 
causes of this limited weight loss. Consequently, Chiba 
et al193 found that the oxygen consumption and brown 
adipose tissue (BAT) expression of ucp1, a thermogenesis- 
related gene, was significantly downregulated 18 hours after 
dapagliflozin treatment relative to the control group. In 
addition, Dapagliflozin significantly suppressed 

norepinephrine (NE) turnover in BAT and downregulated 
c-fos in the rostral raphe pallidus nucleus (rRPa). Moreover, 
the authors observed a decrease in glycogen contents and 
upregulation of phosphoenolpyruvate carboxykinase, 6 
hours after Dapagliflozin treatment, while these changes 
could be abolished via common hepatic branch vagotomy. 
Overall, their findings proved the sympathetic inhibition via 
CNS of SGLT-2i. Furthermore, Tahara et al194 found that 
diabetic rats exhibited hyperphagia and elevated plasma 
levels of the appetite-stimulating hormones neuropeptide 
Y and ghrelin. However, treatment with Ipragliflozin 
induced significant weight loss and reduced plasma levels 
of appetite-stimulating hormones without affecting food 
intake, while reduced arteriovenous difference in postpran-
dial glucose levels was improved by ipragliflozin. These 
results suggest that regulation of appetite-related hormones 
may be a critical mechanism associated with SGLT-2i- 
mediated regulation of body weight and energy. Moreover, 
Matthews et al195 reported that administration of 
Dapagliflozin to neurogenic hypertensive Schlager (BPH/ 
2J) mice caused a reduction in blood pressure and prevented 
weight gain. The authors also found that chemical sympa-
thetic denervation achieved by systemic administration of 
6-hydroxy-dopamine (6-OHDA) reduced body weight and 
heightened SNS innervation in white adipose tissue (WAT). 
Notably, two weeks of Dapagliflozin treatment increased 
SNS innervation in WAT of hypertensive mice, and was 
accompanied by a non-significant upregulation of Ucp1 and 
Pgc-1α genes, which are markers of beiging. The authors 
found no significant differences in expression levels of the 
inflammatory mediators Il-6 and Tnf-α in WAT of 
Dapagliflozin-treated mice. Metabolic syndrome is often 
associated with disruption of circadian rhythm of systemic 
hemodynamics and cardiovascular disease. A study by 
Rahman et al196 found that luseogliflozin, a selective 
SGLT2 inhibitor, significantly increased the difference in 
the low frequency component of systolic blood pressure 
between the dark and light period in SHRcp rats. 
Moreover, higher locomotor activity was recorded during 
the dark relative to the light period following luseogliflozin 
treatment. In our previous study,197 we used c-Fos and 
SGLT-2 antibodies and detected SGLT-2 expression across 
multiple areas in the CNS, which belongs to autonomic 
nervous system, including lateral septum, amygdala, 
hypothalamus, PGA, locus caeruleus (LC), and NTS. 
Notably, c-Fos was significantly upregulated after intraga-
vage of Dapagliflozin in most autonomic areas like amyg-
dala, PVN, PGA, LC, and NTS, and this pattern was 

https://doi.org/10.2147/DMSO.S312527                                                                                                                                                                                                                               

DovePress                                                                                             

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 2964

Wen et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


associated with both lower systolic and diastolic blood 
pressure without significant alteration to the heart rate 2 
hours after administration of Dapagliflozin. These findings 
suggested that SGLT-2i may be causing hypotensive effects 
via the CNS, although its exact role is yet to be elucidated. 
These findings affirm that SGLT-2is may be regulating 
energy homeostasis and cardiovascular control via the cen-
tral pathway, which is an important underlying mechanism 
with beneficial clinical implications. However, it is not 

known whether these mechanisms are direct, central actions 
of SGLT-2is may be one of the essential links to the clinical 
improvement of RAAS and sympathetic activation in car-
diovascular conditions like chronic heart failure in T2D.

Conclusions
Energy and cardiovascular regulation represent the two cru-
cial functions of the autonomic nervous system, while GLP- 
1RAs and SGLT-2is signaling may generate different effects 

Figure 2 A mechanistic comparison of central and peripheral pathways related to the treatment outcomes by GLP-1RAs and SGLT-2is. As showing in the left side of the 
figure, GLP-1RAs influences energy setpoint of the hypothalamus, and may limit food intake, decrease body weight, promote insulin secretion and energy expenditure by 
increasing adipose tissue browning. They can also increase PNS activity, and exert effects of anti-atherosclerosis, which could benefit cardiovascular system. As the right side 
of the figure showing, SGLT-2is influence glucose absorption and inhibit energy expenditure. They also promote renal tubule-glomerular feedback, decrease the blood 
volume, and reduce the renal stress, which interacts with SNS and RAAS. Besides, SGLT-2is may activate specific sensing neurons and certain neural pathways in the CNS, 
thereby suppressing the SNS, regulating cardiovascular activity. 
Abbreviations: PNS, parasympathetic nervous system; SNS, sympathetic nervous system; RAAS, renin-angiotensin- aldosterone system.
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on the central nervous system. Particularly, GLP-1RAs influ-
ence the energy setpoint of the hypothalamus, especially with 
regards to fat intake, meal size, pancreatic function, energy 
expenditure, and body weight, thereby providing either 
a direct or indirect protection to the heart and its vessels. 
On the other hand, SGLT-2is influence glucose sensing or 
absorption in specific neurons, and suppresses the sympa-
thetic nervous system, thus regulating the cardiovascular 
activity, lowering energy expenditure, and maintaining glu-
cose homeostasis in the pancreas and kidney (Figure 2). 
A variation in the underlying mechanisms of action by the 
two drugs has paved the way for the different clinical effects 
and benefits. Consequently, GLP-1RAs are currently recom-
mended for treatment of T2D patients with higher risk of 
coronary heart diseases, owing to its anti-atherosclerosis and 
tube benefits. On the other hand, SGLT-2is causes early 
benefit on heart failure than GLP-1RAs, shows improved 
hemodynamics and sympathetic inhibition, and is frequently 
applied for treatment of T2D patients with higher risks of 
progression to severe heart failure. Nonetheless, there is large 
convergence in the effects of GLP-1RAs and SGLT-2is on 
the central nervous system. In the peripheral nervous system, 
both drugs affect the cardiac function, via SNS and para-
sympathetic nervous system (PNS). In organs and tissue, 
both of them play a role on energy expenditure of brown 
adipose tissue via the SNS, whereas in the brain stem, middle 
brain and forebrain, the relative nuclei may be attributed to 
modulation of the SNS and PNS, which may be the conver-
ging point of action for both drugs. Overall, GLP-1RAs and 
SGLT-2is not only share a common central nervous mechan-
ism but also have an individual neuronal pathway, which are 
mutually complementary, and play a crucial role in effec-
tively treating T2D patients.
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