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ABSTRACT: Glucagon-like peptide-1 receptor agonists (GLP-1RAs) have revolutionized the management of type 2 diabetes 
and obesity. Due to class-wide reduction in major adverse cardiovascular events in cardiovascular outcome trials and 
pleiotropic actions in multiple tissues, the use of GLP-1RAs has expanded beyond metabolic diseases. Recent studies 
have reported GLP-1RA efficacy for the treatment of atherosclerosis, heart failure and peripheral artery disease, alongside 
evolving potential in chronic kidney disease. The recent discovery that GLP-1RAs can improve vascular regenerative 
progenitor cell flux during type 2 diabetes has uncovered a novel mechanism implicating 3 classical hallmarks of vascular 
aging: (1) stem cell exhaustion, (2) altered intercellular communication, and (3) chronic systemic inflammation. In this review 
we discuss recent evidence demonstrating that imbalances in hematopoiesis during cardiometabolic diseases intersect with 
the senescence-associated secretory phenotype to elevate chronic inflammation and accelerate vascular aging. With a focus 
on stem cells as the master regulators of regenerative processes, we integrate the activities of GLP-1RAs that shift the 
balance from damage accumulation to repair competence in blood vessels prematurely aged by cardiometabolic syndrome.

Key Words: angiogenesis ◼ cardiovascular diseases ◼ glucagon-like peptide-1 receptor agonists  
◼ senescence-associated secretory phenotype ◼ stem cells

Glucagon-like peptide-1 receptor agonists (GLP-
1RAs) are an expanding class of medicines originally 
developed for the management of type 2 diabetes 

(T2D) and subsequently found to offer clinically meaning-
ful body weight reduction.1 GLP-1RAs (liraglutide, dula-
glutide, and semaglutide among others) are synthetic 
derivatives of GLP-1 (glucagon-like peptide-1), an incre-
tin hormone secreted by gastric L (enteroglucagon) cells 
after feeding. GLP-1R (glucagon-like peptide-1 receptor) 
agonism activates G-protein–mediated adenylate cyclase 
and ERK/MAPK (extracellular signal–related kinase/
mitogen-activated protein kinase) pathways to amplify 
postprandial insulin release from beta cells. Notably, GLP-
1RAs also act in the hypothalamus and gut to increase 
satiety and slow gastric emptying, providing the mechanis-
tic basis for extended indication as a weight loss agent.2

Second-generation incretin-based drugs such as 
tirzepatide that target GIP (glucose-responsive insu-
linotropic polypeptide) receptors in addition to GLP-
1Rs were designed to accentuate weight loss. The 
SURPASS-2 (A Study of Tirzepatide (LY3298176) 
Versus Semaglutide Once Weekly as Add-on Therapy 
to Metformin in Participants With Type 2 Diabetes) trial 
confirmed that tirzepatide produced greater reduc-
tions in HbA1c (hemoglobin A1c) and body weight 
compared with 1 mg semaglutide.3 The most recent 
addition to the GLP-1RA family is retatrutide, formu-
lated as a triple agonist for GLP-1, GIP, and gluca-
gon receptors. Retatrutide had profound effects on 
metabolism and unmatched weight loss up to 24.2% 
within 1 year;4 it is currently in Phase 3 trials for both 
obesity and T2D, with additional trials underway for 
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cardiovascular diseases as well as liver and kidney 
disorders, further emphasizing the extensive reach of 
GLP-1RAs to address chronic diseases.

ACTIONS OF GLP-1RAS ON THE 
CARDIOVASCULAR SYSTEM
GLP-1RAs and Major Adverse Cardiovascular 
Events
The landmark cardiovascular outcome trials SUSTAIN-6 
(Trial to Evaluate Cardiovascular and Other Long-term 
Outcomes with Semaglutide in Subjects with Type 2 
Diabetes), PIONEER-6 (Peptide Innovation for Early 
Diabetes Treatment), LEADER (Liraglutide Effect and 
Action in Diabetes: Evaluation of cardiovascular outcome 
Results), and REWIND (Researching Cardiovascular 
Events With a Weekly Incretin in Diabetes) demon-
strated that GLP-1RAs reduced the 3-point composite 
of major adverse cardiovascular events (MACE) includ-
ing cardiovascular death, nonfatal myocardial infarction, 
and nonfatal stroke. A meta-analysis of 8 outcome trials 
comprising 60 080 participants with T2D revealed that 
GLP-1RAs reduced 4-point MACE by 14% (hazard ratio, 
0.86, [95% CI, 0.80–0.93]; P<0.0001).5 The SELECT 
(Semaglutide Effects on Cardiovascular Outcomes in 
People with Overweight or Obesity) trial resolved the 
debate that the cardiovascular benefits of the GLP-1RA 
family were independent of glucose-lowering. Remark-
ably, semaglutide reduced 3-point MACE by 20% 
compared with placebo in 17 604 people with athero-
sclerotic cardiovascular disease (ASCVD) but not T2D 
and a body mass index >27 kg/m2.6 Subsequently, an 
updated meta-analysis by Lee et al7 found equivalence 
in MACE benefits between participants with and without 
T2D (Pinteraction=0.345).

GLP-1RAs and Peripheral Artery Disease
The STRIDE trial (Semaglutide and walking capacity in 
people with symptomatic peripheral artery disease and 
type 2 diabetes) enrolled 792 individuals with T2D and 
symptomatic peripheral artery disease (ankle-brachial 
index ≤0.90 or toe-brachial index ≤0.70) to receive either 
semaglutide or placebo. STRIDE reported improved 
maximum walking distance (treatment ratio, 1.13 [95% 
CI, 1.06–1.21]; P=0.0004) with a median follow-up of 
13.2 months among those assigned to semaglutide 
(Table 1).11 Remarkably, these benefits were extended 
for up to 5 weeks after semaglutide discontinuation.

GLP-1RAs and Heart Flow
In a SELECT subanalysis that included 4286 (24.3% 
of the full cohort) participants who had heart failure at 
enrollment, the benefit of semaglutide on MACE was 
independent of heart failure subtype and body mass index 
(BMI).13 The STEP-HFpEF DM (Research Study to Look 
at How Well Semaglutide Works in People Living With 
Heart Failure, Obesity and Type 2 Diabetes) and STEP-
HFpEF (Effect of Semaglutide 2.4 mg Once Weekly on 

Nonstandard Abbreviations and Acronyms

ALDH	 aldehyde dehydrogenase
ASCVD	� atherosclerotic cardiovascular 

disease
BH4	 tetrahydrobiopterin
CHIP	� clonal hematopoiesis of indetermi-

nant potential
cSASP	 classical SASP
CVD	 cardiovascular disease
CVOT	 cardiovascular outcome trial
ECFC	 endothelial colony-forming cell
eNOS	 endothelial NO synthase
EPC	 endothelial precursor cell
ERK/MAPK	� extracellular signal–related kinase/

mitogen-activated protein kinase
eSASP	 emerging SASP
EV	 extracellular vesicle
FGF-2	 fibroblast growth factor-2
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GLP-1	 glucagon-like peptide-1
GLP-1R	 glucagon-like peptide-1 receptor
GLP-1RA	� glucagon-like peptide-1 receptor 

agonist
HbA1c	 hemoglobin A1c
HFpEF	� heart failure with preserved ejection 

fraction
HPC	 hematopoietic progenitor cell
HSC	 hematopoietic stem cell
IFNγ	 interferon gamma
MACE	 major adverse cardiovascular events
MMP	 matrix metalloproteinase
MSC	 mesenchymal stem cell
NF-κB	 nuclear factor-kappa B
PCSK9	� proprotein convertase subtilisin/

kexin type 9
ROS	 reactive oxygen species
SASP	� senescence-associated secretory 
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SOD	 superoxide dismutase
T2D	 type 2 diabetes
TGF-β	 transforming growth factor-beta
TNF	 tumor necrosis factor
VEGF	 vascular endothelial growth factor
VEGFR2	� vascular endothelial growth factor 

receptor 2
VR	 vascular regenerative
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Function and Symptoms in Subjects with Obesity-related 
Heart Failure with Preserved Ejection Fraction) trials that 
enrolled individuals living with both heart failure with pre-
served ejection fraction (HFpEF) and obesity, and with 
or without T2D, provided robust data supporting the 
benefits of semaglutide on participant-reported heart 
failure–related symptoms and physical limitations.9,10 A 
prespecified pooled analysis of these sister trials offered 
further support for GLP-1R agonism as a safe and effi-
cacious option in people living with HFpEF to afford 
weight loss, reduce symptomatic limitations, and improve 
exercise function.14 In the SUMMIT (A Study of Tirzepa-
tide (LY3298176) in Participants With Heart Failure With 
Preserved Ejection Fraction (HFpEF) and Obesity) trial 
that enrolled people with HFpEF and a BMI ≥35 kg/m2, 
tirzepatide reduced the risk of worsening heart failure, 
diminished heart failure symptom severity, and improved 
exercise tolerance (Table 1).12

While the many positive outcome trials with the GLP-
1RAs to date reinforce the notion that GLP-1RAs are 
cardioprotective and have significant therapeutic value, 
it is plausible that we may just be scratching the sur-
face. Indeed, more insights are expected from ongoing 
phase 3 trials that include SURMOUNT-MMO (A Study 
of Tirzepatide (LY3298176) on the Reduction on Mor-
bidity and Mortality in Adults With Obesity),15 MARITIME-
CV (Evaluating the Impact of Maridebart Cafraglutide 
on Cardiovascular Outcomes in Participants With Ath-
erosclerotic Cardiovascular Disease and Overweight or 
Obesity), REDEFINE 3 (A Research Study to See the 
Effects of CagriSema in People Living With Diseases in 
the Heart and Blood Vessels), SYNCHRONIZE-CVOT 
(A Study to Test the Effect of Survodutide (BI 456906) 
on Cardiovascular Safety in People With Overweight or 
Obesity), TRIUMPH-Outcomes (The Effect of Reta-
trutide Once Weekly on Cardiovascular Outcomes and 

Table 1.  Summary of GLP-1RA Clinical Trials for Alternate Cardiovascular Indications

Study (NCT no.) Phase Drug/dosage Demographic population Key outcomes/CV benefits

SEMA-VR (URL: 
https://www.
clinicaltrials.gov; 
Unique identifier: 
NCT05870462)8

Phase 4 
(N=46)

Up to 1.0 mg of 
semaglutide, once 
weekly; or placebo 
for 6 mo.

Individuals ≥18 y old with history 
of ASCVD or ≥2 ASCVD risk 
factors, documented T2D, and 
BMI ≥30 or BMI ≥27 with at least 
1 weight-related comorbidity

Semaglutide treatment, compared with usual care, was 
associated with an increase of circulating VR progenitor 
cells and a decrease of proinflammatory granulocyte 
precursors and serum cytokines.

SELECT (URL: https://
www.clinicaltrials.
gov; Unique identifier: 
NCT03574597)7

Phase 3 
(N=17 604)

2.4 mg of 
semaglutide, once 
weekly; or placebo 
for up to 240 wk.

Individuals ≥45 y old with CVD 
and a BMI ≥27 but no history of 
T2D.

A weekly dose of semaglutide was superior to placebo 
in reducing the incidence of death from CV causes, 
nonfatal MI, or nonfatal stroke at mean follow-up.

STEP-HFpEF 
(URL: https://www.
clinicaltrials.gov; 
Unique identifier: 
NCT04788511)9

Phase 3 
(N=529)

2.4 mg of 
semaglutide, once 
weekly; or placebo 
over 52 wk.

Individuals with HFpEF and BMI 
≥30.

Patients receiving semaglutide had greater changes 
in KCCQ-CSS point scores, weight loss, and 6-min 
walk distance when compared with placebo. Patients 
receiving semaglutide also had a −43.5% reduction of 
CRP levels compared with −7.3% in the placebo group.

STEP-HFpEF DM 
(URL: https://www.
clinicaltrials.gov; 
Unique identifier: 
NCT04916470)10

Phase 3 
(N=617)

2.4 mg of 
semaglutide, once 
weekly over 52 wk; 
or placebo.

Individuals with HFpEF, BMI ≥30, 
and T2D.

Patients receiving semaglutide exhibited greater 
reductions in heart failure–related symptoms, physical 
limitations, and greater weight loss than placebo at 1 y.

STRIDE (URL: https://
www.clinicaltrials.
gov; Unique identifier: 
NCT04560998)11

Phase 3 
(N=792)

1.0 mg of 
semaglutide, once 
weekly over 52 wk; 
or placebo.

Individuals ≥18 y old, with T2D, 
PAD with intermittent claudication, 
and ABI ≤0.90 or TBI ≤0.70.

Individuals receiving semaglutide exhibited significantly 
greater walking distances than placebo at week 52.

SUMMIT (URL: https://
www.clinicaltrials.
gov; Unique identifier: 
NCT04847557)12

Phase 3 
(N=731)

Up to 15 mg of 
tirzepatide once 
weekly for at least 
52 wk, or placebo.

Individuals with HFpEF of at least 
50%, and BMI ≥30.

Tirzepatide treatment led to a lower risk of composite of 
adjudicated death from CV causes or worsening heart 
failure than placebo after a median follow-up of 104 wk. 
The tirzepatide treatment also improved health status of 
patients when compared with placebo.

SURPASS-2 
(URL: https://www.
clinicaltrials.gov; 
Unique identifier: 
NCT03987919)3

Phase 3 
(N=1879)

Once-weekly dose 
of 5 mg, 10 mg, or 
15 mg tirzepatide, or 
semaglutide at 1 mg, 
over 40 wk.

Individuals with T2D, HbA1c level 
of 7–10.5%, and BMI ≥25.

Tirzepatide proved noninferior and superior to 
semaglutide, at all doses, with respect to mean change 
in HbA1c level from baseline to week 40. All doses 
of tirzepatide also resulted in significant body weight 
reductions compared with semaglutide.

ABI indicates ankle-brachial index; ASCVD, atherosclerotic cardiovascular disease; BMI, body mass index; CRP, C-reactive protein; CV, cardiovascular; CVD, 
cardiovascular disease; GLP-1RAs, glucagon-like peptide-1 receptor agonists; HbA1c, hemoglobin A1c; HFpEF, heart failure with preserved ejection fraction; KCCQ-
CSS, Kansas City cardiomyopathy questionnaire–clinical summary score; MI, myocardial infarction; PAD, peripheral artery disease; SEMA-VR, Semaglutide and Vascular 
Regeneration; SELECT, Semaglutide Effects on Cardiovascular Outcomes in People with Overweight or Obesity; STEP-HFpEF, Effect of Semaglutide 2.4 mg Once 
Weekly on Function and Symptoms in Subjects with Obesity-related Heart Failure with Preserved Ejection Fraction; STEP-HFpEF DM, Research Study to Look at How 
Well Semaglutide Works in People Living With Heart Failure, Obesity and Type 2 Diabetes; STRIDE, Semaglutide and walking capacity in people with symptomatic 
peripheral artery disease and type 2 diabetes; SUMMIT, A Study of Tirzepatide (LY3298176) in Participants With Heart Failure With Preserved Ejection Fraction (HFpEF) 
and Obesity; SURPASS-2, A Study of Tirzepatide (LY3298176) Versus Semaglutide Once Weekly as Add-on Therapy to Metformin in Participants With Type 2 Diabetes; 
T2D, type 2 diabetes; TBI, toe-brachial index; and VR, vascular regenerative.
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VANQUISH-2 (VK2735 for Weight Management Type 2 
Diabetes Phase 3) (Table 2).

Cardiovascular Benefits: Direct GLP-1RA 
Signaling Versus Indirect Metabolic Effects
GLP-1RAs lower blood glucose, reduce body weight, 
combat oxidative stress, and reduce inflammation. How-
ever, the mechanisms underlying these systemic effects 
continue to be debated. Many cardioprotective mecha-
nisms have been proposed for the indirect benefits of 
reduced oxidative stress and systemic inflammation. 
Although GLP-1RAs have also demonstrated direct 
effects in endothelial cells, vascular smooth muscle, and 
some immune cells in preclinical studies, distinguishing 
the relative contributions of direct GLP-1R–mediated 
signaling from indirect systemic metabolic improvements 
remains challenging.

GLP-1R expression has been consistently detected 
in vascular smooth muscle cells, whereas expression 

in endothelial and immune cells remains less clearly 
established.16,17 The blood pressure-lowering effects of 
semaglutide appear to depend on GLP-1R signaling 
in vascular smooth muscle cells. Deletion of vascular 
GLP-1Rs abolishes the antihypertensive responses in 
semaglutide-treated mice.18 Preclinical data also sup-
port direct receptor-mediated effects on endothelial cell 
survival and vasodilation, including a boost in nitric oxide 
bioavailability, suppressed nicotinamide adenine dinu-
cleotide phosphate oxidase activity, and reduced intra-
cellular reactive oxygen species (ROS) accumulation.19 
However, clinical cardiovascular benefits, such as MACE 
reduction and HFpEF symptom relief, are often observed 
alongside weight loss, improved insulin sensitivity, and 
attenuation of systemic inflammation, all of which inde-
pendently contribute to MACE reduction.20

This distinction between the direct and indirect actions 
of GLP-1RAs is not merely academic. Although some car-
diovascular effects seem to be independent of weight loss, 
general improvement in metabolic parameters including 
glycemic status, lipid profiles, and inflammatory markers is 

Table 2.  Summary of Ongoing GLP-1RA Clinical Trials and Primary Cardiovascular Outcomes

Study (NCT no.) Phase Drug/dosage Demographic population Primary outcome measure(s)

SURMOUNT-MMO (URL: 
https://www.clinicaltrials.
gov; Unique identifier: 
NCT05556512)15

Phase 3 
(N=15 374)

Escalated 
doses of 
tirzepatide or 
placebo.

Individuals aged ≥40 years with BMI 
≥27 kg/m2 and established CVD, PAD 
or multiple CVD risk factors.

Time to first occurrence of any component event of 
composite (all-cause death, nonfatal MI, nonfatal 
stroke, coronary revascularization, or HF events) up to 
5 years.

MARITIME-CV (URL: 
https://www.clinicaltrials.
gov; Unique identifier: 
NCT07037433)

Phase 3 
(ongoing; 
estimated 
N=12 800)

Maridebart 
cafraglutide or 
placebo.

Individuals aged ≥45 years with BMI 
≥27 kg/m2 and a history of ASCVD.

Time to first occurrence of any component event of 
composite 3-point MACE end point consisting of: CV 
death, MI, or ischemic stroke up to approximately 35 
months.Time to first occurrence of any component 
event of composite 5-point MACE end point consisting 
of: all-cause death, MI, ischemic stroke, coronary 
revascularization, or HF event up to approximately 35 
months.

REDEFINE 3 (URL: 
https://www.clinicaltrials.
gov; Unique identifier: 
NCT05669755)

Phase 3 
(N=7101)

Once weekly 
dose of 
semaglutide 
and 
cagrilintide, or 
placebo

Adults ≥55 years with BMI ≥25 kg/
m2, established CVD; individuals with 
T2D should be diagnosed ≥180 days 
before screening and have an HbA1c 
6.5-10%.

Time to first occurrence of 3-point MACE (CV death, 
non-fatal MI, non-fatal stroke) up to 242 weeks or more

SYNCHRONIZE-CVOT 
(URL: https://www.
clinicaltrials.gov; Unique 
identifier: NCT06077864)

Phase 3 
(N=5531)

Once weekly 
dose of 3.6 
mg or 6.0 mg 
survodutide, or 
placebo

Adults ≥18 years with BMI ≥27 kg/m2 
and established CVD or ≥2 weight-
related complications/risk factors for 
CVD; or BMI ≥30 with established 
CVD or CKD or ≥2 weight-related 
complications/risk factors for CVD.

Time to first occurrence of any of the adjudicated 
components of the composite end point consisting 
of: CV death, nonfatal stroke, nonfatal MI, ischemia-
related coronary revascularization, or HF event up to 
114 weeks

TRIUMPH-
Outcomes (URL: https://
www.clinicaltrials.
gov; Unique identifier: 
NCT06383390)

Phase 3 
(N=10,000)

Once weekly 
escalated dose 
of retatrutide, 
or placebo

Adults ≥45 with BMI ≥27, and 
established ASCVD or CKD.

Time to first occurrence of composite end point (MI, 
non-fatal stroke, CV death, or hospitalization or urgent 
visit due to HF) up to approximately 248 weeks. Time 
to first occurrence of composite endpoint of end-stage 
kidney disease; ≥ 40% sustained decline in eGFR, CV 
death or renal death.

VANQUISH-2 (URL: 
https://www.clinicaltrials.
gov; Unique identifier: 
NCT07104383)

Phase 3 
(N=1100)

Once weekly 
dose of 7.5, 
12.5, or 17.5 
mg VK2735, or 
placebo

Adults ≥18 with BMI ≥27 and T2D 
(HbA1c 7% to 11%.

Percent change in body weight from baseline to 78 
weeks.

ASCVD indicates atherosclerotic cardiovascular disease; BMI, body mass index; CKD, chronic kidney disease; CRP, c-reactive protein; CV, cardiovascular; CVD, 
cardiovascular disease; GLP-1RAs, glucagon-like peptide-1 receptor agonists; HbA1c, hemoglobin A1c; HF, heart failure; MACE, major adverse cardiovascular events; 
MI, myocardial infarction; PAD, peripheral artery disease; and T2D, type 2 diabetes.
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associated with sustained weight loss. Therefore, restora-
tion of arterial homeostasis after weight loss could partially 
reduce cardiovascular risk through these indirect path-
ways.21 Furthermore, visceral adipose tissue drives low-
grade systemic inflammatory state through the release of 
inflammatory adipokines, and reduction of adipose-driven 
inflammatory milieu is associated with improved vascular 
outcomes.22 Thus, in the context of vascular homeosta-
sis, both direct actions of GLP-1R signaling and indi-
rect effects are at play. Detailed mechanistic studies are 
required to fully dissect the cumulative outcomes of GLP-
1RA action on human vascular and immune tissues.

Sex Differences in GLP-1RA Efficacy
GLP-1RAs have emerged as cornerstone therapies with 
widespread use in patients with T2D and obesity, yet 
drug efficacy is not uniform in women and men. Although 
men have a higher absolute incidence of MACE, T2D 
imposes a disproportionately greater CVD burden in 
women due to complex factors including biological and 
hormonal differences.23 Despite the increased risk with 
age, women have been consistently underrepresented 
in clinical trials. A systematic review of GLP-1RA ran-
domized controlled trials from 2007 to 2024 found a 
unique decline in the proportion of females enrolled over 
time, with females comprising far less than half of the 
total trial populations.24 In trials with liraglutide and dula-
glutide specifically, female participants reported more 
moderate gastrointestinal-related side effects than the 
male individuals in the first few weeks of therapy, though 
reporting has not been consistent across all agents and 
trials. Underlying pharmacokinetic differences may partly 
explain why side effects, such as nausea, seem more fre-
quent in female patients, a pattern attributed in part to 
slower drug absorption rates in women.25

The interplay between sex hormones and GLP-1RA 
biology introduces additional complexity for outcomes 
in women. Estrogen and GLP-1R signaling converge 
on overlapping hypothalamic and brainstem nuclei, and 
blockade of central estrogen receptors diminishes the 
appetite-suppressing effects of GLP-1RAs.25 Postmeno-
pausal women with obesity treated with semaglutide 
who were also using hormone replacement experienced 
improved weight loss response compared with those on 
semaglutide alone,26 suggesting that estrogen status 
meaningfully modulates GLP-1RA responsiveness.

For cardiovascular outcomes, meta-analytic evidence 
suggests broadly consistent benefits across both sexes, 
though some differences are worth noting. Rivera et al27 
found that GLP-1RAs confer a similar reduction in 3-point 
MACE in both sexes, despite differences in cardiovascu-
lar disease history, body mass index, and kidney function. 
A 2025 meta-analysis evaluating sex-stratified outcomes 
across 11 trials and 85 273 patients showed decreased 
3-point MACE by 21% in males and 25% in females; 

however, no sex-based interactions were detected for car-
diovascular death, myocardial infarction, or hospitalization 
for heart failure assessed alone.23 Taken together, these 
findings suggest that GLP-1RAs offer broadly compa-
rable cardiovascular protection in both men and women. 
Although the extent of sex-specific effects remains con-
strained by the persistent underrepresentation of women 
in trials and limited availability of sex-disaggregated out-
come data, future research should prioritize equitable 
enrollment and prespecified sex-stratified analyses to 
inform precision-based therapeutic approaches.

VASCULAR REGENERATIVE CELL 
EXHAUSTION
Our group,28–30 and others,31,32 have established that 
chronic cardiometabolic diseases (such as T2D, obesity, 
and ASCVD) are associated with the depletion of circu-
lating vascular regenerative (VR) progenitor cells that 
coordinate angiogenesis, endothelial repair and vessel 
homeostasis, a concept termed VR cell exhaustion.33 We 
recently completed the SEMA-VR CardioLink-15 trial 
(URL: https://www.clinicaltrials.gov; Unique identifier: 
NCT05870462), a translational study that demonstrated 
6 months of semaglutide treatment increased multiple 
circulating VR progenitor cell populations and decreased 
commitment to inflammatory granulocyte precursors.8 
Although the specific mechanisms driving VR cell recov-
ery during GLP-1RA therapy remain an ongoing area of 
investigation, VR cell exhaustion encompasses 3 highly 
studied hallmarks with central relevance to vascular 
aging: (1) bone marrow–derived stem cell exhaustion, 
(2) senescence-associated alterations in paracrine inter-
cellular communication, and (3) propagation of chronic 
systemic inflammation. Herein, we detail translational 
evidence that the pleiotropic actions of GLP-1RAs con-
verge on these 3 hallmarks of vascular aging accelerated 
by cardiometabolic syndrome.

VR Processes and Effector Cells
Blood vessel regeneration occurs through 3 comple-
mentary and concurrent processes: (1) angiogenesis, the 
sprouting of new vessels from preexisting vasculature 
stimulated by angiocrine factor secretion from circulat-
ing hematopoietic progenitor cells (HPCs) and monocyte 
progeny in response to hypoxia; (2) vasculogenesis, the 
de novo formation of new vessels mediated by circulat-
ing endothelial precursor cells (EPCs); and (3) arterio-
genesis, the remodeling and recovery of blood flow in 
preexisting collateral vessels predominantly driven by 
nonclassical monocyte recruitment and transition to pro-
regenerative macrophages.34

Bone marrow–derived progenitor cells play a critical 
role in blood vessel homeostasis. Unlike mature effector 
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lifespan of the organism and therefore possess the 
capacity to evade the Hayflick limit, a concept that sug-
gests human somatic cells have a finite replicative lifes-
pan of ≈50 divisions before the onset of senescence.35,36 
Extended replicative potential in highly proliferative pro-
genitor cells is essential not only for hematopoiesis, but 
is also relevant in the homeostasis of blood vessels, a 
fundamental process best described as the aggregate 
balance between vessel damage and repair.

According to the stem cell theory of aging, progres-
sive decline in tissue function is driven by intrinsic and 
extrinsic alterations in communication between circulat-
ing and tissue-resident progenitor cell populations.37 With 
advancing age, bone marrow–derived progenitor cells 
exhibit diminished proliferative capacity and restricted 
differentiation potential that result in loss of regenerative 
potency and overproduction of proinflammatory cells.38–

40 This process, referred to as stem cell exhaustion, acts 
to inhibit vessel repair and intensifies systemic inflam-
mation. To address this deleterious cycle accelerated in 
people with cardiometabolic diseases necessitates tar-
geted intervention on multiple progenitor cell lineages to 
restore VR cell functionality.

High Aldehyde Dehydrogenase Activity: A 
Conserved Marker of VR Stem Cells
There remains a critical need for the identification of bio-
markers to associate stem cell depletion with downstream 
deficits in vessel repair as an undeniable component of 
vascular aging. Our group has adapted the use of ALDH 
(aldehyde dehydrogenase) activity as a functionally rel-
evant biomarker of circulating human hematopoietic, 
endothelial, and mesenchymal stem/progenitor cells with 
previously established capacity to synergize with blood 
vessel regeneration after transplantation into immunode-
ficient mice.41 Indeed, ALDHhi (high ALDH) activity has 
been used in clinical trials to purify autologous bone mar-
row progenitor cells for cellular therapies targeting vas-
cular regeneration to improve walking distance in people 
with multiple forms of peripheral artery disease.42–44

ALDH is a broad superfamily of detoxification enzymes 
highly expressed in the cytosol of stem and progenitor 
cells from multiple mesodermal lineages. Paradoxically, 
ALDH is also the rate-limiting enzyme in the biosynthesis 
of retinoic acid, a potent morphogen that pushes progen-
itor cell differentiation.45 As the highly replicative progen-
itor cell pool divides and differentiates into more mature 
effector cells, ALDH activity is gradually reduced up to 
100-fold. ALDH family enzymes also play a cytoprotec-
tive role through the detoxification of exogenous alde-
hyde toxins into carboxylic acids more easily eliminated 
from the body. Essentially, elevated ALDH activity acts 
to protect long-lived progenitor cells against oxidative 
stress-mediated damage to lipid membranes, proteins 

and DNA.46,47 Thus, use of ALDHhi activity integrated 
with primitive cell surface marker expression represents 
a reliable method for efficient and sensitive detection of 
rare hematopoietic, endothelial and mesenchymal stem/ 
progenitor cells within peripheral blood samples using 
multiparameter flow cytometry.

Maintenance of high ALDH activity has also been 
used as a functional tool to select and study bone marrow 
and umbilical cord blood-derived HPCs, EPCs and mes-
enchymal stem cells (MSCs) that act as central media-
tors of VR processes.33 Conversely, accelerated attrition 
of cells with ALDHhi activity in circulation can accurately 
quantify VR progenitor cell depletion induced by T2D, 
obesity, ASCVD and elevated lipoprotein(a) levels.29,48–50 
Thus, detection of cells with ALDHhi activity in peripheral 
blood serves as a strong measure of regenerative pro-
genitor cell fluctuations during cardiometabolic disease.

Prevention of VR Cell Exhaustion by 
Semaglutide
In SEMA-VR CardioLink-15,8 participants administered 
semaglutide demonstrated recovery of circulating HPCs 
with ALDHhi activity as well as ALDHhi EPCs with CD 
(cluster of differentiation)34+CD133+CD45− phenotype 
(Figure 1). These findings were the first to establish a 
potential role for semaglutide to improve VR cell deple-
tion associated with T2D through replenishment of cir-
culating myeloid HPCs and EPCs previously implicated 
in vessel repair. Changes in VR progenitor cell content 
occurred alongside a significant reduction in circulating 
cells restricted to the granulocyte and monocyte lin-
eages. Remarkably, semaglutide treatment decreased 
ALDHhiSSChi (high side scatter) granulocyte content 
>2-fold, particularly in activated neutrophils that coex-
pressed CD66b and the chemokine receptor CXCL2 
(C-X-C motif chemokine ligand 2) involved in homing 
to areas of inflammation (Figure 1). Using an alternate 
detection system reliant on cell surface markers alone, 
Preložnik Navodnik et al51 demonstrated that individu-
als with type 1 diabetes demonstrated an increase in 
CD34+VEGFR2+(vascular endothelial growth factor 
receptor 2)CD133+CD45− EPCs after 12 weeks of 
treatment with semaglutide compared with insulin ther-
apy alone. Taken together, the effects on circulating VR 
progenitor cell content identify GLP-1RAs as a potential 
therapy to dampen VR cell depletion and reduce inflam-
mation in people with T2D.

GLP-1RAS AND STEM CELL EXHAUSTION
Hematopoietic Progenitor Cells: The Initiators 
of Angiogenic Repair
Hematopoietic stem cells (HSCs) give rise to mature 
myeloid and lymphoid cells, erythrocytes and platelets, 
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Figure 1. Semaglutide recovered circulating vascular regenerative (VR) progenitor cell content and decreased granulocytes.
The SEMA-VR trial compared circulating stem/progenitor cell content in peripheral blood at baseline and 6 months from adults with type 2 
diabetes (T2D) or obesity at baseline compared with usual care without semaglutide. Participants treated with semaglutide demonstrated an 
increase in hematopoietic and endothelial progenitor cell content and a decrease in granulocyte precursors with migratory and activated marker 
coexpression. ALDHhi, indicates high aldehyde dehydrogenase activity; ASCVD, atherosclerotic cardiovascular disease; CCL, C-C chemokine 
ligand; CD, cluster of differentiation; SEMA-VR, Semaglutide and Vascular Regeneration; and SSC, side scatter. Created in BioRender. Dennis, 
Cole. (2026) https://BioRender.com/y3rghwd. Adapted from Park et al.4
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throughout life (Figure 2). By definition, HSCs demon-
strate multipotency and self-renewal capacity52,53; how-
ever, true HSCs are rare and usually confined to the 
bone marrow endosteal niche in a predominantly quies-
cent state crucial for maintaining a highly proliferative, 
multipotent HPC pool.54 Beyond classical roles in hema-
topoiesis, early myeloid HPCs and monocyte progeny 
contribute substantially to vessel regeneration through 
paracrine induction of angiogenesis. Early myeloid HPCs 
released into the circulation home efficiently to sites of 
hypoxia or vessel injury, and productively secrete an array 
of proangiogenic factors to initiate endothelial sprouting 
and matrix remodeling.55,56 The early myeloid HPC pool 
is enriched in the bone marrow within a specialized niche 
with high vessel density that permits the egress of a con-
tinuum of hematopoietic progeny into the circulation.57 
With age, intrinsic alterations within HPCs and extrinsic 
changes such as elevated oxidative stress imposed on 
the niche accelerate hematopoietic differentiation and 
inhibit mobilization of proangiogenic progenitor cells. 
The bone marrow vascular niche undergoes significant 

remodeling with the advancement of T2D, obesity, or 
simply with age, characterized by an increase in adi-
pose stromal cell content,58–60 reinforced by a feedback 
loop that promotes adipogenic inflammation.61 During 
T2D, marrow-resident adipocytes secrete proinflamma-
tory cytokines and adipokines that skew hematopoiesis 
towards a proinflammatory myeloid cell bias.62,63 Further 
investigation is required to elucidate mechanisms that 
govern adipogenic content within the bone marrow niche 
and to clarify how adipocyte accumulation influences 
vessel regeneration initiated by the paracrine activity of 
mobilized HPCs.

Aging HPCs are marked by a shift in hematopoi-
esis favoring myeloid over lymphoid differentiation that 
impairs adaptive immunity with age. Preferential differ-
entiation of proinflammatory myeloid cells is known as a 
driver of endothelial dysfunction.64 In parallel, aged HPCs 
demonstrate quiescence, reflecting an overall decline in 
the HPC pool.65–68 Mouse and human transplantation 
studies confirm HPCs from aged bone marrow show 
diminished reconstitution potential after transplantation 
compared with HPCs from younger donors.69–71

Figure 2. Key functional roles of endothelial colony-forming cell (ECFC), hematopoietic stem/progenitor cells (HSPCs), and 
mesenchymal stem cells (MSCs) in vascular tissue regeneration.
With increased biological age, ECFCs, HSPCs, and MSCs exhibit progressive functional decline and depletion that collectively contribute to 
deficits in vascular system repair and cardiovascular disease (CVD) susceptibility. CHIP indicates clonal hematopoiesis of indeterminate potential; 
HSPC, hematopoietic stem/progenitor cells; and SASP, senescence-associated secretory phenotype. Created in BioRender. Dennis, Cole. (2026) 
https://BioRender.com/y3rghwd.
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GLP-1RA Actions on Hematopoiesis
Although GLP-1RAs exert complex effects on hema-
topoiesis primarily through indirect actions on anti-
inflammatory pathways, GLP-1Rs are expressed on 
HPCs at low levels.16 Liraglutide treatment in human 
CD34+ HPCs corrected high-glucose–induced hyperp-
roliferative dysfunction, rescued CXCR4/SDF-1 (C-X-C 
motif chemokine receptor 4/stromal cell-derived fac-
tor 1) axis migratory activity, and reduced intracellular 
ROS production.72 In the aforementioned SEMA-VR 
CardioLink-15 trial, our group demonstrated that in addi-
tion to the recovery of ALDHhi HPC content (Figure 1).8 
Semaglutide decreased granulocyte precursor content 
and downregulated inflammatory serum cytokine levels 
in the TNF (tumor necrosis factor) and interleukin fami-
lies initially over-expressed at baseline. Whether these 
effects in people with T2D altered HPC differentiation by 
direct GLP-1RA receptor activation or through indirect 
effects lowering oxidative stress remain undetermined.

Direct actions of GLP-1RAs on the control of hema-
topoietic differentiation are plausible but not clearly 
established. Yan et al73 reported that exendin-4, a pep-
tide based on the GLP-1R activating peptide in gila 
monster venom, directly altered HPC proliferation and 
metabolism. In LDLR−/− (low-density lipoprotein recep-
tor knockout) mice fed a high-fat diet, exendin-4 treat-
ment or GLP-1R knockout in bone marrow suppressed 
HPC proliferation, deterred myeloid bias, and modified 
glycolytic metabolism. However, effects of GLP-1RAs on 
ASCVD progression appeared to be context-dependent. 
In a study from the Drucker group using mice with GLP-
1R knockout in Tie2-expressing hematopoietic and 
endothelial cells, ASCVD progression induced by viral 
PCSK9 (proprotein convertase subtilisin/kexin type 9) 
expression was equivalent after semaglutide treatment 
in knockout and wild-type mice, suggesting that direct 
GLP-1R engagement was dispensable for the antiath-
erogenic actions of GLP-1RAs.16

Beyond their effects on myeloid immune cells, GLP-
1RAs exert actions on megakaryocytes and platelets. 
Platelets express functional GLP-1Rs, and exposure 
to liraglutide in vitro attenuated platelet aggregation 
through a GLP-1R-dependent mechanism independent 
of weight loss or glycemic improvement.74 Suppres-
sion of aggregation was mediated via GLP-1R-coupled 
cAMP/PKA (cyclic adenosine monophosphate/protein 
kinase A) signaling and eNOS (endothelial NO syn-
thase)–derived NO production, with GLP-1RAs shown to 
reduce microvascular thrombosis in a manner abrogated 
in GLP-1R–deficient animals.75 Clinically, these observa-
tions seem to translate into reductions in thrombotic risk, 
where in a propensity score-matched target trial emula-
tion of over 270 000 patients with T2D, GLP-1RA use 
was associated with a significantly lower incidence of 
venous thromboembolism compared with DPP-4 (dipep-
tidyl peptidase-4) inhibitor use (6.1 versus 7.6 events 

per 1000 patient-years) with reductions seen for both 
pulmonary embolism and deep vein thrombosis, and the 
early separation of event curves suggests mechanisms 
not modulated by weight loss alone.76 These studies have 
resulted in a clinically important counterpoint to emerge. 
When the combination of GLP-1RAs with aspirin was 
associated with elevated risks of ischemic heart disease 
and cardiac arrhythmias compared with monotherapy77; 
particular caution was warranted in older patients where 
polypharmacy is common.

Endothelial Colony-Forming Cells: The Building 
Blocks of Blood Vessels
Both circulating and vessel-derived EPCs directly con-
tribute to de novo vessel formation and angiogenic 
sprouting from preexisting vessels (Figure 2). However, 
early outgrowth monocyte subsets that demonstrate 
endothelial cell characteristics such as lectin uptake 
can contaminate EPC cultures and are often incorrectly 
labeled as EPCs based on shared cell surface marker 
identity. To avoid confusion, endothelial colony-forming 
cells (ECFCs) were named to represent a functionally 
defined subset of EPCs restricted to the endothelial lin-
eage that exhibit late clonal outgrowth and high prolif-
erative capacity in vitro with the ability to permanently 
integrate into vessels in vivo.78 ECFCs are exceedingly 
rare in the circulation but are enriched in human bone 
marrow and umbilical cord blood. ECFCs lack the expres-
sion of mature hematopoietic lineage markers, such as 
pan-leukocyte CD45, yet share expression of progeni-
tor cell markers CD34, VEGFR2, and CD133. Vessel-
resident ECFCs act as building blocks of newly formed 
endothelium,34,79 and perform a unique role in the mainte-
nance of vessel integrity.80 Mathematical modeling based 
on rates of endothelial cell proliferation indicates that an 
alternate reservoir of proliferative ECFCs mobilized from 
the bone marrow is required to maintain optimal blood 
vessel homeostasis.81

Age-related EPC exhaustion has been observed 
previously as the deletion and functional decline in cir-
culating ECFC populations. ECFCs from elderly individu-
als exhibit reduced numbers with decreased replicative 
capacity and impaired migratory responses compared 
with ECFCs from younger individuals (Figure 2).82,83 Most 
notably, aged ECFCs show attenuated responsiveness to 
proangiogenic cues such as VEGF (vascular endothe-
lial growth factor) via reduced VEGFR2 expression and 
impaired signaling.82 In parallel, a shift in the ECFCs sec-
retome towards augmented production of matricellular 
proteins links ECFC dysfunction to age-related vascular 
pathologies.83,84

Preclinical studies examining the consequences of aging 
on ECFCs consistently demonstrate profound deterioration 
in regenerative potential. Shelley et al85 demonstrated age-
dependent decline in the frequency of circulating ECFCs 
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human primates. Complementary evidence in murine mod-
els underscored that age-related functional erosion after 
transplantation of ECFCs from young donors prevented 
the decline in cardiac angiogenesis in aged mice.86 Notably, 
murine ECFCs produced IL (interleukin)-1β in response to 
stress and implicated chronic inflammation with functional 
decline.87 Despite the recognized importance of ECFCs 
in vessel repair, mechanisms driving the decline in ECFC 
number and function by chronic cardiometabolic comor-
bidities remain poorly understood. Herein lies a significant 
opportunity for future studies to characterize ECFC attrition 
using well-defined marker panels and omic technologies, 
allowing for accurate assessment of functional decline with 
age and CVD status.

GLP-1RA Effects on EPC Function
Endothelial dysfunction plays a central role in the vas-
cular pathogenesis associated with obesity, T2D, and 
ASCVD. Persistent hyperglycemia and adipokine dys-
regulation are well known to elevate oxidative stress lev-
els, reduce NO bioavailability, and activate inflammation, 
thereby accelerating ASCVD development. GLP-1RAs 
have been shown to enhance EPC number and provas-
cular function. In patients with T2D, treatment with dula-
glutide increased circulating EPC numbers (defined as 
CD34+/VEGFR2+) and increased proliferative, migratory, 
and tubulogenic capacity in vitro.88 High glucose reduced 
GLP-1R expression and induced apoptosis in EPC, 
whereas activation of GLP-1R signaling with exendin-4 
reversed these effects.89 In primary human umbilical vein 
endothelial cells treated with exendin-4, the increase 
in VEGF production was accompanied by improved 
tube formation, reflecting restored angiogenic capac-
ity.90 In preclinical mouse models, semaglutide treatment 
reduced vulnerable plaque area, monocyte/macrophage 
accumulation, and extracellular matrix turnover, key con-
tributors to ASCVD.91

Mesenchymal Stromal Cells: The Sentinels of 
Tissue Regeneration
MSCs are plastic adherent, nonhematopoietic, nonendo-
thelial cells with spindle-shaped morphology in vitro that 
express classical stromal cell markers (CD73, CD90, and 
CD105) and demonstrate multilineage differentiation into 
adipocytes, osteocytes, and chondrocytes. MSCs are widely 
distributed throughout the body during embryogenesis and 
are maintained in association with the perivascular niche in 
bone marrow, kidney, liver, pancreas, adipose tissue, umbili-
cal cord blood, and placenta.92 MSC function is highly stud-
ied in the bone marrow, where the primary role of MSCs is 
to maintain and regulate hematopoiesis.93 In the periphery, 
MSCs and progeny wrap and stabilize advancing vessels 
through the generation of intimal pericytes and smooth 

muscle cells. MSCs also act as local regulators of tissue 
healing through the release of regenerative, proangiogenic 
and immunomodulatory cytokines (Figure 2).94–96

MSC content is massively impacted by age. In the 
bone marrow, MSC frequency consistently decreases 
with age, and remarkably reaches levels 200-fold lower 
in aged individuals compared with at birth.97 Aged MSCs 
readily undergo senescence and preferentially release 
proinflammatory factors through an aging phenomenon 
commonly referred to as senescence-associated secre-
tory phenotype (SASP; Figure 2).98–100 This age-related 
shift in secretory signals has negative consequences 
on hematopoiesis such as the propagation of senes-
cence and impaired clonogenic potential in bone marrow 
HPCs.100 Aging also profoundly changes MSC differ-
entiative potential. A defining feature of aged MSCs is 
bias toward the adipose lineage with concomitant loss 
of osteogenic potential.101–103 Thus, functional decline of 
MSCs within the bone marrow has downstream impact 
on hematopoiesis that contributes to vascular aging.

MSC Transplantation to Slow Vascular Aging
MSCs have garnered considerable interest as a thera-
peutic modality to treat cardiometabolic inflammatory 
diseases due to robust secretion of immunomodulatory 
and proangiogenic factors.104 MSC immunosuppressive 
function is multifactorial and stimulated in inflamed envi-
ronments in response to increased exposure to IFNγ 
(interferon gamma).105,106 In contrast, the proangiogenic 
composition of the MSC secretome supports MSC trans-
fer in applications where vessel repair or neovasculariza-
tion are desired outcomes.34,96,107,108

MSCs also directly modulate biological aging. Admin-
istration of MSCs or MSC-derived extracellular vesicles 
(EVs) in murine models of aging results in attenuation 
of senescence and increased lifespan.109,110 Accumu-
lating preclinical evidence supports the use of MSC-
based regenerative therapies as a promising strategy 
to mitigate age-related vascular decline. Clinical trans-
lation of MSC-based therapies is well underway, with 
>300 MSC-related clinical trials currently registered on 
ClinicalTrials.gov. Among the subset of trials that address 
chronic cardiovascular diseases, overall outcomes have 
been encouraging.111 One notable randomized controlled 
trial administered autologous MSCs via intramyocardial 
injection in individuals with ischemic heart failure.111 The 
MSC-treated group exhibited significantly reduced left 
ventricular end-systolic volume as the primary end point, 
along with increased stroke volume and left ventricular 
ejection fraction when compared with placebo.

GLP-1RAs as an Adjunct to MSC Therapy
A recent systematic review has shed light on the pleiotro-
pic effects of GLP-1RAs on MSC function in individuals 
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with T2D. Weber et al112 identified 38 studies wherein 
native GLP-1 or GLP-1RAs stimulated human bone 
marrow and adipose-derived MSC expansion in a dose-
dependent manner and prevented age-related MSC 
senescence. Increased PI3K/Akt (phosphatidylinositol 
3-kinase/protein kinase b) and Wnt (Wingless-related 
integration site)/β-catenin signaling induced by liraglu-
tide or semaglutide conferred antiapoptotic effects on 
MSCs and prevented unwanted adipogenic differen-
tiation. Furthermore, GLP-1RAs decreased secretion of 
IL-6 and TNF-α (tumor necrosis factor-α) and increased 
secretion of IL-10 by MSCs under high-glucose condi-
tions.113 Thus, GLP-1RAs modulate key pathways in 
human MSCs to influence survival, differentiation, and 
anti-inflammatory functions, promising therapeutic char-
acteristics to prevent pathological MSC attrition in the 
bone marrow during T2D and obesity.

Genetic engineering approaches have also been used 
to enhance the therapeutic potential of MSC transfer. 
Stable overexpression of exendin-4 in MSCs elevated 
the expression of GLP-1Rs, a positive feedback mecha-
nism that potentiates responsiveness to GLP-1RAs.114 
Transcriptomic analyses of overexpression of exendin-4 
in MSCs versus unmodified MSCs grown under high glu-
cose (25 nmol/L) conditions revealed 1323 differentially 
expressed genes, and enrichment analyses indicated 
broad regulatory effects on proliferation, apoptosis, and 
proangiogenic genes.114 In a similar strategy using MSCs 
engineered to overexpress and secrete GLP-1 in exo-
somes, systemic injection of these genetically modified 
MSCs into hyperglycemic mice reduced nonfasted blood 
glucose and improved glucose tolerance compared with 
mice receiving unmodified MSCs.115

GLP-1RAS MODULATE INTERCELLULAR 
COMMUNICATION
Progenitor cell secreted signals act via paracrine mecha-
nisms to elicit rapid responses in neighboring cells. With 
aging, multisystem intracellular communication dete-
riorates, leading to impaired vascular homeostatic regu-
lation and shifts the balance between a VR state and 
systemic inflammation. In the aging vasculature, ROS 
accumulation, ER stress, mitochondrial dysfunction, and 
DNA damage can culminate in cell cycle arrest or senes-
cence. When senescent cells are not cleared, damaged 
cells can reprogram into a highly secretory, proinflam-
matory state.116 These SASP alter system-wide intercel-
lular communication patterns and position SASP as a 
canonical hallmark of aging that connects senescence 
to broader meta-cellular processes.

Classical, Emerging, and Nonclassical SASP
SASP is classified into classical, emerging, and nonclas-
sical categories. Classical SASP (cSASP) encompasses 

increased secretion of proinflammatory cytokines (IL-6, 
IL-8, TNF-α), MMPs (matrix metalloproteinases), and 
profibrotic factors (Figure 3).116,117 As cell homeostasis 
is impacted by age, altered secretory patterns become 
detrimental to tissue function. cSASP dysregulation is 
largely driven by NF-κB (nuclear factor-κB) as a central 
regulator of inflammatory cytokine transcription, with fur-
ther contributions from p53, p38/MAPK signaling, and 
the DNA damage response.118–120 Age-related cSASP 
has been shown to increase proinflammatory cytokine 
levels in the bone marrow and vascular niche.100 As such, 
vascular aging-associated cSASP is now considered a 
measurable risk factor for ischemic stroke.121,122

The emerging category (emerging SASP) focuses 
on potent mediators of inflammation packaged in lipid 
membrane EVs released by all cells to some extent into 
biological fluids that contain protein, microRNA, and non-
coding RNA cargo, as well as nonprotein lipid metabo-
lites and ion reservoirs (Figure 3).116 EVs are particularly 
noteworthy when discussing intercellular communication 
between stem cells and tissue-specific effectors. MSCs 
abundantly produce EVs carrying anti-inflammatory 
molecules (eg, prostaglandin E2, TGF-β [transforming 
growth factor-β]) and immunosuppressive enzymes) and 
activators of angiogenesis (eg, HGF [hepatocyte growth 
factor], FGF-2 [fibroblast growth factor-2], VEGF).123,124 
MSC-derived EVs travel distantly via the bloodstream to 
alleviate oxidative stress-induced senescence in endo-
thelial cells.125,126 With aging, emerging SASP shifts EV 
cargo toward a proinflammatory profile and polarizes 
the endothelium towards a proinflammatory secretory 
phenotype.127–129 This age-dependent shift contributes 
to inflammation in the vascular and bone marrow niche 
alongside decline and dysfunction in provascular HPC 
and EPC production.130

Nonclassical SASP involves nonsecretory mecha-
nisms, including juxtacrine signaling between adjacent 
cells (Figure 3). The cell contact-mediated Notch pathway 
transcriptionally regulates the production of TGF-β fam-
ily cytokines generally considered as master regulators of 
nonclassical SASP intercellular communication.131 Fluctu-
ations in membrane-bound Delta-like and Jagged ligand 
binding to Notch1 receptors result in activation of TGF-β 
family–mediated fibrosis and suppression of senescence-
associated proinflammatory factors.132 Therefore, dynamic 
Notch1-activity dictates the balance between fibrosis and 
inflammation as a result of a temporospatial regulation of 
nonclassical SASP composition.132 As a specific example, 
nonclassical SASP–related Notch juxtacrine signaling 
between endothelial cells and HPCs in the bone marrow 
is essential for hematopoietic repopulation and expan-
sion.133–135 A recent study by Matteini et al highlighted the 
importance of Notch signaling in the transition from extrin-
sic trans-activation to intrinsic cis-inhibition that drives a 
myeloid bias in hematopoiesis associated with systemic 
inflammation as age progresses.136
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GLP-1RAs Modulate SASP
SASP is associated with elevated systemic inflammation 
and fibrotic tissue remodeling. Therefore, it is anticipated 
that the anti-inflammatory activities of GLP-1RAs may 
be mediated by abrogation of SASP-mediated vascular 
aging. Three interrelated mechanisms have emerged 
in preclinical studies to explain how GLP-1RAs abol-
ish senescence programs and reduce SASP: (1) direct 
modulation of insulin production; (2) activation of anti-
inflammatory and antioxidant pathways; and (3) indirect 
effects on SASP drivers such as hyperglycemia and 
weight loss.

Hyperinsulinemia during T2D is associated with 
senescence-driven metabolic dysfunction in the liver. 
Chronic hyperinsulinemia activates senescent gene 
expression patterns in hepatocytes, which in turn ampli-
fies insulin resistance and liver dysfunction through SASP 
secretion.137 Exendin-4 has been reported to reverse 
SASP-related gene expression in pancreas, adipose tis-
sue, liver, and skeletal muscle tissues.138 For example, 
exendin-4 treatment of primary hepatocytes exposed 

to high insulin markedly suppressed transcription of the 
classical senescence markers p53 and p21, and concur-
rently decreased the secretion of the SASP inflamma-
tory factors (CXCL8, IL-18, and MMP3), to effectively 
dampen hepatocyte damage triggered by oxidative 
stress.139 GLP-1RAs function in endothelial cells through 
activation of AMPK (AMP-activated protein kinase) and 
NRF2 (nuclear factor erythroid 2-related factor 2), 2 
key regulators of endothelial cell stress responses that 
improve mitochondrial function and activate protective 
oxidant scavenging pathways.140 Exendin-4 reduced 
NF-κB accumulation known to drive SASP-mediated 
gene transcription in immune cells.141 These general 
benefits of GLP-1RA use may shift the systemic milieu 
away from chronic, multiorgan prosenescent conditions.

GLP-1RAS REDUCE CHRONIC VASCULAR 
INFLAMMATION
Chronic, low-grade inflammation plays a central role in 
vascular disease progression and overlaps as a central 

Figure 3. Classical, emerging, and nonclassical senescence-associated secretory phenotype (SASP) compromise vascular health.
Classical SASP promotes the secretion of inflammatory cytokines mitigated by glucagon-like peptide-1 receptor agonists (GLP-1RAs) through 
suppression of NF-κB (nuclear factor-kappa B)–mediated proinflammatory signaling and MMP (matrix metalloproteinase) remodeling. Emerging 
SASP involves inflammatory cargo packaged within MSC-derived extracellular vesicles (EVs). GLP-1RAs shift EV content back to anti-
inflammatory mediators. Nonclassical SASP contributes to vascular dysfunction through dysregulated Jagged/Delta–Notch interactions resulting 
in secretion of profibrotic TGF-β (transforming growth factor-β) family cytokines. CD indicates cluster of differentiation; CRP, C-reactive protein; 
HPC, hematopoietic progenitor cell; IL, interleukin; MSC, mesenchymal stem cells; and NICD, notch intracellular domain. Created in BioRender. 
Dennis, Cole. (2026) https://BioRender.com/y3rghwd.
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hallmark of vascular aging.142 The concept of inflam-
maging is implicated in both macrovascular and micro-
vascular pathologies of atherosclerosis.143–145 During 
inflammaging, vessel-derived EPCs are implicated in a 
progressive proinflammatory shift that promotes endo-
thelial dysfunction. Sustained inflammation within the 
bone marrow alters HPC fate via promotion of premature 
myeloid differentiation at the expense of balanced pro-
genitor pool maintenance.146,147 Finally, adipose-derived 
MSCs shift to proinflammatory adipokine production as 
obesity progresses with age.

Age-Related Oxidative Stress Drives NF-κB 
Activity
Oxidative stress represents a major driver of vascular 
inflammation during aging.148 Aging reduces oxidative 
stress resilience in endothelial cells and renders the 
vasculature more susceptible to the oxidative pathology 
of hyperglycemia.149 Blood vessels exposed to chronic 
low-grade inflammation trigger extracellular matrix 
remodeling characteristic of arterial stiffening.150,151 Oxi-
dative stress also promotes ROS accumulation and sub-
sequent damage to lipid bilayers, proteins, and nucleic 
acids.152 NF-κB–regulated genes play a central role in 
ROS homeostasis under normal physiological conditions; 
however, excessive ROS accumulation in aged cells pro-
motes NF-κB target gene expression and increased pro-
duction of IL-6, IL-1β, and TNF-α (Figure 4).148 NF-κB, 
in conjunction with MAPK/p38 signaling in HPCs and 

EPCs, represents a critical synergy governing chronic 
inflammation that leads to impaired hematopoiesis and 
vascular dysfunction, whereas pharmacological inhibi-
tion of NF-κB can restore HPC and EPC functions.153,154 
Collectively, NF-κB–stimulated proinflammatory signals 
generate a cytokine storm that confers relentless dam-
age to the endothelium that overwhelms VR cell–medi-
ated vessel repair.

NO Bioavailability and eNOS Uncoupling
NO is a critical signaling molecule that maintains vessel 
tone, inhibits platelet aggregation, and prevents inflam-
matory cell adhesion. Adequate NO bioavailability is 
essential for vascular homeostasis, and age-related NO 
decline predisposes individuals to CVD development.155 
ROS-mediated NO inactivation combined with a reduc-
tion in eNOS expression largely contribute to age-related 
decline in NO.156 eNOS dysfunction occurs through eNOS 
uncoupling, whereby superoxide reacts with NO to form 
peroxynitrite. The essential eNOS cofactor BH4 (tetra-
hydrobiopterin) is susceptible to oxidation by peroxyni-
trite, leading to eNOS uncoupling (Figure 4).156 Reduced 
BH4 availability shifts eNOS activity from NO production 
towards superoxide generation, transforming eNOS from 
a vasoprotective enzyme into a ROS-generating contrib-
utor to oxidative stress.157 eNOS uncoupling has been 
extensively documented in individuals with CVD,156–158  
and underscores a key mechanism linking oxidative 
stress to vessel aging.

Figure 4. Convergence of oxidative stress and inflammatory pathways that collectively drive a cytokine storm.
IL (interleukin)-17 secretion from T-helper lymphocytes and elevated reactive oxygen species (ROS) and MAPK (mitogen-activated protein 
kinase)/NF-κB (nuclear factor-κB) signaling, eNOS (endothelial NO synthase) uncoupling in hematopoietic progenitor cells (HPCs) form a self-
reinforcing network that sustains chronic inflammation. Glucagon-like peptide-1 receptor agonists (GLP-1RAs) disrupt this cycle by dampening 
cytokine amplification, reducing myeloid bias, and promoting eNOS coupling. BH4 indicates tetrahydrobiopterin; IFNγ, interferon gamma; O2

−, 
superoxide, ONOO−; peroxynitrite; Th17, T-helper 17; and TNF tumor necrosis factor. Created in BioRender. Dennis, Cole. (2026) https://
BioRender.com/y3rghwd.
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exhaustion remains unclear. However, MSCs play an 
important role in regulating redox balance through secre-
tion of SOD (superoxide dismutase) 1 and 3, enzymes 
that convert superoxide into nonradical species.159,160 
Aged MSCs have been shown to downregulate SOD1 
and SOD3 production.161 Using the transfer of MSC-
derived EVs from young mice, Khanh et al161 remarkably 
demonstrated the rejuvenation of aged MSCs and sup-
pression of ROS production in C57BL/6, db/db leptin-
deficient mice models of T2D. Further investigation is 
warranted to clarify the mechanisms by which reduced 
SOD production by aged MSCs contributes to increased 
vascular inflammation.

Age-Related Inflammatory Cytokine Secretion
Although inflammatory mediators including IL-1β, TNF-
α, and C-reactive protein are well known to contribute 
to vascular inflammation as reviewed previously,162,163 
alterations in IL-6 and IL-17A signaling together form 
a central axis that drives vascular inflammation (Fig-
ure 4).164 IL-6 is produced by a wide range of immune 
cells and is strongly associated with CVD.165 Indeed, the 
IL-6 receptor has been pinpointed as a key target for 
combating coronary artery disease in Mendelian ran-
domization studies.166 IL-6 acts on HPCs to promote 
myeloid lineage bias in the bone marrow,167 and fur-
thermore, IL-6 serves as a key driver of T-helper 17 
lymphocyte differentiation, whereby increased secre-
tion of IL-17A amplifies recruitment of neutrophils and 
activated macrophages to further generate ROS,168,169 
and reinforce local vascular inflammation.170 Elevated 
IL-17A levels also induce endothelial cell senescence 
through the NF-κB–dependent pathway.164 Sustained 
IL-17A signaling and prolonged exposure to IL-6 are 
known to drive stem cell exhaustion through depletion 
of early myeloid HPCs and expansion of inflammatory 
myeloid progeny.171 The myeloid shift favors persistent 
IL-17A production, continuing a cycle wherein impaired 
immune cell regulation fuels chronic vascular inflam-
mation. Collectively, the IL-6/IL-17 axis warrants more 
investigation as a mechanistic link between immune 
cell dysregulation, VR stem cell exhaustion, and CVD 
progression.

GLP-1RA Effects on Vessel Inflammation
GLP-1RAs potently suppress NF-κB activation and 
reduce downstream proinflammatory gene expression 
in multiple organs including bone marrow, endothelium, 
and adipose tissues.172 GLP-1R signaling induced by 
exendin-4 and liraglutide in immune cells effectively 
blocks NF-κB activity, thereby lowering inflamma-
tory cytokine production.173 In endothelial cells, GLP-
1-mediated cAMP/PKA signaling enhances eNOS 

phosphorylation and increases NO bioavailability to 
alleviate endothelial dysfunction and suppress vascular 
inflammation.174

Some of the most convincing evidence of wide-
spread effects of GLP-1RAs on circulating inflamma-
tory biomarkers in individuals with T2D comes from a 
recent meta-analysis of 52 randomized controlled trials 
showing that GLP-1RA treatment consistently reduced 
serum C-reactive protein, IL-6, IL-1β, and TNF-α, 
likely through inhibition of the NF-κB pathway. GLP-
1R activation in T lymphocytes reduced T-helper 17 
differentiation and decreased proinflammatory IL-17 
production.175 Collectively, preclinical analyses over-
whelmingly support the suppression of inflammation 
via direct GLP-1R activation in monocyte, macrophage, 
and lymphocyte lineages.

GLP-1RAs and Clonal Hematopoiesis of 
Indeterminant Potential
With chronic oxidative stress exposure over time, somatic 
mutations may accumulate in HPCs that permit a selec-
tive survival advantage leading to the preferential expan-
sion of clonal populations—a phenomenon known as 
clonal hematopoiesis of indeterminate potential (CHIP). 
CHIP is defined by a disproportionate contribution to 
hematopoiesis by a limited number of HPC clones and 
is typically detected through the presence of recur-
rent somatic mutations in leukemia-associated genes 
in individuals without overt hematologic disease (Fig-
ure 2).66,176,177 CHIP is observed in ≈10% of individuals 
over 70 and up to 20% of those over 90 years of age. 
Importantly, CHIP is a primary driver of chronic inflam-
mation and is associated with an elevated incidence of 
adverse cardiovascular comorbidities, particularly in peo-
ple with T2D.178

CHIP promotes a proinflammatory microenviron-
ment in the bone marrow, and individuals with CHIP 
demonstrate remarkably elevated (>40%) CVD risk.179 
Leukocytes in mouse models of CHIP overexpress 
inflammatory genes, particularly IL-1β and IL-6.180 Obe-
sity in combination with CHIP also exacerbates adipo-
genic remodeling in the bone marrow.176,181 Recurrent 
CHIP-associated mutations can disrupt Toll-like recep-
tor–mediated TRAF6 (tumor necrosis factor receptor-
associated factor 6) signaling, which predisposes clones 
toward myeloproliferative neoplasms,182 and highlights 
CHIP-driven inflammation as a shared pathological 
mechanism that links hematopoietic dysregulation with 
CVD. Improved understanding of CHIP-associated mal-
adaptive inflammatory pathways may reveal novel thera-
peutic targets to mitigate age-related vascular disease.

Emerging hypotheses suggest that GLP-1RAs 
represent plausible inhibitors of accelerated meta-
inflammation during cardiometabolic disease.183 Pre-
liminary work and early clinical efforts are underway 
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to analyze the effects of GLP-1RAs on clonal blood 
disorders, and direct inhibition of clonal expansion has 
been reported with GLP-1R agonism in recent con-
ference proceedings.184 Currently, there are few stud-
ies published that link GLP-1RA use with reduction of 
CHIP-mediated CVD manifestations. Given the potent 
anti-inflammatory activities of the new 3G agents, 
mechanistic preclinical or early clinical trials showing 
GLP-1RAs may reduce CHIP-associated CVD comor-
bidity are hopefully forthcoming.

Sex-Based Differences in Hematopoietic 
System Aging and CHIP
Sex-based differences emerge in our understand-
ing of hematopoietic system aging. Male mice showed 
an earlier decline in HPC function, demonstrated by 
altered hematopoietic gene expression, compared with 
females.185 Moreover, myeloid-biased proinflammatory 
differentiation appears earlier in male mice, whereas in 
females, myeloid bias primarily results at a later age.186 
These findings are influenced by hormonal dimorphisms, 
as estrogens and related hormones such as follicle-
stimulating hormone have been shown to potently regu-
late hematopoiesis.185,187 Despite enhanced preservation 
of the female HSC niche, circulating HPC counts tell a 
more nuanced story. Women demonstrate ≈23% fewer 
CD34+ HPCs in circulation compared with men,188 

suggesting higher bone marrow reserve does not trans-
late to greater peripheral mobilization.

Although most CHIP driver mutations (TET2 [tet 
methylcytosine dioxygenase 2], ASXL1 [additional sex 
combs-like 1]) and mosaic chromosomal alterations 
show male predominance, DNMT3A (DNA methyltrans-
ferase 3A) mutations and copy-number abnormalities 
are more prevalent in females among ≈450 000 UK 
Biobank participants. In murine systems, Dnmt3a-mutant 
HSCs from females with chronic estrogen exposure 
favored expansion of Dnmt3a-mutant myeloid cells 
through cell-intrinsic estrogen receptor alpha activity.189 
Therefore, premature natural menopause, but not surgi-
cally induced menopause, was independently associated 
with 36% increased odds of CHIP, driven primarily by 
enrichment of DNMT3A driver mutations.190 These find-
ings imply that the hormonal milieu surrounding estrogen 
loss, rather than estrogen withdrawal, potentially shapes 
CHIP clonal dynamics.

Preliminary population-level evidence indicates that 
GLP-1RA use is associated with a statistically signifi-
cant reduction in risk for myelodysplastic syndromes 
and myeloproliferative neoplasms compared with met-
formin.191 Whether this benefit differs by sex in the con-
text of DNMT3A-predominant CHIP in women remains 
primarily speculative; the potential consequences of 
exogenous hormones, such as oral contraceptive pills, 
alongside GLP-1RA therapy remain an important and 

Figure 5. Glucagon-like peptide-1 receptor agonists (GLP-1RAs) help mitigate vascular aging and preserve vascular health.
The progression from youthful vasculature to age-associated vascular dysfunction is associated with endothelial damage from oxidative stress-
induced eNOS (endothelial NO synthase) uncoupling, senescence-associated secretory phenotype (SASP), and chronic inflammation. Deficits in 
blood vessel repair result in vascular regenerative (VR) stem cell exhaustion and increased proinflammatory cell production in the inflamed bone 
marrow driven by myeloid bias, adipocyte accumulation, and clonal hematopoiesis of indeterminant potential (CHIP). GLP-1RAs are proposed 
to directly and indirectly counteract blood vessel damage and restore the proregenerative vs anti-inflammatory cell production within the bone 
marrow microenvironment. MSC indicates mesenchymal stem cells; and NF-κB, nuclear factor-κB. Created in BioRender. Dennis, Cole. (2026) 
https://BioRender.com/y3rghwd.
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gence of sex-specific HSC aging trajectories, hormon-
ally modulated clonal selection, and estrogen–GLP-1R 
crosstalk suggests that sex and hormonal status should 
be explicitly accounted when evaluating GLP-1RA 
effects on CHIP progression.

CONCLUSIONS
The mechanisms underlying vascular aging are multi-
factorial and reflect the convergence of metabolic and 
inflammatory stressors combined with VR cell exhaus-
tion–induced deficits in vessel repair. Defining the 
relative contribution of opposing damage and repair 
pathways with the severity of CVD represents a critical 
step toward rational development of antiaging strategies 
involving GLP-1RAs. The cumulative impact of vascular 
aging mechanisms remains incompletely understood 
and limits the ability to precisely target upstream drivers 
of CVD. Therefore, therapeutic interventions like GLP-
1RAs that demonstrate efficacy in delaying, modulating, 
or reversing multiple hallmarks of vascular aging remain 
a practical approach to the mitigation of cardiovascular 
comorbidities.

Vascular aging is accompanied by an often under-
studied and progressive decline in vessel regenerative 
capacity, driven in large part by stem cell exhaustion 
within VR cell populations. Chronic inflammation and 
oxidative stress, endothelial dysfunction, and cellu-
lar senescence serve as central mechanisms linking 
VR cell exhaustion to increased CVD risk. Currently, 
lifestyle modification combined with novel medicines 
in the GLP-1RA family represent the most scalable 
approaches to preserve vessel regenerative capacity by 
restoration of provascular stem cell content (Figure 5). 
Indeed, GLP-1RAs represent an expanding class of 
therapeutics that may slow biological vascular aging 
through complementary mechanisms. Future thera-
peutic enhancement will likely require an integrated 
approach that combines GLP-1RA-mediated rejuvena-
tion with targeted regenerative medicine approaches, 
supported by prior assessment of VR cell depletion 
using standardized biomarkers, such as high ALDH 
activity. Collectively, advancement in our understand-
ing of regenerative stem cell depletion and associated 
overproduction of inflammatory effector cells may offer 
mechanistic insight into vascular aging and identify 
actionable targets for the extension of vascular health 
and longevity.

ARTICLE INFORMATION
Affiliations
Division of Cardiac Surgery (C.J.D., A.Z.H., A.K., A.Q., H.T., S.V.), Division of Endo-
crinology and Metabolism (H.T.), and Division of Cardiology (K.A.C.), St. Michael’s 
Hospital of Unity Health Toronto, Toronto, Ontario, Canada. Keenan Research 
Centre for Biomedical Science and Li Ka Shing Knowledge Institute, Unity Health 

Toronto, Toronto, Ontario, Canada (C.J.D., A.Z.H., A.K., A.Q., H.T., K.A.C., D.A.H., 
S.V.). Department of Pharmacology and Toxicology (C.J.D., A.Z.H., A.K., D.A.H., 
S.V.), Department of Medicine (K.A.C.), Department of Physiology (K.A.C.), and 
Department of Surgery (S.V.), University of Toronto, Toronto, Ontario, Canada. De-
partment of Physiology and Pharmacology, Western University, London, Ontario, 
Canada (D.A.H.). Molecular Medicine Research Labs, Robarts Research Institute, 
London, Ontario, Canada (D.A.H.).

Acknowledgments
The authors thank Brady Park for expert technical assistance. All images were 
created using BioRender.

Author Contributions
C.J. Dennis contributed to manuscript conception, writing, figure generation, and 
revision. A. He and A. Krishnaraj contributed to manuscript writing. A. Quan and 
H. Teoh contributed to manuscript writing and revision. K.A. Connelly contributed 
to manuscript revision. D.A. Hess and S. Verma contributed to manuscript concep-
tion, revision, and supervision.

Sources of Funding
A.Z. He is supported by the Canada Graduate Research Scholarships-Master’s 
(CGRS M) program. A. Krishnaraj was supported by the Canada Graduate Re-
search Scholarships-Doctoral (CGRS D) program. K.A. Connelly holds the Keen-
an Chair in Research Leadership at Unity Health Toronto. D.A. Hess holds the 
Schulich School of Medicine and Dentistry Sheldon H. Weinstein Endowed Chair 
in Diabetes Research. S. Verma holds a Tier 1 Canada Research Chair in Cardio-
vascular Surgery.

Disclosures
H. Teoh reports receiving personal fees from the Canadian Medical and Surgi-
cal Knowledge Translation Research Group and LMC Healthcare. K.A. Connelly 
reports receiving grants, research support, speaking honoraria, or acting as an 
advisor for Abbott, AstraZeneca, Boehringer Ingelheim, Canadian Heart Research 
center, Canadian Medical and Surgical Knowledge Translation Research Group, 
Eli Lilly, GlaxoSmithKline, Janssen, Merck, Novartis, NovoNordisk, Sanofi, Servier, 
and Servier; and holds a patent with Boehringer Ingelheim for the medical use 
of linagliptin for heart failure with preserved ejection fraction. S. Verma reports 
receiving grants, research support, speaking honoraria, or acting as an advisor 
for Amgen, AstraZeneca, Bayer, Boehringer Ingelheim, Canadian Heart Research 
center, Canadian Medical and Surgical Knowledge Translation Research Group, 
Eli Lilly, HLS Therapeutics Inc., Humber River Health, Janssen, Merck, Novartis, 
Novo Nordisk, Pfizer, PhaseBio, S & L Solutions Event Management Inc., Sanofi 
and Sun Pharma. The other authors report no conflicts.

REFERENCES
	 1.	 Knudsen LB. GLP-1 for treating obesity—origin, history, and evolution: 2024 

Lasker-DeBakey clinical medical research award. JAMA. 2024;332:1697–
1698. doi: 10.1001/jama.2024.18000

	 2.	 Singh G, Krauthamer M, Bjalme-Evans M. Wegovy (semaglutide): a 
new weight loss drug for chronic weight management. J Investig Med. 
2022;70:5–13. doi: 10.1136/jim-2021-001952

	 3.	 Frías JP, Davies MJ, Rosenstock J, Pérez Manghi FC, Fernández Landó L, 
Bergman BK, Liu B, Cui X, Brown K; SURPASS-2 Investigators. Tirzepatide 
versus semaglutide once weekly in patients with type 2 diabetes. N Engl J 
Med. 2021;385:503–515. doi: 10.1056/NEJMoa2107519

	 4.	 Jastreboff AM, Kaplan LM, Frías JP, Wu Q, Du Y, Gurbuz S, Coskun T, 
Haupt A, Milicevic Z, Hartman ML; Retatrutide Phase 2 Obesity Trial Inves-
tigators. Triple-hormone-receptor agonist retatrutide for obesity—a phase 2 
trial. N Engl J Med. 2023;389:514–526. doi: 10.1056/NEJMoa2301972

	 5.	 Sattar N, Lee MM, Kristensen SL, Branch KR, Del Prato S, 
Khurmi NS, Lam CSP, Lopes RD, McMurray JJV, Pratley RE, et al. Car-
diovascular, mortality, and kidney outcomes with GLP-1 receptor agonists 
in patients with type 2 diabetes: a systematic review and meta-analysis 
of randomised trials. Lancet Diabetes Endocrinol. 2021;9:653–662. doi: 
10.1016/S2213-8587(21)00203-5

	 6.	 Lincoff AM, Brown-Frandsen K, Colhoun HM, Deanfield J, Emerson SS, 
Esbjerg S, Hardt-Lindberg S, Hovingh GK, Kahn SE, Kushner RF, et al; 
SELECT Trial Investigators. Semaglutide and cardiovascular outcomes in 
obesity without diabetes. N Engl J Med. 2023;389:2221–2232. doi: 
10.1056/NEJMoa2307563

	 7.	 Lee MMY, Ghouri N, Misra A, Kang YM, Rutter MK, Gerstein HC, McGuire DK, 
Sattar N. Comparative efficacy of glucagon-like peptide-1 receptor agonists 
for cardiovascular outcomes in Asians versus white populations: systematic 

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026



Dennis et al

Circulation Research. 2026;139:e327425. DOI: 10.1161/CIRCRESAHA.126.327425� July 17, 2026    565

GLP-1RAs-A Regenerative Paradigm for Vascular Aging

HYPERTENSION AND 
CARDIOM

ETABOLIC SYNDROM
E 

THERAPEUTIC TARGETS

review and meta-analysis of randomized trials of populations with or without 
type 2 diabetes and/or overweight or obesity. Diabetes Care. 2025;48:489–
493. doi: 10.2337/dc24-1533

	 8.	 Park B, Dennis F, He AZ, Krishnaraj A, Bakbak E, Dennis CJ, Pan Y, 
Misner E, Thayanithy V, Lambotharan B, et al. Semaglutide promotes bone 
marrow–derived progenitor cell flux towards an anti-inflammatory and pro-
regenerative profile in high-risk patients: the SEMA-VR CardioLink-15 trial. 
Eur Heart J. 2025;47:1171–1182. doi: 10.1093/eurheartj/ehaf690

	 9.	 Kosiborod MN, Abildstrøm SZ, Borlaug BA, Butler J, Rasmussen S, 
Davies M, Hovingh GK, Kitzman DW, Lindegaard ML, Møller DV, et al; STEP-
HFpEF Trial Committees and Investigators. Semaglutide in patients with 
heart failure with preserved ejection fraction and obesity. N Engl J Med. 
2023;389:1069–1084. doi: 10.1056/NEJMoa2306963

	10.	 Kosiborod MN, Petrie MC, Borlaug BA, Butler J, Davies MJ, Hovingh GK, 
Kitzman DW, Møller DV, Treppendahl MB, Verma S, et al; STEP-HFpEF DM 
Trial Committees and Investigators. Semaglutide in patients with obesity-
related heart failure and type 2 diabetes. N Engl J Med. 2024;390:1394–
1407. doi: 10.1056/NEJMoa2313917

	11.	 Bonaca MP, Catarig A-M, Houlind K, Ludvik B, Nordanstig J, Ramesh CK, 
Rasouli N, Sourij H, Videmark A, Verma S; STRIDE Trial Investigators. 
Semaglutide and walking capacity in people with symptomatic peripheral 
artery disease and type 2 diabetes (STRIDE): a phase 3b, double-blind, 
randomised, placebo-controlled trial. Lancet. 2025;405:1580–1593. doi: 
10.1016/S0140-6736(25)00509-4

	12.	 Packer M, Zile MR, Kramer CM, Baum SJ, Litwin SE, Menon V, Ge J, 
Weerakkody GJ, Ou Y, Bunck MC, et al; SUMMIT Trial Study Group. Tirz-
epatide for heart failure with preserved ejection fraction and obesity. N Engl 
J Med. 2025;392:427–437. doi: 10.1056/NEJMoa2410027

	13.	 Deanfield J, Verma S, Scirica BM, Kahn SE, Emerson SS, Ryan D, Lingvay I, 
Colhoun HM, Plutzky J, Kosiborod MN, et al; SELECT Trial Investigators. 
Semaglutide and cardiovascular outcomes in patients with obesity and 
prevalent heart failure: a prespecified analysis of the SELECT trial. Lancet. 
2024;404:773–786. doi: 10.1016/S0140-6736(24)01498-3

	14.	 Butler J, Shah SJ, Petrie MC, Borlaug BA, Abildstrøm SZ, Davies MJ, 
Hovingh GK, Kitzman DW, Møller DV, Verma S, et al; STEP-HFpEF Trial 
Committees and Investigators. Semaglutide versus placebo in people with 
obesity-related heart failure with preserved ejection fraction: a pooled anal-
ysis of the STEP-HFpEF and STEP-HFpEF DM randomised trials. Lancet. 
2024;403:1635–1648. doi: 10.1016/S0140-6736(24)00469-0

	15.	 Lam CSP, Rodriguez A, Aminian A, Ferrannini E, Heerspink HJL, 
Jastreboff AM, Laffin LJ, Pandey A, Ray KK, Ridker PM, et al. Tirzepa-
tide for reduction of morbidity and mortality in adults with obesity: ratio-
nale and design of the SURMOUNT–MMO trial. Obesity (Silver Spring). 
2025;33:1645–1656. doi: 10.1002/oby.24332

	16.	 McLean BA, Wong CK, Kaur KD, Seeley RJ, Drucker DJ. Differential impor-
tance of endothelial and hematopoietic cell GLP-1Rs for cardiometabolic 
versus hepatic actions of semaglutide. JCI Insight. 2021;6:e153732. doi: 
10.1172/jci.insight.153732

	17.	 Almutairi M, Al Batran R, Ussher JR. Glucagon-like peptide-1 recep-
tor action in the vasculature. Peptides. 2019;111:26–32. doi: 
10.1016/j.peptides.2018.09.002

	18.	 Medak KD, Koehler JA, Baggio LL, Gonzalez-Rellan MJ, Wong CK, Cao X, 
Rao V, Kao S, Cui Y, Fu J, et al. Semaglutide reduces murine blood pres-
sure through the vascular smooth muscle GLP-1 receptor. JCI Insight. 
2026;11:e201148. doi: 10.1172/jci.insight.201148

	19.	 Menghini R, Casagrande V, Rizza S, Federici M. GLP-1RAs and cardio-
vascular disease: is the endothelium a relevant platform? Acta Diabetol. 
2023;60:1441–1448. doi: 10.1007/s00592-023-02124-w

	20.	 Ussher JR, Drucker DJ. Glucagon-like peptide 1 receptor agonists: cardio-
vascular benefits and mechanisms of action. Nat Rev Cardiol. 2023;20:463–
474. doi: 10.1038/s41569-023-00849-3

	21.	 Bigornia SJ, Mott MM, Hess DT, Apovian CM, McDonnell ME, Duess M, 
Kluge MA, Fiscale AJ, Vita JA, Gokce N. Long‐term successful weight loss 
improves vascular endothelial function in severely obese individuals. Obesity. 
2010;18:754–759. doi: 10.1038/oby.2009.482

	22.	 Cesaro A, De Michele G, Fimiani F, Acerbo V, Scherillo G, Signore G, Rotolo FP, 
Scialla F, Raucci G, Panico D, et al. Visceral adipose tissue and residual 
cardiovascular risk: a pathological link and new therapeutic options. Front 
Cardiovasc Med. 2023;10:1187735. doi: 10.3389/fcvm.2023.1187735

	23.	 Siddiqui HF, Ali D, Sajid M, Qureshi S, Siddiqui H, Hasan A, Ripley D, 
Ahmed R, Waqas SA. Sex differences in the efficacy of GLP-1 receptor 
agonists: a systematic review and meta-analysis of cardiovascular and 
renal outcome trials. Diabetes Obes Metab. 2025;27:6847–6856. doi: 
10.1111/dom.70123

	24.	 Rivera FB, Ybañez MJC, Magalong JV, Prado M, Aguirre EA, Cañares APT, 
Rubia JM, Ralph Hiyas A, Pine PLS, Lara-Breitinger K, et al. Enrollment of 
females in randomized trials for glucagon-like peptide 1 receptor agonists. 
JACC Adv. 2024;3:101386. doi: 10.1016/j.jacadv.2024.101386

	25.	 Börchers S, Skibicka KP. GLP-1 and its analogs: Does sex matter? Endocri-
nology. 2025;166:bqae165. doi: 10.1210/endocr/bqae165

	26.	 Hurtado MD, Tama E, Fansa S, Ghusn W, Anazco D, Acosta A, Faubion SS, 
Shufelt CL. Weight loss response to semaglutide in postmenopausal women 
with and without hormone therapy use. Menopause. 2024;31:266–274. doi: 
10.1097/GME.0000000000002310

	27.	 Rivera FB, Cruz LLA, Magalong JV, Ruyeras JMMJ, Aparece JP, 
Bantayan NRB, Lara-Breitinger K, Gulati M. Cardiovascular and renal out-
comes of glucagon-like peptide 1 receptor agonists among patients with 
and without type 2 diabetes mellitus: a meta-analysis of randomized 
placebo-controlled trials. Am J Prev Cardiol. 2024;18:100679. doi: 
10.1016/j.ajpc.2024.100679

	28.	 Terenzi DC, Al-Omran M, Quan A, Teoh H, Verma S, Hess DA. Circulating 
pro-vascular progenitor cell depletion during type 2 diabetes: translational 
insights into the prevention of ischemic complications in diabetes. JACC 
Basic Transl Sci. 2019;4:98–112. doi: 10.1016/j.jacbts.2018.10.005

	29.	 Krishnaraj A, Bakbak E, Teoh H, Pan Y, Firoz IN, Pandey AK, 
Terenzi DC, Verma R, Bari B, Bakbak AI, et al. Vascular regenerative cell 
deficiencies in South Asian adults. J Am Coll Cardiol. 2024;83:755–769. 
doi: 10.1016/j.jacc.2023.12.012

	30.	 Hess DA, Trac JZ, Glazer SA, Terenzi DC, Quan A, Teoh H, Al-Omran M, 
Bhatt DL, Mazer CD, Rotstein OD, et al. Vascular risk reduction in obesity 
through reduced granulocyte burden and improved angiogenic monocyte 
content following bariatric surgery. Cell Rep Med. 2020;1:100018. doi: 
10.1016/j.xcrm.2020.100018

	31.	 Fadini GP, Albiero M. Impaired Hematopoietic stem/progenitor cell traffic 
and multi-organ damage in diabetes. Stem Cells. 2022;40:716–723. doi: 
10.1093/stmcls/sxac035

	32.	 Fadini GP, Rigato M, Cappellari R, Bonora BM, Avogaro A. Long-term predic-
tion of cardiovascular outcomes by circulating CD34+ and CD34+CD133+ 
stem cells in patients with type 2 diabetes. Diabetes Care. 2017;40:125–
131. doi: 10.2337/dc16-1755

	33.	 Hess DA, Verma S, Bhatt D, Bakbak E, Terenzi DC, Puar P, Cosentino F. 
Vascular repair and regeneration in cardiometabolic diseases. Eur Heart J. 
2022;43:450–459. doi: 10.1093/eurheartj/ehab758

	34.	 Qadura M, Terenzi DC, Verma S, Al-Omran M, Hess DA. Concise review: 
cell therapy for critical limb ischemia: an integrated review of preclinical and 
clinical studies. Stem Cells. 2018;36:161–171. doi: 10.1002/stem.2751

	35.	 Hayflick L. The future of ageing. Nature. 2000;408:267–269. doi: 
10.1038/35041709

	36.	 Hayflick L. Theories of biological aging. Exp Gerontol. 1985;20:145–159. 
doi: 10.1016/0531-5565(85)90032-4

	37.	 Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, regulators and ther-
apeutic opportunities. Nat Med. 2014;20:870–880. doi: 10.1038/nm.3651

	38.	 Yang X, Wang Y, Rovella V, Candi E, Jia W, Bernassola F, Bove P, Piacentini M, 
Scimeca M, Sica G, et al. Aged mesenchymal stem cells and inflammation: 
from pathology to potential therapeutic strategies. Biol Direct. 2023;18:40. 
doi: 10.1186/s13062-023-00394-6

	39.	 Chang EI, Loh SA, Ceradini DJ, Chang EI, Lin S, Bastidas N, Aarabi S, 
Chan DA, Freedman ML, Giaccia AJ, et al. Age decreases endothelial pro-
genitor cell recruitment through decreases in hypoxia-inducible factor 1alpha 
stabilization during ischemia. Circulation. 2007;116:2818–2829. doi: 
10.1161/CIRCULATIONAHA.107.715847

	40.	 Kuranda K, Vargaftig J, De La Rochere P, Dosquet C, Charron D, Bardin F, 
Tonnelle C, Bonnet D, Goodhardt M. Age-related changes in human hema-
topoietic stem/progenitor cells. Aging Cell. 2011;10:542–546. doi: 
10.1111/j.1474-9726.2011.00675.x

	41.	 Capoccia BJ, Robson DL, Levac KD, Maxwell DJ, Hohm SA, Neelamkavil MJ, 
Bell GI, Xenocostas A, Link DC, Piwnica-Worms D, et al. Revascularization 
of ischemic limbs after transplantation of human bone marrow cells with 
high aldehyde dehydrogenase activity. Blood. 2009;113:5340–5351. doi: 
10.1182/blood-2008-04-154567

	42.	 Perin EC, Murphy M, Cooke JP, Moyé L, Henry TD, Bettencourt J, 
Gahremanpour A, Leeper N, Anderson RD, Hiatt WR, et al; Cardiovascular 
Cell Therapy Research Network. Rationale and design for PACE: patients 
with intermittent claudication injected with ALDH bright cells. Am Heart J. 
2014;168:667–673. doi: 10.1016/j.ahj.2014.07.021

	43.	 Venkatesh BA, Nauffal V, Noda C, Fujii T, Yang PC, Bettencourt J, Ricketts EP, 
Murphy M, Leeper NJ, Moyé L, et al; Cardiovascular Cell Therapy Research 
Network (CCTRN). Baseline assessment and comparison of arterial 

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026



566    July 17, 2026� Circulation Research. 2026;139:e327425. DOI: 10.1161/CIRCRESAHA.126.327425

Dennis et al GLP-1RAs-A Regenerative Paradigm for Vascular Aging

HY
PE

RT
EN

SI
ON

 A
ND

 
CA

RD
IO

M
ET

AB
OL

IC
 S

YN
DR

OM
E 

TH
ER

AP
EU

TI
C 

TA
RG

ET
S

anatomy, hyperemic flow, and skeletal muscle perfusion in peripheral artery 
disease: The Cardiovascular Cell Therapy Research Network “Patients with 
Intermittent Claudication Injected with ALDH Bright Cells” (CCTRN PACE) 
study. Am Heart J. 2017;183:24–34. doi: 10.1016/j.ahj.2016.09.013

	44.	 Taylor DA, Chacon-Alberty L, Sampaio LC, Hierro MG, Perin EC, 
Mesquita FC, Henry TD, Traverse JH, Pepine CJ, Hare JM, et al. Recom-
mendations for nomenclature and definition of cell products intended for 
human cardiovascular use. Cardiovasc Res. 2022;118:2428–2436. doi: 
10.1093/cvr/cvab270

	45.	 Mezquita B, Mezquita C. Two opposing faces of retinoic acid: induction of 
stemness or induction of differentiation depending on cell-type. Biomol-
ecules. 2019;9:567. doi: 10.3390/biom9100567

	46.	 Vassalli G. Aldehyde dehydrogenases: not just markers, but functional regu-
lators of stem cells. Stem Cells Int. 2019;2019:3904645–3904615. doi: 
10.1155/2019/3904645

	 47.	 Li N, Chen H, Wang J. DNA damage and repair in the hematopoietic 
system. Acta Biochim Biophys Sin (Shanghai). 2022;54:847–857. doi: 
10.3724/abbs.2022053

	48.	 Gomez-Salazar MA, Wang Y, Thottappillil N, Hardy RW, Alexandre M, 
Höller F, Martin N, Gonzalez-Galofre ZN, Stefancova D, Medici D, et al. Alde-
hyde dehydrogenase, a marker of normal and malignant stem cells, typifies 
mesenchymal progenitors in perivascular niches. Stem Cells Transl. Med. 
2023;12:474–484. doi: 10.1093/stcltm/szad024

	49.	 Sherman SE, Kuljanin M, Cooper TT, Lajoie GA, Hess DA. Purification and 
functional characterization of CD34-expressing cell subsets following ex 
vivo expansion of umbilical cord blood-derived endothelial colony-forming 
cells. Stem Cells Dev. 2020;29:895–910. doi: 10.1089/scd.2020.0008

	50.	 Moroney M, Casey JH, Teoh H, Krishnaraj A, Pan Y, Quan A, Patel SK, 
Dennis F, He AZ, Park B, et al. Vascular regenerative deficiencies in people 
with elevated lipoprotein(a): the Lp(a)-VRCE CardioLink-16 translational 
study. Cardiovasc Res. 2025;121:2127–2130. doi: 10.1093/cvr/cvaf142

	51.	 Preložnik Navodnik M, Reberšek K, Klinar K, Janež A, Podgornik H. Adjuvant 
treatment with empagliflozin or semaglutide increases endothelial progeni-
tor cells in subjects with well-controlled type 1 diabetes mellitus. Curr Issues 
Mol Biol. 2025;47:54. doi: 10.3390/cimb47010054

	52.	 Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica I, Dick JE. Isolation of 
single human hematopoietic stem cells capable of long-term multilineage 
engraftment. Science. 2011;333:218–221. doi: 10.1126/science.1201219

	53.	 Anjos-Afonso F, Bonnet D. Human CD34+ hematopoietic stem cell hierar-
chy: How far are we with its delineation at the most primitive level? Blood. 
2023;142:509–518. doi: 10.1182/blood.2022018071

	54.	 Lee JY, Hong S-H. Hematopoietic stem cells and their roles in tissue regen-
eration. Int J Stem Cells. 2020;13:1–12. doi: 10.15283/ijsc19127

	55.	 Tian G-E, Zhou J-T, Liu X-J, Huang Y-C. Mechanoresponse of stem 
cells for vascular repair. World J Stem Cells. 2019;11:1104–1114. doi: 
10.4252/wjsc.v11.i12.1104

	56.	 Xie Y, Fan Y, Xu Q. Vascular regeneration by stem/progenitor cells. Arterioscler 
Thromb Vasc Biol. 2016;36:e33–e40. doi: 10.1161/ATVBAHA.116.307303

	 57.	 Doherty-Boyd WS, Donnelly H, Tsimbouri MP, Dalby MJ. Building bones for 
blood and beyond: the growing field of bone marrow niche model development. 
Exp Hematol. 2024;135:104232. doi: 10.1016/j.exphem.2024.104232

	58.	 Fröbel J, Landspersky T, Percin G, Schreck C, Rahmig S, Ori A, 
Nowak D, Essers M, Waskow C, Oostendorp RAJ. The hematopoietic bone 
marrow niche ecosystem. Front Cell Dev Biol. 2021;9:705410. doi: 
10.3389/fcell.2021.705410

	59.	 Nehlin JO, Jafari A, Tencerova M, Kassem M. Aging and lineage allo-
cation changes of bone marrow skeletal (stromal) stem cells. Bone. 
2019;123:265–273. doi: 10.1016/j.bone.2019.03.041

	60.	 Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank A-M, Bocian C, Woelk L, 
Fan H, Logan DW, Schürmann A, et al. Adipocyte accumulation in the bone 
marrow during obesity and aging impairs stem cell-based hematopoi-
etic and bone regeneration. Cell Stem Cell. 2017;20:771.e6–784.e6. doi: 
10.1016/j.stem.2017.02.009

	61.	 Ferland-McCollough D, Maselli D, Spinetti G, Sambataro M, Sullivan N, 
Blom A, Madeddu P. MCP-1 feedback loop between adipocytes and mes-
enchymal stromal cells causes fat accumulation and contributes to hema-
topoietic stem cell rarefaction in the bone marrow of patients with diabetes. 
Diabetes. 2018;67:1380–1394. doi: 10.2337/db18-0044

	62.	 Aaron N, Costa S, Rosen CJ, Qiang L. The implications of bone marrow adi-
pose tissue on inflammaging. Front Endocrinol (Lausanne). 2022;13:853765. 
doi: 10.3389/fendo.2022.853765

	63.	 Miggitsch C, Meryk A, Naismith E, Pangrazzi L, Ejaz A, Jenewein B, Wagner S, 
Nägele F, Fenkart G, Trieb K, et al. Human bone marrow adipocytes display 
distinct immune regulatory properties. EBioMedicine. 2019;46:387–398. 
doi: 10.1016/j.ebiom.2019.07.023

	64.	 Chittimalli K, Jahan J, Sakamuri A, Weyrick H, Winkle W, Adkins S, Vetter SW, 
Jarajapu YPR. Reversal of aging-associated increase in myelopoiesis and 
expression of alarmins by angiotensin-(1-7). Sci Rep. 2023;13:2543. doi: 
10.1038/s41598-023-29853-w

	65.	 Ghaffari S. Haematopoietic stem cell quiescence exposed using mito-
chondrial membrane potential. Curr Opin Hematol. 2023;30:1–3. doi: 
10.1097/MOH.0000000000000746

	66.	 Mejia-Ramirez E, Florian MC. Understanding intrinsic hemato-
poietic stem cell aging. Haematologica. 2020;105:22–37. doi: 
10.3324/haematol.2018.211342

	67.	 Li X, Wang J, Hu L, Cheng T. How age affects human hematopoietic stem 
and progenitor cells and the strategies to mitigate aging. Exp Hematol. 
2025;143:104711. doi: 10.1016/j.exphem.2025.104711

	68.	 Fujino T, Asada S, Goyama S, Kitamura T. Mechanisms involved in 
hematopoietic stem cell aging. Cell Mol Life Sci. 2022;79:473. doi: 
10.1007/s00018-022-04356-5

	69.	 Yang D, de Haan G. Inflammation and aging of hematopoietic stem cells in 
their niche. Cells. 2021;10:1849. doi: 10.3390/cells10081849

	70.	 Søraas A, Matsuyama M, de Lima M, Wald D, Buechner J, Gedde-Dahl T, 
Søraas CL, Chen B, Ferrucci L, Dahl JA, et al. Epigenetic age is a cell-
intrinsic property in transplanted human hematopoietic cells. Aging Cell. 
2019;18:e12897. doi: 10.1111/acel.12897

	71.	 Kandarakov O, Belyavsky A, Semenova E. Bone marrow niches of hema-
topoietic stem and progenitor cells. Int J Mol Sci. 2022;23:4462. doi: 
10.3390/ijms23084462

	72.	 Sforza A, Vigorelli V, Rurali E, Perrucci GL, Gambini E, Arici M, Metallo A, 
Rinaldi R, Fiorina P, Barbuti A, et al. Liraglutide preserves CD34+ stem cells 
from dysfunction induced by high glucose exposure. Cardiovasc Diabetol. 
2022;21:51. doi: 10.1186/s12933-022-01486-9

	73.	 Yan C, Ma X, Lam SM, Zhang Y, Cao Y, Dong Y, Su Li, Shui G, Feng Y. 
Exendin-4 attenuates atherosclerosis progression via controlling hemato-
poietic stem/progenitor cell proliferation. J Mol Cell Biol. 2023;15:mjad014. 
doi: 10.1093/jmcb/mjad014

	74.	 Cahill KN, Amin T, Boutaud O, Printz R, Newcomb DC, Foer D, Hodson DJ, 
Broichhagen J, Beckman JA, Yu C, et al. Glucagon-like peptide-1 recep-
tor regulates thromboxane-induced human platelet activation. JACC Basic 
Transl Sci. 2022;7:713–715. doi: 10.1016/j.jacbts.2022.04.004

	75.	 Steven S, Jurk K, Kopp M, Kröller‐Schön S, Mikhed Y, Schwierczek K, 
Roohani S, Kashani F, Oelze M, Klein T, et al. Glucagon‐like peptide‐1 recep-
tor signalling reduces microvascular thrombosis, nitro‐oxidative stress and 
platelet activation in endotoxaemic mice. Br J Pharmacol. 2016;174:1620–
1632. doi: 10.1111/bph.13549

	76.	 Chiang C-H, Song J, Chang Y-C, Osataphan S, Lee Y-C, Chang K-Y, Chi K-Y, 
Chiang C-H, Dua A, Lake L, et al. Glucagon-like peptide 1 receptor agonists 
and venous thromboembolism in type 2 diabetes: a target trial emulation. 
Blood Adv. 2025;9:2410–2418. doi: 10.1182/bloodadvances.2025015871

	 77.	 Lin C, Chen J, Meyerowitz‐Katz G, Huang Y, Su P. Unexpected cardio-
vascular risks of glucagon‐like peptide‐1 receptor agonist and aspirin 
co‐administration in individuals with obesity, with and without type 2 dia-
betes: a propensity score matched cohort study. Diabetes Obes Metab. 
2025;27:1980–1991. doi: 10.1111/dom.16191

	78.	 Banno K, Yoder MC. Tissue regeneration using endothelial colony-forming 
cells: promising cells for vascular repair. Pediatr Res. 2018;83:283–290. 
doi: 10.1038/pr.2017.231

	79.	 Altabas V, Altabas K, Kirigin L. Endothelial progenitor cells (EPCs) in age-
ing and age-related diseases: how currently available treatment modalities 
affect EPC biology, atherosclerosis, and cardiovascular outcomes. Mech 
Ageing Dev. 2016;159:49–62. doi: 10.1016/j.mad.2016.02.009

	80.	 Dight J, Zhao J, Styke C, Khosrotehrani K, Patel J. Resident vascular endo-
thelial progenitor definition and function: the age of reckoning. Angiogen-
esis. 2022;25:15–33. doi: 10.1007/s10456-021-09817-2

	81.	 Buijs JOD, Musters M, Verrips T, Post JA, Braam B, Van Riel N. Mathematical 
modeling of vascular endothelial layer maintenance: the role of endothelial cell 
division, progenitor cell homing, and telomere shortening. Am J Physiol Heart 
Circ Physiol. 2004;287:H2651–H2658. doi: 10.1152/ajpheart.00332.2004

	82.	 Negri S, Reyff Z, Troyano-Rodriguez E, Milan M, Ihuoma J, Tavakol S, Shi H, 
Patai R, Jiang R, Mohon J, et al. Endothelial colony-forming cells (ECFCs) 
in cerebrovascular aging: focus on the pathogenesis of vascular cognitive 
impairment and dementia (VCID), and treatment prospects. Ageing Res Rev. 
2025;104:102672. doi: 10.1016/j.arr.2025.102672

	83.	 Simoncini S, Toupance S, Labat C, Gautier S, Dumoulin C, Arnaud L, 
Stathopoulou MG, Visvikis-Siest S, Rossi PM, Benetos A, et al. Functional 
impairment of endothelial colony forming cells (ECFC) in patients with 
severe atherosclerotic cardiovascular disease (ASCVD). Int J Mol Sci. 
2022;23:8969. doi: 10.3390/ijms23168969

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026



Dennis et al

Circulation Research. 2026;139:e327425. DOI: 10.1161/CIRCRESAHA.126.327425� July 17, 2026    567

GLP-1RAs-A Regenerative Paradigm for Vascular Aging

HYPERTENSION AND 
CARDIOM

ETABOLIC SYNDROM
E 

THERAPEUTIC TARGETS

	 84.	 Tan CMJ, Lewandowski AJ, Williamson W, Huckstep OJ, Yu GZ, Fischer R, 
Simon JN, Alsharqi M, Mohamed A, Leeson P, et al. Proteomic signature of 
dysfunctional circulating endothelial colony-forming cells of young adults. 
J Am Heart Assoc. 2021;10:e021119. doi: 10.1161/JAHA.121.021119

	 85.	 Shelley WC, Leapley AC, Huang L, Critser PJ, Zeng P, Prater D, Ingram DA, 
Tarantal AF, Yoder MC. Changes in the frequency and in vivo vessel-
forming ability of rhesus monkey circulating endothelial colony-forming 
cells across the lifespan (birth to aged). Pediatr Res. 2012;71:156–161. 
doi: 10.1038/pr.2011.22

	 86.	 Edelberg JM, Tang L, Hattori K, Lyden D, Rafii S. Young adult bone 
marrow-derived endothelial precursor cells restore aging-impaired 
cardiac angiogenic function. Circ Res. 2002;90:E89–E93. doi: 
10.1161/01.res.0000020861.20064.7e

	 87.	 Shimizu S, Iba T, Naito H, Rahmawati FN, Konishi H, Jia W, Muramatsu F, 
Takakura N. Aging impairs the ability of vascular endothelial stem cells to 
generate endothelial cells in mice. Angiogenesis. 2023;26:567–580. doi: 
10.1007/s10456-023-09891-8

	 88.	 Xie D, Li Y, Xu M, Zhao X, Chen M. Effects of dulaglutide on endothelial pro-
genitor cells and arterial elasticity in patients with type 2 diabetes mellitus. 
Cardiovasc Diabetol. 2022;21:200. doi: 10.1186/s12933-022-01634-1

	 89.	 Luna-Marco C, de Maranon AM, Hermo-Argibay A, Rodriguez-Hernandez Y, 
Hermenejildo J, Fernandez-Reyes M, Apostolova N, Vila J, Sola E, Morillas C, 
et al. Effects of GLP-1 receptor agonists on mitochondrial function, inflam-
matory markers and leukocyte-endothelium interactions in type 2 diabetes. 
Redox Biol. 2023;66:102849. doi: 10.1016/j.redox.2023.102849

	 90.	 Park B, Bakbak E, Teoh H, Krishnaraj A, Dennis F, Quan A, Rotstein OD, 
Butler J, Hess DA, Verma S. GLP-1 receptor agonists and atherosclerosis 
protection: the vascular endothelium takes center stage. Am J Physiol Heart 
Circ Physiol. 2024;326:H1159–H1176. doi: 10.1152/ajpheart.00574.2023

	 91.	 Rakipovski G, Rolin B, Nøhr J, Klewe I, Frederiksen KS, Augustin R, 
Hecksher-Sørensen J, Ingvorsen C, Polex-Wolf J, Knudsen LB. The GLP-1 
analogs liraglutide and semaglutide reduce atherosclerosis in ApoE-/- and 
LDLr-/- mice by a mechanism that includes inflammatory pathways. JACC 
Basic Transl Sci. 2018;3:844–857. doi: 10.1016/j.jacbts.2018.09.004

	 92.	 Lu W, Li X. Vascular stem/progenitor cells: functions and signaling pathways. 
Cell Mol Life Sci. 2018;75:859–869. doi: 10.1007/s00018-017-2662-2

	 93.	 Colunga T, Dalton S. Building blood vessels with vascular progenitor cells. 
Trends Mol Med. 2018;24:630–641. doi: 10.1016/j.molmed.2018.05.002

	 94.	 Zhu S, Chen M, Ying Y, Wu Q, Huang Z, Ni W, Wang X, Xu H, Bennett S, 
Xiao J, et al. Versatile subtypes of pericytes and their roles in spinal cord 
injury repair, bone development and repair. Bone Res. 2022;10:30. doi: 
10.1038/s41413-022-00203-2

	 95.	 Wu Y, Fu J, Huang Y, Duan R, Zhang W, Wang C, Wang S, Hu X, Zhao H, 
Wang L, et al. Biology and function of pericytes in the vascular microcircula-
tion. Animal Model Exp Med. 2023;6:337–345. doi: 10.1002/ame2.12334

	 96.	 Maacha S, Sidahmed H, Jacob S, Gentilcore G, Calzone R, Grivel J-C, 
Cugno C. Paracrine mechanisms of mesenchymal stromal cells in angiogen-
esis. Stem Cells Int. 2020;2020:4356359. doi: 10.1155/2020/4356359

	 97.	 Li Y, Tian X, Luo J, Bao T, Wang S, Wu X. Molecular mechanisms of ag-
ing and anti-aging strategies. Cell Commun Signal. 2024;22:285. doi: 
10.1186/s12964-024-01663-1

	 98.	 Hung G, Ashvetiya T, Leszczynska A, Yang W, Hwang C-W, Gerstenblith G, 
Barth AS, Johnston PV. Paracrine-mediated rejuvenation of aged mesenchy-
mal stem cells is associated with downregulation of the autophagy-lysosomal 
pathway. NPJ Aging. 2022;8:10. doi: 10.1038/s41514-022-00091-0

	 99.	 Lei Q, Gao F, Liu T, Ren W, Chen L, Cao Y, Chen W, Guo S, Zhang Q, 
Chen W, et al. Extracellular vesicles deposit PCNA to rejuvenate aged bone 
marrow-derived mesenchymal stem cells and slow age-related degeneration. 
Sci Transl Med. 2021;13:eaaz8697. doi: 10.1126/scitranslmed.aaz8697

	100.	 Gnani D, Crippa S, della Volpe L, Rossella V, Conti A, Lettera E, Rivis S, 
Ometti M, Fraschini G, Bernardo ME, et al. An early-senescence state in aged 
mesenchymal stromal cells contributes to hematopoietic stem and progeni-
tor cell clonogenic impairment through the activation of a pro-inflammatory 
program. Aging Cell. 2019;18:e12933. doi: 10.1111/acel.12933

	101.	 Liu S-S, Fang X, Wen X, Liu J-S, Alip M, Sun T, Wang Y-Y, Chen H-W. 
How mesenchymal stem cells transform into adipocytes: overview of the 
current understanding of adipogenic differentiation. World J Stem Cells. 
2024;16:245–256. doi: 10.4252/wjsc.v16.i3.245

	102.	 Zhou S, Greenberger JS, Epperly MW, Goff JP, Adler C, LeBoff MS, 
Glowacki J. Age-related intrinsic changes in human bone-marrow-derived 
mesenchymal stem cells and their differentiation to osteoblasts. Aging Cell. 
2008;7:335–343. doi: 10.1111/j.1474-9726.2008.00377.x

	103.	 Voskamp C, Koevoet WJLM, Van Osch GJVM, Narcisi R. Senescence 
during early differentiation reduced the chondrogenic differentiation 

capacity of mesenchymal progenitor cells. Front Bioeng Biotechnol. 
2023;11:1241338. doi: 10.3389/fbioe.2023.1241338

	104.	 Han Y, Yang J, Fang J, Zhou Y, Candi E, Wang J, Hua D, Shao C, Shi Y. 
The secretion profile of mesenchymal stem cells and potential applications 
in treating human diseases. Signal Transduct Target Ther. 2022;7:92. doi: 
10.1038/s41392-022-00932-0

	105.	 Gao Y, Chi Y, Chen Y, Wang W, Li H, Zheng W, Zhu P, An J, Duan Y, Sun T, et 
al. Multi-omics analysis of human mesenchymal stem cells shows cell aging 
that alters immunomodulatory activity through the downregulation of PD-
L1. Nat Commun. 2023;14:4373. doi: 10.1038/s41467-023-39958-5

	106.	 Qian X, An N, Ren Y, Yang C, Zhang X, Li L. Immunosuppressive ef-
fects of mesenchymal stem cells-derived exosomes. Stem Cell Rev Rep. 
2021;17:411–427. doi: 10.1007/s12015-020-10040-7

	107.	 Kavousi S, Hosseinpour A, Bahmanzadegan Jahromi F, Attar A. Efficacy of 
mesenchymal stem cell transplantation on major adverse cardiovascular 
events and cardiac function indices in patients with chronic heart failure: a 
meta-analysis of randomized controlled trials. J Transl Med. 2024;22:786. 
doi: 10.1186/s12967-024-05352-y

	108.	 Hare JM, DiFede DL, Rieger AC, Florea V, Landin AM, El-Khorazaty J, 
Khan A, Mushtaq M, Lowery MH, Byrnes JJ, et al. Randomized compari-
son of allogeneic versus autologous mesenchymal stem cells for nonisch-
emic dilated cardiomyopathy: POSEIDON-DCM trial. J Am Coll Cardiol. 
2017;69:526–537. doi: 10.1016/j.jacc.2016.11.009

	109.	 Liu Q, Song S, Song L, Bi Y, Zhu K, Qiao X, Wang H, Gao C, Cai H, Ji G. 
Mesenchymal stem cells alleviate aging in vitro and in vivo. Ann Transl Med. 
2022;10:1092–1092. doi: 10.21037/atm-22-1206

	110.	 Dorronsoro A, Santiago FE, Grassi D, Zhang T, Lai RC, McGowan SJ, 
Angelini L, Lavasani M, Corbo L, Lu A, et al. Mesenchymal stem cell-derived 
extracellular vesicles reduce senescence and extend health span in mouse 
models of aging. Aging Cell. 2021;20:e13337. doi: 10.1111/acel.13337

	111.	 Mathiasen AB, Qayyum AA, Jørgensen E, Helqvist S, Fischer-Nielsen A, 
Kofoed KF, Haack-Sørensen M, Ekblond A, Kastrup J. Bone marrow-derived 
mesenchymal stromal cell treatment in patients with severe ischaemic 
heart failure: a randomized placebo-controlled trial (MSC-HF trial). Eur 
Heart J. 2015;36:1744–1753. doi: 10.1093/eurheartj/ehv136

	112.	 Weber L, Hashemnia Sharbabaki M, Fuchs B, Alberton P, Giunta R, Mert S, 
Thierfelder N. The influence of GLP-1 agonists on human mesenchymal 
stem cells: a systematic review. Stem Cell Rev Rep. 2026;22:26–46. doi: 
10.1007/s12015-025-11002-7

	113.	 Shao Z, Zhang X, Cai J, Lu F. Glucagon-like peptide-1: a new potential 
regulator for mesenchymal stem cells in the treatment of type 2 diabe-
tes mellitus and its complication. Stem Cell Res Ther. 2025;16:248. doi: 
10.1186/s13287-025-04369-4

	114.	 Zhang Y, Gao S, Liang K, Wu Z, Yan X, Liu W, Li J, Wu B, Du Y. Exendin-4 
gene modification and microscaffold encapsulation promote self-
persistence and antidiabetic activity of MSCs. Sci Adv. 2021;7:eabi4379. 
doi: 10.1126/sciadv.abi4379

	115.	 Huang Z, Zhang Y, Tian J, Song P, Tong C, Qi Z. Engineered MSCs se-
creting GLP-1 enhance β-Cell survival and improve glycemic control in 
diabetic mice. Biochem Biophys Res Commun. 2026;795:153105. doi: 
10.1016/j.bbrc.2025.153105

	116.	 Fafián-Labora JA, O’Loghlen A. Classical and nonclassical intercellular 
communication in senescence and ageing. Trends Cell Biol. 2020;30:628–
639. doi: 10.1016/j.tcb.2020.05.003

	117.	 Coppé J-P, Desprez P-Y, Krtolica A, Campisi J. The senescence-associated 
secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol. 
2010;5:99–118. doi: 10.1146/annurev-pathol-121808-102144

	118.	 Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron L, Lu T, 
Yankner BA, Campisi J, Elledge SJ. The DNA damage response induces 
inflammation and senescence by inhibiting autophagy of GATA4. Science. 
2015;349:aaa5612. doi: 10.1126/science.aaa5612

	119.	 Freund A, Patil CK, Campisi J. p38MAPK is a novel DNA damage 
response-independent regulator of the senescence-associated secretory 
phenotype: p38 regulates the senescence secretory phenotype. EMBO J. 
2011;30:1536–1548. doi: 10.1038/emboj.2011.69

	120.	 Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, Bolden JE, Premsrirut P, 
Luo W, Chicas A, Lee CS, et al. Control of the senescence-associated se-
cretory phenotype by NF-κB promotes senescence and enhances chemo-
sensitivity. Genes Dev. 2011;25:2125–2136. doi: 10.1101/gad.17276711

	121.	 Ouvrier B, Ismael S, Bix GJ. Senescence and SASP are potential therapeu-
tic targets for ischemic stroke. Pharmaceuticals (Basel). 2024;17:312. doi: 
10.3390/ph17030312

	122.	 Yamazaki Y, Baker DJ, Tachibana M, Liu C-C, Van Deursen JM, 
Brott TG, Bu G, Kanekiyo T. Vascular cell senescence contributes to 

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026



568    July 17, 2026� Circulation Research. 2026;139:e327425. DOI: 10.1161/CIRCRESAHA.126.327425

Dennis et al GLP-1RAs-A Regenerative Paradigm for Vascular Aging

HY
PE

RT
EN

SI
ON

 A
ND

 
CA

RD
IO

M
ET

AB
OL

IC
 S

YN
DR

OM
E 

TH
ER

AP
EU

TI
C 

TA
RG

ET
S

blood-brain barrier breakdown. Stroke. 2016;47:1068–1077. doi: 
10.1161/STROKEAHA.115.010835

	123.	 Harrell CR, Fellabaum C, Jovicic N, Djonov V, Arsenijevic N, 
Volarevic V. Molecular mechanisms responsible for therapeutic poten-
tial of mesenchymal stem cell-derived secretome. Cells. 2019;8:467. doi: 
10.3390/cells8050467

	124.	 Boulestreau J, Maumus M, Rozier P, Jorgensen C, Noël D. Mesenchymal 
stem cell derived extracellular vesicles in aging. Front Cell Dev Biol. 
2020;8:107. doi: 10.3389/fcell.2020.00107

	125.	 Kfoury YS, Ji F, Mazzola M, Sykes DB, Scherer AK, Anselmo A, 
Akiyama Y, Mercier F, Severe N, Kokkaliaris KD, et al. tiRNA signaling via 
stress-regulated vesicle transfer in the hematopoietic niche. Cell Stem Cell. 
2021;28:2090–2103.e9. doi: 10.1016/j.stem.2021.08.014

	126.	 Xiao X, Xu M, Yu H, Wang L, Li X, Rak J, Wang S, Zhao RC. 
Mesenchymal stem cell-derived small extracellular vesicles mitigate 
oxidative stress-induced senescence in endothelial cells via regula-
tion of miR-146a/Src. Signal Transduct Target Ther. 2021;6:354. doi: 
10.1038/s41392-021-00765-3

	127.	 Arellano MYG, VanHeest M, Emmadi S, Abdul-Hafez A, Ibrahim SA, 
Thiruvenkataramani RP, Teleb RS, Omar H, Kesaraju T, Mohamed T, et al. 
Role of mesenchymal stem/stromal cells (MSCs) and MSC-derived ex-
tracellular vesicles (EVs) in prevention of telomere length shortening, cel-
lular senescence, and accelerated biological aging. Bioengineering (Basel). 
2024;11:524. doi: 10.3390/bioengineering11060524

	128.	 Lyamina S, Baranovskii D, Kozhevnikova E, Ivanova T, Kalish S, Sadekov T, 
Klabukov I, Maev I, Govorun V. Mesenchymal stromal cells as a driver of 
inflammaging. Int J Mol Sci. 2023;24:6372. doi: 10.3390/ijms24076372

	129.	 Turinetto V, Vitale E, Giachino C. Senescence in human mesenchymal stem 
cells: functional changes and implications in stem cell-based therapy. Int J 
Mol Sci. 2016;17:1164. doi: 10.3390/ijms17071164

	130.	 Goldberg LR. Extracellular vesicles and hematopoietic stem cell ag-
ing. Arterioscler Thromb Vasc Biol. 2021;41:e399–e416. doi: 
10.1161/ATVBAHA.120.314643

	131.	 Parry AJ, Hoare M, Bihary D, Hänsel-Hertsch R, Smith S, Tomimatsu K, 
Mannion E, Smith A, D’Santos P, Russell IA, et al. NOTCH-mediated non-
cell autonomous regulation of chromatin structure during senescence. Nat 
Commun. 2018;9:1840. doi: 10.1038/s41467-018-04283-9

	132.	 Hoare M, Ito Y, Kang T-W, Weekes MP, Matheson NJ, Patten DA, Shetty S, 
Parry AJ, Menon S, Salama R, et al. NOTCH1 mediates a switch between 
two distinct secretomes during senescence. Nat Cell Biol. 2016;18:979–
992. doi: 10.1038/ncb3397

	133.	 Butler JM, Nolan DJ, Vertes EL, Varnum-Finney B, Kobayashi H, 
Hooper AT, Seandel M, Shido K, White IA, Kobayashi M, et al. Endothelial 
cells are essential for the self-renewal and repopulation of Notch-
dependent hematopoietic stem cells. Cell Stem Cell. 2010;6:251–264. doi: 
10.1016/j.stem.2010.02.001

	134.	 Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL, 
Bernstein ID. Notch-mediated expansion of human cord blood progenitor 
cells capable of rapid myeloid reconstitution. Nat Med. 2010;16:232–236. 
doi: 10.1038/nm.2080

	135.	 Varnum-Finney B, Xu L, Brashem-Stein C, Nourigat C, Flowers D, 
Bakkour S, Pear WS, Bernstein ID. Pluripotent, cytokine-dependent, hema-
topoietic stem cells are immortalized by constitutive Notch1 signaling. Nat 
Med. 2000;6:1278–1281. doi: 10.1038/81390

	136.	 Matteini F, Thambyrajah R, Montserrat-Vazquez S, Jung S,  
Ferrer-Perez A, Molinero PH, El Jaramany D, Lozano-Bartolomé J, 
Mejia-Ramirez E, Gonzalez J, et al. A notch trans-activation to cis-inhibition 
switch underlies hematopoietic stem cell aging. Blood. 2025;147:164. 
doi: 10.1182/blood.2024026505

	137.	 Templeman NM, Flibotte S, Chik JH, Sinha S, Lim GE, Foster LJ, 
Nislow C, Johnson JD. Reduced circulating insulin enhances insulin sen-
sitivity in old mice and extends lifespan. Cell Rep. 2017;20:451–463. doi: 
10.1016/j.celrep.2017.06.048

	138.	 Carapeto P, Iwasaki K, Hela F, Kahng J, Alves- 
Wagner AB, Middelbeek RJ, Hirshman MF, Rutter GA, Goodyear LJ, 
Aguayo-Mazzucato C, et al. Exercise activates AMPK in mouse and hu-
man pancreatic islets to decrease senescence. Nat Metab. 2024;6:1976–
1990. doi: 10.1038/s42255-024-01130-8

	139.	 Zatterale F, Podraza-Farhanieh A, Zinna L, Gogg S, Nerstedt A, Beguinot F, 
et al. Glucagon-like peptide-1 receptor agonists protect against hepato-
cyte senescence driving metabolic dysfunction-associated steatotic liver 
disease/metabolic dysfunction-associated steatohepatitis. EMJ Diabetes. 
2025;13:42–44. doi: 10.33590/emjdiabet/TVAJ8774

	140.	 Wilbon SS, Kolonin MG. GLP1 receptor agonists-effects beyond obesity 
and diabetes. Cells. 2023;13:65. doi: 10.3390/cells13010065

	141.	 Palmer AK, Spinelli R, Prata LGL, Chaib S, Suda M, Tchkonia T, Smith U, 
Kirkland JL. Senotherapeutics for metabolic disease and diabetic compli-
cations. J Intern Med. 2026;299:2–19. doi: 10.1111/joim.70039

	142.	 Bondareva O, Sheikh BN. Vascular homeostasis and inflammation in 
health and disease—lessons from single cell technologies. Int J Mol Sci. 
2020;21:4688. doi: 10.3390/ijms21134688

	143.	 Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: 
a new immune-metabolic viewpoint for age-related diseases. Nat Rev 
Endocrinol. 2018;14:576–590. doi: 10.1038/s41574-018-0059-4

	144.	 Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, car-
diovascular disease, and frailty. Nat Rev Cardiol. 2018;15:505–522. doi: 
10.1038/s41569-018-0064-2

	145.	 Fulop T, Larbi A, Pawelec G, Khalil A, Cohen AA, Hirokawa K, Witkowski JM, 
Franceschi C. Immunology of aging: the birth of inflammaging. Clin Rev 
Allergy Immunol. 2023;64:109–122. doi: 10.1007/s12016-021-08899-6

	146.	 Pietras EM. Inflammation: a key regulator of hematopoietic stem 
cell fate in health and disease. Blood. 2017;130:1693–1698. doi: 
10.1182/blood-2017-06-780882

	147.	 Pietras EM, Mirantes-Barbeito C, Fong S, Loeffler D, Kovtonyuk LV, 
Zhang S, Lakshminarasimhan R, Chin CP, Techner J-M, Will B, et al. Chronic 
interleukin-1 exposure drives haematopoietic stem cells towards preco-
cious myeloid differentiation at the expense of self-renewal. Nat Cell Biol. 
2016;18:607–618. doi: 10.1038/ncb3346

	148.	 El Assar M, Angulo J, Rodríguez-Mañas L. Oxidative stress and vascu-
lar inflammation in aging. Free Radic Biol Med. 2013;65:380–401. doi: 
10.1016/j.freeradbiomed.2013.07.003

	149.	 Wronka M, Krzemińska J, Młynarska E, Rysz J, Franczyk B. The influence 
of lifestyle and treatment on oxidative stress and inflammation in diabetes. 
Int J Mol Sci. 2022;23:15743. doi: 10.3390/ijms232415743

	150.	 Mozos I, Luca CT. Crosstalk between oxidative and nitrosative stress 
and arterial stiffness. Curr Vasc Pharmacol. 2017;15:446–456. doi: 
10.2174/1570161115666170201115428

	151.	 Jain S, Khera R, Corrales–Medina VF, Townsend RR, 
Chirinos JA. Inflammation and arterial stiffness in humans. Atherosclerosis. 
2014;237:381–390. doi: 10.1016/j.atherosclerosis.2014.09.011

	152.	 Guzik TJ, Touyz RM. Oxidative stress, inflammation, and vascu-
lar aging in hypertension. Hypertension. 2017;70:660–667. doi: 
10.1161/HYPERTENSIONAHA.117.07802

	153.	 Ramalingam P, Poulos MG, Lazzari E, Gutkin MC, Lopez D, Kloss CC, 
Crowley MJ, Katsnelson L, Freire AG, Greenblatt MB, et al. Chronic activa-
tion of endothelial MAPK disrupts hematopoiesis via NFKB dependent 
inflammatory stress reversible by SCGF. Nat Commun. 2020;11:666. doi: 
10.1038/s41467-020-14478-8

	154.	 Pober JS, Sessa WC. Evolving functions of endothelial cells in inflamma-
tion. Nat Rev Immunol. 2007;7:803–815. doi: 10.1038/nri2171

	155.	 Loscalzo J, Jin RC. Vascular nitric oxide: formation and function. J Blood 
Med. 2010;147:147. doi: 10.2147/jbm.s7000

	156.	 Förstermann U, Münzel T. Endothelial nitric oxide synthase in vascular 
disease: from marvel to menace. Circulation. 2006;113:1708–1714. doi: 
10.1161/CIRCULATIONAHA.105.602532

	157.	 Karbach S, Wenzel P, Waisman A, Munzel T, Daiber A.  
eNOS uncoupling in cardiovascular diseases—the role of oxidative 
stress and inflammation. Curr Pharm Des. 2014;20:3579–3594. doi: 
10.2174/13816128113196660748

	158.	 Janaszak-Jasiecka A, Płoska A, Wierońska JM, Dobrucki LW, Kalinowski L. 
Endothelial dysfunction due to eNOS uncoupling: molecular mechanisms 
as potential therapeutic targets. Cell Mol Biol Lett. 2023;28:21. doi: 
10.1186/s11658-023-00423-2

	159.	 Sah SK, Agrahari G, Kim T-Y. Insights into superoxide dismutase 3 in regu-
lating biological and functional properties of mesenchymal stem cells. Cell 
Biosci. 2020;10:22. doi: 10.1186/s13578-020-00386-3

	160.	 Yao Y, Cao J, Ding C. Mesenchymal stem cells improve osteoarthritis by se-
creting superoxide dismutase to regulate oxidative stress response. BMC 
Musculoskelet Disord. 2025;26:409. doi: 10.1186/s12891-025-08670-4

	161.	 Khanh VC, Yamashita T, Ohneda K, Tokunaga C, Kato H, Osaka M, 
Hiramatsu Y, Ohneda O. Rejuvenation of mesenchymal stem cells by extra-
cellular vesicles inhibits the elevation of reactive oxygen species. Sci Rep. 
2020;10:17315. doi: 10.1038/s41598-020-74444-8

	162.	 Michaud M, Balardy L, Moulis G, Gaudin C, Peyrot C, Vellas B, Cesari M, 
Nourhashemi F. Proinflammatory cytokines, aging, and age-related diseases. 
J Am Med Dir Assoc. 2013;14:877–882. doi: 10.1016/j.jamda.2013.05.009

	163.	 Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, 
Fonseca F, Nicolau J, Koenig W, Anker SD, et al; CANTOS Trial Group. 
Antiinflammatory therapy with canakinumab for atherosclerotic disease. N 
Engl J Med. 2017;377:1119–1131. doi: 10.1056/NEJMoa1707914

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026



Dennis et al

Circulation Research. 2026;139:e327425. DOI: 10.1161/CIRCRESAHA.126.327425� July 17, 2026    569

GLP-1RAs-A Regenerative Paradigm for Vascular Aging

HYPERTENSION AND 
CARDIOM

ETABOLIC SYNDROM
E 

THERAPEUTIC TARGETS

	164.	 Zhang L, Liu M, Liu W, Hu C, Li H, Deng J, Cao Q, Wang Y, Hu W, Li Q. 
Th17/IL-17 induces endothelial cell senescence via activation of NF-
κB/p53/Rb signaling pathway. Lab Invest. 2021;101:1418–1426. doi: 
10.1038/s41374-021-00629-y

	165.	 Gkaliagkousi E, Lazaridis A, Dogan S, Fraenkel E, Tuna BG, Mozos I, 
Vukicevic M, Yalcin O, Gopcevic K. Theories and molecular basis of vascu-
lar aging: a review of the literature from vascagenet group on pathophysi-
ological mechanisms of vascular aging. Int J Mol Sci. 2022;23:8672. doi: 
10.3390/ijms23158672

	166.	 Swerdlow DI, Holmes MV, Kuchenbaecker KB, Engmann JE, Shah T, 
Sofat R, Guo Y, Chung C, Peasey A, Pfister R, et al; Interleukin-6 Receptor 
Mendelian Randomisation Analysis (IL6R MR) Consortium. The 
interleukin-6 receptor as a target for prevention of coronary heart disease: 
a Mendelian randomisation analysis. Lancet. 2012;379:1214–1224. doi: 
10.1016/S0140-6736(12)60110-X

	167.	 Ho Y-H, Del Toro R, Rivera-Torres J, Rak J, Korn C, García-García A, 
Macías D, González-Gómez C, Del Monte A, Wittner M, et al. Remodeling 
of bone marrow hematopoietic stem cell niches promotes myeloid 
cell expansion during premature or physiological aging. Cell Stem Cell. 
2019;25:407–418.e6. doi: 10.1016/j.stem.2019.06.007

	168.	 Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, 
and disease. Cold Spring Harb Perspect Biol. 2014;6:a016295. doi: 
10.1101/cshperspect.a016295

	169.	 Robert M, Miossec P. Effects of Interleukin 17 on the cardiovascular system. 
Autoimmun Rev. 2017;16:984–991. doi: 10.1016/j.autrev.2017.07.009

	170.	 Chen J, Liao M, Gao X, Zhong Q, Tang T, Yu X, Liao Y-hua, Cheng X. 
IL-17A induces pro-inflammatory cytokines production in macrophages 
via MAPKinases, NF-κB and AP-1. Cell Physiol Biochem. 2013;32:1265–
1274. doi: 10.1159/000354525

	171.	 Grants JM, Wegrzyn J, Hui T, O’Neill K, Shadbolt M, Knapp DJ, Parker J, 
Deng Y, Gopal A, Roderick Docking T, et al. Altered microRNA expres-
sion links IL6 and TNF-induced inflammaging with myeloid malignancy in 
humans and mice. Blood J Am Soc Hematol. 2020;135:2235–2251. doi: 
10.1182/blood.2019003105

	172.	 Mehdi SF, Pusapati S, Anwar MS, Lohana D, Kumar P, Nandula SA, 
Nawaz FK, Tracey K, Yang H, LeRoith D, et al. Glucagon-like peptide-1: a 
multi-faceted anti-inflammatory agent. Front Immunol. 2023;14:1148209. 
doi: 10.3389/fimmu.2023.1148209

	173.	 Alharbi SH. Anti-inflammatory role of glucagon-like peptide 1 recep-
tor agonists and its clinical implications. Ther Adv Endocrinol Metab. 
2024;15:20420188231222367. doi: 10.1177/20420188231222367

	174.	 Wang T, Ding J, Cheng X, Yang Q, Hu P. Glucagon-like peptide-1 recep-
tor agonists: new strategies and therapeutic targets to treat atheroscle-
rotic cardiovascular disease. Front Pharmacol. 2024;15:1396656. doi: 
10.3389/fphar.2024.1396656

	175.	 Chamchoum E, Katrib N, Nassif N, Ratel Y, Rida MA. Glucagon-like peptide 
and its receptor agonists for the treatment of rheumatic diseases. World J 
Exp Med. 2025;15:107020. doi: 10.5493/wjem.v15.i3.107020

	176.	 Marnell CS, Bick A, Natarajan P. Clonal hematopoiesis of indeterminate 
potential (CHIP): linking somatic mutations, hematopoiesis, chronic inflam-
mation and cardiovascular disease. J Mol Cell Cardiol. 2021;161:98–105. 
doi: 10.1016/j.yjmcc.2021.07.004

	177.	 Watt SM, Hua P, Roberts I. Increasing complexity of molecular landscapes 
in human hematopoietic stem and progenitor cells during development and 
aging. Int J Mol Sci. 2022;23:3675. doi: 10.3390/ijms23073675

	178.	 Uddin MDM, Nguyen NQH, Yu B, Brody JA, Pampana A, Nakao T, Fornage M, 
Bressler J, Sotoodehnia N, Weinstock JS, et al. Clonal hematopoiesis of 
indeterminate potential, DNA methylation, and risk for coronary artery dis-
ease. Nat Commun. 2022;13:5350. doi: 10.1038/s41467-022-33093-3

	179.	 Libby P, Sidlow R, Lin AE, Gupta D, Jones LW, Moslehi J, Zeiher A, Jaiswal S, 
Schulz C, Blankstein R, et al. Clonal hematopoiesis: crossroads of aging, 
cardiovascular disease, and cancer: JACC review topic of the week. J Am 
Coll Cardiol. 2019;74:567–577. doi: 10.1016/j.jacc.2019.06.007

	180.	 Fuster JJ, MacLauchlan S, Zuriaga MA, Polackal MN, 
Ostriker AC, Chakraborty R, Wu C-L, Sano S, Muralidharan S, Rius C, et 
al. Clonal hematopoiesis associated with TET2 deficiency accelerates 
atherosclerosis development in mice. Science. 2017;355:842–847. doi: 
10.1126/science.aag1381

	181.	 Pasupuleti SK, Ramdas B, Burns SS, Palam LR, Kanumuri R, Kumar R, 
Pandhiri TR, Dave UP, Yellapu NK, Zhou X, et al. Obesity-induced inflamma-
tion exacerbates clonal hematopoiesis. J Clin Invest. 2023;133:e163968. 
doi: 10.1172/JCI163968

	182.	 Muto T, Guillamot M, Yeung J, Fang J, Bennett J, Nadorp B, Lasry A, 
Redondo LZ, Choi K, Gong Y, et al. TRAF6 functions as a tumor suppres-
sor in myeloid malignancies by directly targeting MYC oncogenic activity. 
Cell Stem Cell. 2022;29:298–314.e9. doi: 10.1016/j.stem.2021.12.007

	183.	 Wimalarathne NS, Lan NSR, George J, Sharma A, Adams LA, Dwivedi G. 
Clonal hematopoiesis of indeterminate potential: a unifying mechanism link-
ing metainflammation and cardiometabolic diseases. Am J Physiol Heart Circ 
Physiol. 2025;329:H1575–H1593. doi: 10.1152/ajpheart.00577.2025

	184.	 Orland M, Cheema AY, Brady Z, Mandala A, de Almeida Sartori F, 
Guarnera L, Haddad C, Lakhotiya K, Bravo-Perez C, Gurnari C, et al. GLP-
1 receptor agonists and clonal hematopoiesis: early human signals of 
anti‑inflammatory clone mitigation and lower MDS‑to‑AML progression. 
Blood. 2025;146:1385–1385. doi: 10.1182/blood-2025-1385

	185.	 So E-Y, Jeong E-M, Wu KQ, Dubielecka PM, Reginato AM, Quesenberry PJ, 
Liang OD. Sexual dimorphism in aging hematopoiesis: an earlier decline of 
hematopoietic stem and progenitor cells in male than female mice. Aging 
(Albany NY). 2020;12:25939–25955. doi: 10.18632/aging.202167

	186.	 Zhang C, Hao T, Bortoluzzi A, Chen M-H, Wu X, Wang J, Ermel R, Kim Y, 
Chen S, Chen WY. Sex-dependent differences in hematopoietic stem cell 
aging and leukemogenic potential. Oncogene. 2025;44:64–78. doi: 
10.1038/s41388-024-03197-9

	187.	 Kumar RS, Goyal N. Estrogens as regulator of hematopoietic stem 
cell, immune cells and bone biology. Life Sci. 2021;269:119091. doi: 
10.1016/j.lfs.2021.119091

	188.	 Topel ML, Hayek SS, Ko Y, Sandesara PB, Samman Tahhan A, 
Hesaroieh I, Mahar E, Martin GS, Waller EK, Quyyumi AA. Sex differences 
in circulating progenitor cells. J Am Heart Assoc. 2017;6:e006245. doi: 
10.1161/JAHA.117.006245

	189.	 Stomper J, Niroula A, Belizaire R, McConkey M, Bandaru TS, Ebert BL. Sex 
differences in DNMT3A-mutant clonal hematopoiesis and the effects of 
estrogen. Cell Rep. 2025;44:115494. doi: 10.1016/j.celrep.2025.115494

	190.	 Mas-Peiro S, Cremer S, Zeiher AM. Clonal hematopoiesis and premature 
menopause: unexpected liaison. Circulation. 2021;143:424–426. doi: 
10.1161/CIRCULATIONAHA.120.052293

	191.	 Ashruf OS, Hundal J, Mushtaq A, Kaelber DC, Anwer F, Singh A. 
Hematologic cancers among patients with type 2 diabetes prescribed 
GLP-1 receptor agonists. JAMA Netw Open. 2025;8:e250802. doi: 
10.1001/jamanetworkopen.2025.0802

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2026


	Prevention of Vascular Aging as a Novel Paradigm for GLP-1 Receptor Agonist–Mediated Cardioprotection
	Actions of GLP-1RAs on the Cardiovascular System
	GLP-1RAs and Major Adverse Cardiovascular Events
	GLP-1RAs and Peripheral Artery Disease
	GLP-1RAs and Heart Flow
	Cardiovascular Benefits: Direct GLP-1RA Signaling Versus Indirect Metabolic Effects
	Sex Differences in GLP-1RA Efficacy

	Vascular Regenerative Cell Exhaustion
	VR Processes and Effector Cells
	High Aldehyde Dehydrogenase Activity: A Conserved Marker of VR Stem Cells
	Prevention of VR Cell Exhaustion by Semaglutide

	GLP-1RAs and Stem Cell Exhaustion
	Hematopoietic Progenitor Cells: The Initiators of Angiogenic Repair
	GLP-1RA Actions on Hematopoiesis
	Endothelial Colony-Forming Cells: The Building Blocks of Blood Vessels
	GLP-1RA Effects on EPC Function
	Mesenchymal Stromal Cells: The Sentinels of Tissue Regeneration
	MSC Transplantation to Slow Vascular Aging
	GLP-1RAs as an Adjunct to MSC Therapy

	GLP-1RAs Modulate Intercellular Communication
	Classical, Emerging, and Nonclassical SASP
	GLP-1RAs Modulate SASP

	GLP-1RAs Reduce Chronic Vascular Inflammation
	Age-Related Oxidative Stress Drives NF-κB Activity
	NO Bioavailability and eNOS Uncoupling
	Age-Related Inflammatory Cytokine Secretion
	GLP-1RA Effects on Vessel Inflammation
	GLP-1RAs and Clonal Hematopoiesis of Indeterminant Potential
	Sex-Based Differences in Hematopoietic System Aging and CHIP

	Conclusions
	ARTICLE INFORMATION
	Affiliations
	Acknowledgments
	Author Contributions
	Sources of Funding
	Disclosures

	References

	Untitled

